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Abstract: In this paper, a virus infection model with saturated chemotaxis is formulated and analyzed, where the chemotactic
sensitivity for chemotactic movements of the cells is described. This model contains three state variables namely the population
density of uninfected cells, the population density of infected cells and the concentration of virus particles, respectively. By virtue
of regularized approximation technique and fixed point theorem, the local solvability of the regularized system corresponding
to the original system is established. Then by extracting a suitable sequence along which the respective approximate solutions
approach a limit in convenient topologies, with addition of Gagliardo-Nirenberg interpolation inequality as well as LP-estimate
techniques, we show that the original system describing the virus infection model exists at least one global weak solution. To
illustrate the application of our theoretical results, an optimal control problem of the epidemic system is considered, where the
admissible control domain is assumed to be a bounded closed convex subset. With the help of Aubin compactness theorem and
lower semicontinuous of the cost functional, the existence of the optimal pair is proved. Our results generalize and improve
partial previously known ones, and moreover, we first prove that the optimal control problem has at least one optimal pair.
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1. Introduction

As the virological, immunological and mathematical plates
become interlocked, mathematics is playing an increasingly
important role in biology. Many mathematicians began to
use the rigorous theory and methods of partial differential
equations to elaborate and forecast some complex biological
phenomena. Especially for the virus infection dynamic models
with diffusion terms. The vast majority of existing research
on evolution of a virus infection model was almost described
by ordinary differential equations (ODEs) [7, 18], this leads
to the ignorance of spatial variations, which means the ODEs
are not suitable for obtaining spatial information about the
distribution of infected cells. To make up for this deficiency,
spatial dependence of the virus infection dynamic models must
be taken into consideration [5].

It is well known that some epidemic diseases are awful
if no effective measures are taken to control them, such as
cholera, tuberculosis and so on. Thus, the optimal control
problems of epidemic models have been drawing more and

more notice in recent decades. For example, Kirschner et al.
studied optimal chemotherapy strategy in an early treatment
background which depicted the interaction of the immune
system with the human immunodeficiency virus (HIV) by
the optimal control theories and methods, where the immune
system is governed by ODEs [13]. Chang and Astolfi used
the drug scheduling methods to measure the states of the HIV
model on the basis of a reduced-order model framework, and
presented the corresponding simulation results [4]. Also, with
the help of optimal control methods, Xiang and Liu solved the
inverse problem of an SIS epidemic model of the ecosystem
[34, 35]. Meantime, Zhou et al. used the two control treatment,
that is, vaccination and therapy to consider the optimal control
problem of an epidemic system governed by reaction-diffusion
equations [36].

Recent modeling methods and experimental results show
that the chemotactic sensitivity is in general a tensor for
chemotactic movements of the cells [33]. In this paper,
we concern with the following virus infection model with
saturated chemotaxis:
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uy = Au — V- (uS(x, u,v)Vv) — uw + K — u,

vy = Av + uw — v,

wy = Aw + v — w,

where O € RY (N € N) is a bounded domain with smooth
boundary 0f? and a% denotes the derivative with respect to the
outer normal of 0f). u, v and w denote the population density
of uninfected cells, the population density of infected cells and
the concentration of virus particles, respectively. Initial data
g, Vo, Wo are known functions satisfying

ug € CO(Q), Vo € Wl’OO(Q), wo € Co(ﬁ), @)
up >0, vo >0, wy > 0.

We suppose that S € C?(Q x [0, 00)?; RV*¥) denoting the
rotational effect, which is induced by a swimming bias and the
bacteria themselves, has the property that there exist S > 0
and o > 0 fulfilling

|S(z,u,v)] < So-(1+u)~*

i 3
forall x € Q,u > 0andv > 0. )

Then we will consider (1) along with the initial conditions:

u(,0) = uo(a), v(z,0) = v(x),

r e @

w(z,0) = wo(z),
and the boundary conditions:

(Vu — uS(z,u,v) - Vv)-v =0,

v Ow 4)
—=—=0 0, t > 0.

ov  Ov » TE,

In fact, the dynamics of high HIV seminal loads leading to
sporadic infection are difficult to understand biologically and
completely, when they are falling outside the scope of usual
mathematical modelling of infectious diseases described by
simple ODEs. In order to better understand the formation
of patterns on the onset of an HIV infection, Stancevic et al.
proposed the following mathematical model [26]

up = Au—xV - (uVv) + k — (k — Duw — u,
vy = D1Av + a(uw — v), (6)
wy = Dy Aw + (v — w),

where u, v and w denote the population density of
uninfected cells, the population density of infected cells
and the concentration of virus particles, respectively.
X, K, @, B, D1, Dy are suitable positive constants. The virus
is also produced by infected cells and its presence causes
healthy cells to be converted into infected cells. Furthermore,
healthy cells are produced with a constant rate k. xV -
(uVv) describes chemotactic response to cytokines emitted by
infected cells moving toward high concentration. However, the
pioneering work of the chemotaxis model was first introduced
by Keller and Segel [12], where aggregation of cellular slime

reN, t>0,
reQ, t>0, (1)
e, t>0,

mold toward a higher concentration of a chemical signal was
described by:
= A — .
{ut u—V - (uVv), ™

vy = Av+u—w,

where u denotes the cell density and v is the chemical
concentration. The mathematical analysis of (7) and the
variant thereof mainly concentrated on the boundedness and
blow-up of the solutions [6, 10]. In addition to the original
model, a large number of variants of the classical form
have also been studied, including the systems with the
logistic terms [19], chemotaxis-haptotaxis models [20], multi-
species chemotaxis systems [1, 21, 24], attraction-repulsion
chemotaxis system [23, 25], chemotaxis-fluid model [14,
22, 30] and so on. During the past four decades, the
chemotaxis model has become one of the best study models
in mathematical biology. And we refer the reader to the survey
[3, 8, 9], in which we can find further examples to illustrate the
significant biological correlation of chemotaxis.

It is well known that the cross-diffusive term in (6) is the key
contributor to analyze the global existence in mathematics. In
order to exclude the possibility of blow-up, motivated by [26,
Sec. 8], Hu and Lankeit considered the following system [11]

ut:Aus«(WVv)—qurn—u,
vy = Av + uw — v, 3
wy = Aw + v — w,

where Q ¢ RV, N € N is a bounded domain with smooth
boundary 92 and a% denotes the derivative with respect to the
outer normal of 9€2. In which, they proved that if

a>%, if N=1,

1 N? :
Oé>§+m, 1f2§N§4,
a> I if N>5,

hold, then the system (8) existed a global bounded solution.
For a related system, such as HBV infection model, see also
[28, 29].

To the best of our knowledge, the optimal control problem
of virus infection models with saturated chemotaxis (1) has not
been studied. With the addition of the arguments in previous
studies [11, 16, 17, 22, 24, 30, 33], the aim of this paper is
to consider a virus infection model with saturated chemotaxis.
Under appropriate regularity assumptions on the initial data,
via LP-estimate techniques, we show that the epidemic system
(1) exists at least one global weak solution. This result
generalizes and improves Theorem 1.1 [11]. Moreover, the
existence of the optimal pair of system (1) is obtained.
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In this paper, we use symbols C; and ¢; (1 = 1,2,---) 2. Preliminaries
as some generic positive constants which may vary from line

to line. For simplicity, u(,?) is written as u, the integral In order to consider the optimal control of virus infection

Jo u(z)da is written as [, u(x) and f(f Jo u(x)dzdt is written  model with saturated chemotaxis, it is necessary to first discuss

as fot fﬂ u(z). the well-posedness of the system (1). Inspired by [33], see also
The contents of the paper are as follows. In Section 2,  [30], the concept of the solution is presented.

some basic definitions and main theorems as well as some Definition 2.1. Assume that S complies with (3), ® €

useful lemmas are presented. In Section 3, some fundamental CQ([Q o0)) be a nonnegative function fulfilling & > 0
estimates for the solution of the system (14) are given, and the =~ On (0,00).  Suppose that ug € L>(f) is nonnegative
previously mentioned a priori estimate in the process of limit ~ and that P(ug) € LY(Q). _ Furthermore, let v ¢
procedure is discussed and Theorem 2.1 is proved. In Section Ll200([03 00); WH2(€)) N L. (€ x [0,00)) and w €
4, the optimal control problem of the system (70) is considered L{,.([0,00); WH2(Q2)). The nonnegative measurable function

and the existence of the optimal pair is obtained. u : 0 x (0,00) — R will be named a global weak ®-
supersoluton of the initial boundary value problem

up = Au—V - (uS(z,u,v)Vv) —uvw+r—u, z€Q, t>0,

bu _ 20, t>0, ©)
U(LU,O) = ’U/()(Z'), HAS Qa

if

®(u), " (u)|Vu|?, ® (v)uw, ®' (u) € L}, (Q x [0,00)), ud” (u)Vu, ® (v)u € L2, (Q x [0,00)),

and if for each nonnegative ¢ € C§°(Q x [0, 00)) with g—f = 0on 09 x (0, 00), the inequality

. /0: [ o [ B0l 2 | [owae

_/OOO/Q@'(u)Wum/O —/0 /be’(u)uwi

+/OOO/Qu<I>”(u)Vu-(S(m,u,v)~Vv)g0+I;/0 /Q<I>’(u)so

+/0 /QUCI)/(U)(S(LUW)~Vv)-Vs0—/o /Qufb’(u)cp
is satisfied.

Definition 2.2. A triplet (u, v, w) of functions

u € Lj,e(Q x [0,00)),

ve L2 ([0,00); WH2(Q)),
w e L2 ([0,00); WH2(Q)),

loc

fulfilling w > 0,v > 0 and w > 0in  x [0,00), uw € L}, (2 x [0,00)) will be called a global weak solution of (1), (4) and
(5), if

/ u(-,t) < eit/ up + K|Q(1 —e™ ) fora.e.t >0, (10)
Q Q

[ oo [t [ [9oTos [ o [ [ w

0 Q Q 0 Q 0 Q 0 Q

*/ /wsﬁtf/wow(-,o):*/ /Vw‘V<p+/ /W’*/ /ww (12)
0 Q Q 0 Q 0 Q 0 Q

and if the equality

as well as
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hold for all ¢ € L>®(Q x (0,00)) N L2((0,00); WH%(Q))
with ¢; € L2(Q x (0,00)), which are compactly supported
in Q x [0,00), and if finally there exists some nonnegative
function ® € C?([0, 00)) with & > 0 on (0, 0o) such that u is
a global weak ®-supersoluton of (9) in the sense of Definition
2.1.

Remark 2.1. Following the proof of a demonstration [33,
Lemma 2.1], together with (10), we know that if global
weak solution (u, v, w) fulfills w,v,w > 0 and the regularity
properties u, v, w € C°(Q x [0,00)) NC?1(Q x (0, 00)), then
(u,v,w) is also a classical solution of (1) in © x (0, c0).

Then, we state our main result as follows.

Theorem 2.1. Let @ C RY (N € N) be a bounded domain
with smooth boundary. Assume that S complies with (3). If
a > %—i%, then for any choice of the initial data (ug, vg, wp)
satisfy (4), system (1) admits at least one global weak solution
in the sense of Definition 2.2.

Remark2.2. When N = 1, 2, Theorem 2.1 is consistent with
the results of [11, Theorem 1.1], when N > 3, Theorem 2.1
generalizes and improves the results of [11, Theorem 1.1].

The proof of Theorem 2.1, we left it in Section 3.

Ut = Atue — V- (ueSe (2, U, o) VU ) — UeWe + K — g,

Vet = Ave + uWwe — g,

Wey = Awe + Ve — we,

Que _ Qve _ Qwe _
ov —  Ov ov —

ue(x,0) = ug(x), ve(z,0) = vo(x), we(x,0) = wo(x),

According to the well-established fixed point arguments, the
local solvability of (14) can be obtained, the proof is similar to
[10, 32], so here we omit the proof.

Lemma 2.1. Let Q ¢ RY, N € N be a bounded domain
with smooth boundary. Assume that S complies with (3),
(up, vo, wp) satisfy (4). Suppose that «v, > 0. Then for each
e € (0,1), there exist Tinax € (0, 00] and a classical solution
(e, Ve, we) such that

e € COQ X [0, Tinax)) N CHHQ x (0, Tiax)),
ve € C%Q x [0, Tinax)) N C?H(Q x (0, Trax)),
we € CO(Q X [0, Timax)) N C?H(Q x (0, Tinax))-

where T},.« denotes the maximal existegce time. Moreover,
we have uc. > 0, v. > 0and we > 0in Q X (0, Tinax), and if
Timax < +00, then

Jim (s (Ol + loe (8w o

15)
e Dl ) ) = oo

Then, some important and useful lemmas are presented to
prove the main theorems.

Lemma 2.2. Let  C RY (N € N) be a bounded domain
with smooth boundary. Assume that .S complies with (1.3),
(no, co, vo, ug) satisfy (4). Suppose that o, k > 0. Then for

In order to construct such weak solutions by an
approximation procedure, we fix (p:).c(0,1) € C5°([0,00))
and (x:)ce(0,1) € C™([0, 00)) be cut-off functions such that

0<p:<1in§ with p. /1 inQas €\, 0,

and that
. . .1
0<x:<1in[0,00) with x. =0 in[—,00)
€

and
Xe /1 in[0,00) as & \,0.
For e € (0, 1), we then define

Se(x,u,v) : = pe(x) - xe(u) - S(z,u,v), 13

(z,u,v) € Q x [0,00)2.

We will construct solutions of (1) as limits of solutions

to relevant regularized approximate problems, and give some

basic estimates for the solutions to the regularized system. For
any such ¢, the regularized problems

e, t>0,
€N, t>0,
re, t>0, (14)
red, t>0,
x € Q.
eache € (0,1),
ug(-,t) < C ::e_t/uo
/Q <G o (16)

+ &|Q|(1 — e Hforall t € (0, Tinax)

Proof. Integrating the first equation of (14) and using the
nonnegativity of u.w., we can immediately derive (16). This
completes the proof.

Lemma 2.3. Let the assumptions in Lemma 2.2 hold. Then
foreache € (0,1),

/Q(u5(~,t) + (1) <Cy:= e*t/Q(uo + vg) an

+&|Q|(1 —e™") forallt € (0, Tiax)-

In particular, we have

/ ve(+,t) < Cy forallt € (0, Tinax)- (18)
Q

Proof. The proof is similar to [11, Lemma 2.2] and [11,
Corollary 2.3], so we omit it.

Lemma 2.4. For each ¢ € (0,1), the solution of (14) is
global-in-time; that is, we have T ,,x = oo in Lemma 2.1.

Proof. The proof is similar to our recent work [22, Lemma
3.2], so we omit it.
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Lemma 2.5. (Gagliardo-Nirenberg interpolation inequality) ([15, Lemma 2.4]) Let 0 < 6 < p < % There exists a positive
constant C v such that for all u. € W12(Q) N LY(Q),

HUEHLP(Q) < CGN(HVUEH%’A’(Q)HUEHILgFQ) + ||u€||L9(Q))

N _

N
is valid with ¢ = =

€ (0,1).

N N
I-5+7%

3. Proof of Theorem 2.1

3.1. A Priori Estimate

Lemma 3.1. Let @ ¢ RN (N € N) be a bounded domain with smooth boundary. Assume that S complies with (3). If

a > %—ié, then for any choice of the initial data (ug, vo, wo) satisfy (4), there exists C' > 0 such that for all € € (0, 1)

t+1
/ /|vug|2 <C forallt >0 (19)
t Q
t+1
/ /|VU5|2 <C,
t Q
t+1
/ /|Vw5|2 <C forallt >0 (20)
t Q
/uga(-,t) <C forallt >0 (1)
Q
and
/vg(-,t) <C, /wg(-,t)gc for all t > 0. (22)
Q Q

Proof. The strong maximum principle shows that u, is positive in 2 x (0, 0o). Multiplying the first equation in (14) by u2*~1
and integrating by parts, using Young’s inequality and (3), we have

1 d _
< (2a—1)/uga_1VuE-(Sg(x,us,va)va)—/ugaws-i-m/ugo‘_l—/ugo‘
Q Q Q Q 23)
200 — 1 S 5 2a—1/ 5 5 5 20 / 9 k2|9 / 9
< “ \% € ¢ SE y Yey Ve A% € ¢ - ¢
S R Rl I R L e e
20 — 1 1
< a /u?“‘2|Vu€|2+cl/ |V |? + /u?“—kcz
with ¢1 == 22-162 and ¢, := "250‘[9'. Since o > %—i%, we readily conclude that ;2% € (1,2 + %), analogous to [11, Lemma
3.3], we obtain
/vf"’l Sal/ |Vv5|2+01(51) forallt >0 (24)
Q Q

for any e; > 0, where C(g1) > 0 is a constant. We test the second equation in (14) by v. and integrate by parts, we have

1d
7—/05—1—/ |VU€|2+/v§:/uav5wE forallt > 0. (25)
2dt Jq Q Q Q

By the Holder inequality and Young’s inequality, we obtain

<
[ e < o emoylluclion @ el ey

2a

< 03/ w2 + (20 — 1)C3/ vt (26)
Q

Q

< 03/ w2 + (200 — I)C361/ |Vue|? + (2a — 1)e3Cy(e1),
o Q
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where c3 > 0 is a constant. Letting 1 = m, substituting (26) into (25), we have

% v + Q|V11E| +

v? < 2c3 / u?® 4+ ¢y forallt > 0. (27)
Q Q

with ¢4 = 2(2a — 1)e3Cy (g1). Multiplying the third equation in (14) by w. and integrating by parts, using Young’s inequality,

we obtain that p
= w —|—2/ |ng|2 /w </ 2 forallt > 0. (28)

Finally, taking an appropriate linear combmatlon of above inequality with (23) and (27), we have

d(1 . 2 — 1 .
ditan e [ e [} 200t [ v ce [ o
1
+3c1/1}§+2c1/ \Vw€|2+cl/w§ §( +4c103)/u§a+20104+02.
Q Q Q 200 -1 Q

By the Gagliardo-Nirenberg inequality and Young’s inequality, there exists c5 > 0 such that

(29)

1
(2a —1 +4‘?103)/Q s 8a2 / [Vul|? +¢s forallt > 0. (30)

—/ 20‘—}—201/1) —l—cl/ 2

h(t) := 4@2 /|Vua|2+cl/ |V’UE|2—|—C1/ |Vw,|?,
then since 8a21 Jo IVu > 4+ 3cy 02 + e1 [ w? > y(t) for all t > 0, from (29) and (30), we have

Let

y(t) :

y'(t) +y(t) + h(t) < cg forallt >0 (31)

with ¢g := 2c1¢4 + c2 + c5, it immediately derives that

1
y(t) <ecp:= max{—/ uga +201/ 113 Jrcl/ wg, 06} forall¢t > 0. (32)
200 Jq Q Q

Integrating (31) with respect to time, it immediately yields (19) and (20). This completes the proof.
Lemma 3.2. Let Q C RY (N € N) be a bounded domain with smooth boundary. Assume that S complies with (3). Let T’ > 0,
then there exists C(T") > 0 such that for each £ € (0, 1), the solution of (14) satisfies

|Vue|?
c(T). 33
[ el <om) (3)
. . . . 1
Proof. Multiplying the first equation in (14) by w1 e have
d (e +1) / v / V. (u.S.( Vo)
n . .
dt ue Ue 0 -t 1 UePe Ty Ue, Ve ) V Ve

fs / =
- 711)5“‘/{ _
Qus+1 QU5+1 ng—f—l
|Vu|? / e
= — .v S , , V
AW&M? T Ve (@ e, v V)
Ue 1 Ue
/52U5+1w8+K/S]U5+1 /Qus'f'].

for all ¢ > 0. By the Young’s inequality and (3), we obtain
1 |Vuc|? / 9
Voe|®. 35
5| st Vel (9)

(34)

‘_/ uET VUE (S (x U€7’UE)V1}8)
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Thus, integrating (34) with respect to time, we have

/an(us(.,t)H) /anqurl // |V“5|2 ff//\wﬁ //w ~TIQ. (36

By the variation-of-constants formula with respect to w., we obtain

t
we (-, 1) = !B Daw(-,0) +/ =)A=y (. s)ds,
0

from the Neumann heat semigroup theory [31, Lemma 1.3(i)], there exists c1, co > 0 such that

t
lwe (-, )| L1 (0) < CleitH'LUOHLl(Q) Jr/ ef(tfs)cl||v5(~,t)||L1(Q)ds < co (37
0

forall t € (0,7). Combining (36) with (37), we have

et 3 [
//u8+1 ; (1) + [Vve|? + 2T + T1Q|

forall t € (0,7T), here we have been used the fact that 0 < In(uc(-,t) + 1) < uc(-,t) for all u.(-,¢) > 0. By Lemma 3.1, the
desired result is obtained. This completes the proof.

Lemma 3.3. Let m € N be such that m > % Then there exists C' > 0 with the property that for each ¢ € (0, 1), the solution
of (14) fulfills

T
/0 100 (112 8) & D)ll g gyt < C(T + 1) forall T > 0. (38)

Proof. For fixed t > 0 and arbitrary ¢ € Wg™">(£2), due to Sobolev embedding theorem, we see that TW,"* () is continuously
embedded into L>°(€2). Multiplying the first equation in (14) by %_Hgb and integrating by parts, we obtain that

1
/Qat In(us +1)-¢ = / i1 Au, - ¢ — /Q P 1V (ueSe (2, ue, v:) Ve )@

_/uerl Pt /u51+1¢_/usujr1¢

|Vu€\2 /
__ _ we - ¢ 39
/%Hw v¢+/( . u5+1 (39)
Ue
- /Q m . VUE . (S€($7U87UE)V'UE)
Ue
+/QUE+I(S€(x7uE7UE)vv€).V(b—'_li/ﬂue"‘l(b.
Then, by the Cauchy-Schwarz inequality, we have
[Vu|? \z
/ug—l—lvuE ng‘ (/ (us—‘rl)) ||v¢||L2(Q)7 (40)
[ e et - Vol o [ 190e) 190l @n
o Uet+1 - Q
—/L-vu-(S(mu 1;)vv)¢>]<s(/w“€é /|vv| %-Ilch 42)
Q(u€+1)2 € e\&L, Ug, Ug € =~ 20 u +1)2 € L> ()
Ue
- [ ol el - 1ol @)
1
o v < &[Q[ - [|¢]lL= (0 (44)
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as well as

=
ou +1

’/Q Jbvillz ’ (/ %)'ML”(Q)- (46)

Substituting (40)-(46) into (39) and using Young’s inequality, this implies that with some ¢; > 0,

[omtu+n-osa{i+ [ o [ wur+ [} 1ol

for all ¢ € W/™?(€2), meaning that

Vu,
Jortatu )+ Dll sy < eft+ [ AV [ s [ w)

for all t > 0. From Lemmas 3.1 and 3.2, we readily conclude that (38) by an integration over (0, T’). This completes the proof.
Now a straightforward application of the Aubin-Lions lemma can establish the following compactness properties of (In(u. +

1))ee(o,1))-

Coiolliny 3.1.Let T > 0. Then (In(us + 1))-¢(0,1)) is relatively compact in L*((0,7"); W'2(Q)) with respect to the weak
topology, and relatively compact in L2(€2 x (0, T')) with respect to the strong topology.

Proof. The proof is similar to [30, Corollary 5.3] and [33, Corollary 4.3], so we omit it.

Lemma 3.4. Let T > 0. Then {v. }.¢(0,1) is relatively compact in L?(Q x (0,T')) with respect to the strong topology.

Proof. For fixed t > 0 and arbitrary ¢ € W[" ’Q(Q), due to Sobolev embedding theorem, we see that W' ’Q(Q) is continuously
embedded into L*°(2). Then from the second equation in (14) and the Cauchy-Schwarz inequality, Poincaré inequality, for each

€(0,7),
’/Qv“(b - ’_/QVUE'V¢+/QUEME¢—/QUE¢

,
([ 190R) " 196 o + e
Hoellzr 61 2(e
(] 190P) 196l + el
HvellLr @) 9]l L= (@)

<92 - [[@ll oo ()5 (45)

IN

L8 @ lwellzs @9l @)

IN

L8 Q)vaEHLZ(Q)||¢HL°°(Q

with some certain constant ¢c; > 0. By the Young’s inequality, there exists ca > 0 such that

T T
< 2 2 i .
| gyt < [ {1 [ (904 [ ot luelty )+ Vel b

Hence, in accordance with Lemmas 2.3 and 3.1, we conclude that

T
/O et w2 0y dt < es(T +1)

with constant c3 > (0. Therefore, the Aubin-Lions lemma [27, Lemma 2.3] along with the boundedness of (vg)se(oyl) in
L2((0,T); WH2(Q)) yields the claim. This completes the proof.

Lemma 3.5. Let T > 0. Then {w. }.¢(0,1) is relatively compact in L*(€2 x (0, 7)) with respect to the strong topology.

Proof. For fixed t > 0 and arbitrary ¢ € Wg"?(9), due to Sobolev embedding theorem, we see that W™ (2) is continuously
embedded into L°°(2). Then from the third equation in (14) and the Cauchy-Schwarz inequality, for each ¢ € (0,T),

]/wam\ = |- [ v Vo~ w5¢+/v5¢
Q Q Q Q

IN

1
2
( /Q Vwe ) * 198l 20 + el @ 9l oy + el @) 2= o
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By the young’s inequality, there exists ¢c; > 0 such that

T T
/ ||wat||(wg">2(sz))*dt§01/ {1+/ |sz\2+/ Us+/ wa}dt~
0 0 Q Q Q

Hence, in accordance with Lemmas 2.3 and 3.1, we
conclude that

T
/ ||wet\|(wg"=2(9))*dt < (T +1)
0

with constant ¢ > 0. Therefore, the Aubin-Lions lemma
[27, Lemma 2.3] along with the boundedness of (w.).c(o,1)
in L2((0,T); W12(€2)) yields the claim. This completes the
proof.

3.2. Passing to the Limit

Now, we are capable of extracting a suitable sequence of
¢ along which the respective solutions approach a limit in
convenient topologies.

Lemma 3.6. Let o > %—i% and assume that (ug, vo, wo)
satisfy (4). Then there exist (¢;) ey C (0,1) such thate; N\, 0
as j — oo and functions

as well as
we — w in L7 (Q x [0,00)), (52)
we = w a.e.in Q) x (0,00), (53)
Vw. — Vw in L}, (Q x [0,00)), (54)
ucwe — uw in L}, (Q x [0, 00)), (55)

with some limit functions u,v and w which are such that
u>0,v>0,w>0ae. inQ x (0,00).

Proof. Corollary 3.4 implies (47) and (48) hold, along
a subsequence (49)-(51) can be achieved through a
straightforward extraction procedure according to Lemmas 3.1
and 3.5. Similarly, (52)-(54) can be achieved in accordance
with Lemmas 3.1 and 3.6. Similar to (7.7) [33, Lemma 7.1],
(55) can be obtained. This completes the proof.

Lemma 3.7. Let o« > %—ié and assume that (ug, vo, wo)
satisfy (4). Furthermore, let u, v, w denote the limit function
provided by Lemma 3.7. Then

/u(-,t) < eit/ ug +K|Q|(1—e?) fora.e.t >0, (56)
Q Q

u. = u a.e.infx (0,00), (47) and v and w fulfill the weak solution properties of (11) and
N . 19 e (12), respectively.
In(ue + 1) = In(u+ 1) in L3,.([0,00); W3(Q)),  (48) Proof From Lemma 2.2, we know that [, u.(~t) <
and e" Jquo + k|Q(1 —e") forall £ > 0 and each ¢ € (0,1),
(47) and Fatou’s lemma imply u € L} (€2 x [0,00)) as well
ve = v in L7 (Q x [0, 00)), 49) as [, 12(315) < et 1%u0 + &|Q|(1 — e;t) for a.e. f2> 0.
ve = v ace.inQ x (0,00), s0) V€ Lloc([O,oo);W #(Q)) and w € Lj,.([0,00); W2(€2))
e - are the directly consequences of (49), (51), (52) and (54).
Ve = Vo in Lj,, (2 x [0, 00)), D Multiplying the second equation in (14) by ¢, we obtain
oo oo oo (oo}
—/ / Vepr — / vop(+,0) = —/ / Vv, - Vo +/ / U We P — / / Ve (57)
o Ja Q o Ja 0o Jo 0o Jo
foreach e € (0,1), by (49), (51) and (55) we have
—/ /vsgot—>—/ /vgot, —/ /V’U5~V<p—>—/ /Vv~V<p,
o Ja o Jo o Ja o Ja
as well as - - - -
/ /u6w5¢—>/ /ump7 —/ /vgp—)—/ /vcp
0o Jo 0o Jo o Ja o Ja
taking € \, 0 in (57) yields (11). Similarly to (57), multiplying the third equation in (14) by ¢, we have
_/ /wEQPt - / wop(+,0) = _/ / Vwe - VSD"‘/ /UESD_/ /ws@ (58)
0o Jao Q 0o Jao 0o Jao 0o Jao

foreach ¢ € (0,1), by (49), (52) and (54) we have

—/ /wgtpt—>—/ /wcpt, —/ /VwE-V<p—>—/ Vw -V
o Ja 0o Ja 0o Ja 0o Ja
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as well as

oo oo oo oo
I R A R N A Y
0 Q 0 Q 0 Q 0 Q

taking € \, 0 in (58) yields (12). This completes the proof.
Lemma 3.8. There exists a null set A C (0, co) such that the limit functions u, v, w obtained in Lemma 3.7 fulfill the inequality

1 1 T r g
f/UQ(-,T>—f/v§+/ \WIQZ—/ /v2+/ /uvw (59)
2 Q 2 Q 0 Q 0 Q 0 Q

forall T € (0,00) \ A.

Proof. The proof similar to the recent work [22, Lemma 3.9], so we omit it.
Lemma 3.9. Let a > %—1’% and assume that (ug, v, wo) satisfy (4). Moreover, denote by (&) en and u, v, w obtained in

Lemma 3.7. Then there exist a subsequence (¢, )xen and a null set A C (0, co) such that T' € (0, 00)\A the classical solution
(e, ve, we) of (14) fulfills
Vve — Vo in L2(Q x (0,T)) as e = £ \, 0. (60)

Proof. The proof similar to our recent works [22, Lemma 3.10] and [24, Lemma 3.11], so we omit it.

Lemma 3.10. Let > %ié Suppose that (ug, vg, wg) satisfy (4) and u, v, w obtained in Lemma 3.7. Furthermore, ®(s) :=

In(s + 1) for s > 0. Then w is a global ®-supersolution of (1) in the sense of Definition 2.1.

Proof. Using (48), it is readily known that &' (u)uw = 4% (2 x [0,00)), ®(u) € (2 x [0,00)) and u®’(u) =

ut1 loc loc
1 € L2 (€ x [0,00)). Furthermore, (48) can be insure that
" 2 [Vul? 2 1 (6
@ (u)|Vul” = NCES —|VIn(u+1)[" € L, (€2 x [0,00)),
and since |V |
” u u

we have u®” (u)Vu € L2, (€ x [0,00)). We ﬁx an arbitrary nonnegative ¢ € C§°(2 x [0, 00)) with a“" = 0on 99 x (0,00),
and then multiply the first equation in (14) by —7¢ and fix T > 0 such that ¢ = 0 in £ X (T, 00), and integrate by parts, we

obtain )
v
//'“5| //lnu5—|—1<pt //lnu0+1 ,0)
Q

/0 /Q(usufgl)zwa (Sc(,ue, v2)Ve) - @
=

(Se(z,ue,v:)Voe) - Vo (61)

_/ooc/gln( Dae = / /ue+1 v
7/0 /ngilso

[ [ o= [ e (62
0 Q 0 Q

_ / h / In(u. +1)Ap - — / h / In(u+ 1)Ag, (63)
0 Q 0 Q

as € = €; \, 0. Moreover, by the definition of .S, and (3), we have

forall e € (0, 1). Using (48) we have

as well as

o
us +1

Se(x,us,ve)|< Sp in Q x (0,00) foralle € (0,1)

and (47) and (50) also imply

u€
Ue + 1

Se(®, ue, ve) — S(z,u,v), (64)

u
u—+1
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by Lemma 3.10, we have

Ve — Vo in L} (2 x [0, 00)) (65)
and implies that
Ue u . 2 A
o 1(S (z,ue,ve)Vue) — ] 1(S(sr,u,v)Vv) in Lj,.(Q x [0,00)), (66)
as € = g; \ 0, which directly implies
_/Oo/ Ue (Se(x, ue, ve)Vue) - V —>—/OO/ “ (S(z,u,v)Vv) -V (67)
0 o UE + 1 g b €y YE € SO 0 Q U + 1 ) bl SD

as € = g; \, 0. Furthermore, combining with (48) and (66), we have

o0 uE
~/(; /Q mvue ' (Sg(.lj, Ue, Ua)V’UE)(p
o0 ua
:/0 /QVIH(UE +1)- (Us ) a(ai,ua,vg)vva / / Vin(u+ 1 (75(3&, ) U)Vv) -

o U
—/0 Lmvu(s($7u,v)vv) 2
Combining with (62), (63), (67) and (68), we infer from (61) that
IVUI2 IVue\2
2@ < liminf
e=¢e;\0 ug + 1
—/ / In(u + 1)g; — / / In(uo + 1)(-, 0)
0 JQ

+/O°°/Q SRR R

o0

(69)

(S(z,u,v)Vv) - Vo

0

e e
e [

which means that u is a global weak ®-supersoluton of (9).
Finally, we prove the main theorem.
The proof of Theorem 2.1 Combining with Lemma 3.8 and 3.11, the desired result is obtained.

4. Application to Optimal Control

In this section, to apply the existence results to prove the existence of the optimal control pair, we rewrite system (1), (4) and
(5) into the following form and give the discussion of optimal control problem.
We are concerned with optimal control problem

Min %/0 /Q|%(p(t,:v)—po(t,x))|2dxdt+/0 hU())dt (P) (70)

subject to

P8+ Ap(t) + B() = U + fo(t) i@ x (0.7), o
p(0) = po in Q,
with state constraint

p(t) e K Vte|0,T],



International Journal of Systems Science and Applied Mathematics 2021; 6(2): 40-54 51

where I is a close convex subset in

H=(p,pe (L2O.TW), 2 = gono0).

Here Q C R? is a bounded domain with smooth boundary 02, T > 0 is a given constant, WV is a Hilbert space, and
fo(t) € L?(0,T; (L?(2))3). The function h : W — (—o0, +00] is convex and lower semicontinuous function. Moreover, there
exist & > 0 and C' € R such that

h(U) > a|U3, +C, ¥Ype W. (72)

po € L2(0,T;H) and B € L(V,H), where V = (H}(Q))? N H, here B := ;1. Denote by the symbol || - || the norm of the

space V, which is defined by
3
vl =3 [ 1vmiF
=17

and by the symbol | - | the norm of R? and (L?(£2))3. We endow the space H with the norm of (L?((2))3, and presented by (-, -)
the scalar product of , (-, )y, the paring between V and its dual V' with the norm || - ||y». Let A € L(V,V’) and trilinear
function be defined by:

3
(Ap,y) = Z/vai-Vym Vp,y €V
i=1

and s
b(p,y, 2) :Z/piDiijiZj
=174

respectively, where D; = O%i’ D(A) = (H?(22))3 N V. If there is no confuse, we present also by (-, -) the dual product between
V and its dual V', We define the operators B : V — V' by

(B(p),y) =b(p,p,y) YyeV.

Let f(t) = Pfo(t) and D € L(W,H) is given by D = PI, where I € L(W;(L?(2))?) is a unit matrix, P : (L?(Q2))? — H
is the projection on H. Then we may rewrite the optimal control problem (P) as

1

Min / B(p(t) — po(t)) 2dedt + / WU®)d:  (P) 73)

subject to

(74)

p'(t) + Ap(t) + B(p(t)) = DU(t) + f(t) inQ x (0,T),
p(0) = po in €,

with state constraint
p(t) e K Vte|0,T],

where
-A 0 0
A= 0 -A 0 ,
0 0 —A

1(t) = —uw + K — u,
fQ(t) =uw —v,
fa(t) =v—w,

f,DU € L?(0,T;H). LetU = L?(0, T; W) and

0
Uyy = { 0 | eu; xe L20,7;W), A >0, DAl 2010w < C }
A
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where A(t, ) denote control variable. We assume U, is a closed, bounded, and convex subset of I{.

Then, we have the following existence theorem.

Lemma 4.1. The optimal control problem (P) has at least one optimal pair (p, U).

Proof. We denote

T

T
I0,0) =5 [ 18600 - ple)Pdadt + [ b o)t

T T
v:inf{%/o |%(p(t)—p0(t))|2dxdt+/0 WU D)d: (p.U) € F, ).

Then there exist (p,,,U,) € F,, such that

v < J(pn,Un)

1
<+ .

i (75)

By (72) and (75), it follow that {U,, } is bounded in L?(0, T; W). Thus, there exists at least one subsequence which denoted

again by {U,, }, such that

U, = U in L*(0,T;W).

Multiplying equation

{p; (t) + Apa(t) + B(pa(t)) = D

p(0) = po

by py,, integrating on (0, t), we obtain that

t t
Pa(D)? + / Ipal®ds < c1 + ¢ / [pa(s)ds,
0 0

by Gronwall’s inequality, we have

T
pn ()] + / Ipnl[*dt < C. (78)
0
This yields that
pn — D weakly® in L*°(0,T;H), (79)
pn =P inL*(0,T3V), (80)
Ap, — Ap in L*(0,T; V). (81)

By the properties of the trilinear function b, we derive that

1 3
[(Boms oo w) < eslpal¥ a3 g I

and it follows that

T R T
/ | Bpy |3 dt < 04/ ly|I?dt < cs. (82)
0 0
Therefore,
T
dpn 3
— |3, dt < cg, 83
A | dt Vv = Cs ( )
from (82) and (83), we have
dpn dp . 4 /
—_ = — L T, 84
Do T i, 15V, (84)
Bp, — ¥ in L3(0,T; V). (85)

To reveal that (p,U) fulfills (75), it remains to prove that
¥ = Bpae. in (0,7). By (79)-(81), (83) and Aubin’s

(76)
i T
Unlt) +1(t)  inQx (0.7), -
in €,
compactness theorem [2, Theorem 1.20], we have
Pn — P strongly in L2(0,T;H), (86)
and
T T
0 0 (87)
+ |b(P; pn — P)|)dt — 0

asn — oo, Vo € L?(0,T;C5°(2)). Thus, §(t) = B(p(t))
a.e. in (0,7). Since h is convex and lower semicontinuous,
we obtain that

v < J(p,U) < liminf J(p,,U,) <1,

n—oo

(88)

we also have that for each t € [0,T], 3t,, € (0,T") such that
p(tn) € K, and
p(tn) = p(t) inH.
Since K is close convex subset of H, it is weakly closed, it
is follows that p(t) € K, Vt € [0,T)]. Therefore, (p,U) is an
optimal pair for problem (P). This completes the proof.

5. Conclusions

In this paper, we mainly investigate a virus infection model
with saturated chemotaxis. Our result in Theorem 1, as
N = 1,2, which is consistent with the result Theorem 1.1
[27], as N > 3, Theorem 1 generalizes and improves the
result Theorem 1.1 [27]. And moreover we first prove that
the optimal control problem (P) has at least one optimal pair
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