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Abstract: We consider a system of two differential equations modeling chemotaxis. The system

7oz

consists of a parabolic equation describing the behavior of a biological species “u” coupled to an
ODE patterning the concentration of a chemical substance “v”. The growth of the biological species
is limited by a logistic-like term where the carrying capacity presents a time-periodic asymptotic
behavior. The production of the chemical species is described in terms of a regular function &, which

"o

increases as “u” increases. Under suitable assumptions we prove that the solution is globally bounded
in time by using an Alikakos-Moser iteration, and it fulfills a certain periodic asymptotic behavior.
Besides, numerical simulations are performed to illustrate the behavior of the solutions of the system

showing that the model considered here can provide very interesting and complex dynamics.

Keywords: chemotaxis; periodic behavior; global existence of solutions; parabolic-ODE systems

1. Introduction

Chemotaxis is the ability of some living organisms to direct their movement in response
to the presence of a chemical gradient. This response can be either positive (chemoattractant)
or negative (chemorepellent). Mathematical models for chemotaxis have been studied
since 1970 when Keller and Segel proposed a system of two parabolic equations involving
nonlinear second order terms in the form

—V-(xuVv)

in the u-equation. Since the publication of the model, an extensive mathematical literature
has treated the topic, see also [1]. To present an exhaustive literature review is not the
aim of this article, therefore we refer to the reader to the survey works of Horstmann [2,3],
and Bellomo et al. [4] for more details (see also [5]).

The mathematical model that we study in this article describes the behavior of a
biological species “u” in terms of a PDE of parabolic type. The problem is posed in a
bounded domain Q) C R”, with a regular boundary J() as follows

up =AM —V-(xuVo)+uu(l—u+ f(x,t)), x€Q, t>0,

vy = h(u,v), xeQ, t>0,

u(x,0) = ug(x), o(x,0) = vp(x), xeQ, @
Ju o x €00, t>0.

PR TR

The equation includes the linear diffusion of “u” which also moves following the
direction of the chemical gradient of a non-diffusive substance “v”. The chemotactic
coefficient x is assumed to be constant and positive, i.e., the biological species moves to a
higher concentration of “v”. The logistic term includes a carrying capacity that limits the

growth of “u” and it presents a spatial and time dependence, f(x,t). Then, the reaction part
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is given by the quadratic term pu(1 — u + f), where i is a positive constant. The chemical
substance “v” is considered non-diffusive, i.e., once it is secreted by the biological species
“u”, it is maintained up to degradation. The evolution of “v” is given in terms of a general
function “h” satisfying some technical assumptions presented in this section.

Function f, in the reaction term, is a smooth bounded given function, fulfilling

1f (2, 8) = f*(O)lle() = 0, as £ o,

7z

with f*(t) being a time-periodic function independent of the space variable “x”.
In Ref. [6] the fully parabolic system is considered, i.e., the equation for the chemical
includes a diffusive term and the equation for v reads

T —Av+ov=u xe€Q,t>0.

The global existence of solutions for the fully parabolic system is achieved by employ-
ing an iterative method based on the Alikakos-Moser iteration. By using an energy method
through a Lyapunov functional, the convergence of the solution to a homogeneous in space
and periodic in time function u* is given. The parabolic-elliptic case, i.e., for v satisfying
the equation

—Av+v=u, x €Q,

has been studied in Negreanu, Tello and Vargas [7], where the global existence and similar
asymptotic behavior are done. In that case, the proof follows a sub-super solutions method
already featured in Pao [8], Tello and Winkler [9], Galakhov, Salieva and Tello [10] and
Negreanu and Tello [11,12] among others. In [7], the problem is addressed for a non
constant function f and u* satisfying the ODE

up = pu (L+ f* =), 2
where f* is a periodic in time function such that

sup |f(x,t) — f*(t)] =0, as t— oo.
xeQ)

In Issa and Shen [13] the logistic term is

u (al(x, t) —ax(x, t)u —as(x, t) /Q udx>

and the authors got the existence of periodic solutions when the coefficients a; (fori = 1,2, 3)
are periodic in time.

Parabolic-ODE systems with chemotactic terms have been considered from the last
three decades, and after the pionering works of Levine and Sleeman [14] and Anderson
and Chaplain [15] modeling tumor angiogenesis, a considerable number of authors have
analyzed such models. In Othmer and Stevens [16] and Stevens [17], the authors address a
Parabolic-ODE system of chemotaxis passing to the limit from a discrete to a continuous
system of equations. Concerning angiogenesis, the model has been raised in Kubo and
Suzuki [18], Suzuki [19] and Kubo, H. Hoshino and K. Kimura [20]. Mathematical analysis
of these models with two equations can be found in Fontelos, Friedman and Hu [21],
Friedman and Tello [22] and Negreanu and Tello [11] among others. Systems with three or
more equations involving chemotaxis and diffusive or non-diffusive processes also appear
in ecology and other biological applications (see [12,23]). In Ref. [24] the authors study a
similar Parabolic-Parabolic-ODE system

ur=Au—V-(x1(w)uVw) + pqu(l —u), xe€Q, t>0,
vy =Av— V- (x2(w)oVw) + upo(l—v), x€Q, t>0,
wy =h(u,v,w), x€Q,t>0,
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where the chemosensitivities x1, x> are non-constant. Global existence and convergence of
the solution to a steady-state (1,1, @) satisfying h(1,1, @) = 0 are presented under suitable
assumptions on the coefficients and the spatial dimension of the domain. The results in [24]
have been improved in Mizukami and Yokota [25] for a larger range of parameters.

Also in the context of cancer dynamics, chemotactic systems with non-diffusive equations
have been recently used to model cancer cell invasion in Stinner, Surulescu and Winkler [26]
with a model consisting of six equations where the cancer cells behavior is described by a
parabolic equation with chemotactic terms. Denoting by “u” the cancer cells density, by “v”
the fibers of the extracellular matrix (ECM) and by “I”, “y;” and “y,” the concentration of
chemoattractant, integrins bound to ECM fibers and integrins bound to proteolitic residuals
then, their model is the following

3 KoC c
ct—V-(l_i_CUVc)—V'(1+UV0)—V~(mVl)—l—ycc(l—u—mv),
vy = pye(1—u) — Aco,

lt:Al—l'i—CU,

(Y1)t =ki(1 —y1 —y2)o —k_1y1,
(y2)t = k2 (1 —y1 — y2)l — k212,
Myi(-,t—1)

Kt = —K .
! +1—|—y2(~,t—r)

The authors prove the existence of global weak solutions together with some bound-
edness properties. The proof is based on the properties of the functional

1 x| Vo|?
/chncdx—o—ﬁ a 1+vdx

Notice that, in this case, three of the variables leading the movement satisfy ordinary
differential equations (see also Stinner, Surulescu and Uatay [27], Tao and Winkler [28],
Zhigun, Surulescu and Hunt [29] and Zhigun, Surulescu and Uatay [30] for similar models).
Throughout the article we use the notation )y = Q x (0,t), for t € (0, 00|, we assume,
without loss of generality, that |()| = 1 and we denote by g the function

g(v) :=eX%. ©)]

We work under the following hypotheses
1. The positive initial data (19, vg) of (1) satisfy, (19, vo) # (0,0) and

2
(10, 20) € (L¥(OQ)NW(Q))", 2<0 <7, @
for some s > max{4,n} and
auo o avo -
2. There exists a periodic function f* verifying
1fGet) = fr(Ollie() =0, as = oo, (6)
inf f(x,t) < f*(t) <sup f(x,t)
xeQ) xeQ)
and
—1+¢e< f(x,t), for somee > 0. (7)
3. Function F fulfills
h e W (Ry x R) N C3(R?); 8)
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oh oh oh oh
5 >0, 3 = € <0 and e + MXau < —€,/2<0, with €, >0; (9)

Moreover, there exists a positive constant c such that
—h(0,v) < ceX?, 0 < h(0,0) < ue/2y, (10)

with some ¢ as in (7).
4. For a given constant c5 := cs5(uo, || ||~ (), #- X, ¢) (defined in Lemma 6) we have that

limsup h(cseX®,s) < —e, €y > 0. (11)
S—00

The functions given by h(u,v) = (ue X’ +v)/(1+v) —vand h(u,v) = ue X* — av,
with a > 0 verify the hypotheses.

2. Main Results

Our particular analysis will address the initial-boundary value problem (1) in a
bounded open domain (3 C R”, where the initial data are as in (4). The issue of the
global solvability is presented in the following theorem.

Theorem 1. Let Q) be a bounded open domain with regular boundary of R and suppose that
assumptions (4)—(11) hold. Then, there exists a unique pair of nonnegative functions u and v which
forms a global solution

(1,0) € C([0,00), (W"*(Q2))?) N C1((0,00), (W(Q))" x W'*(Q2))

to the problem (1). In addition, (u(x,t),v(x,t)) is uniformly bounded in Q) x (0, 00), that is, there
exists a constant C := C(ug,vg) > 0, such that

[ )l () + 10 D) [ L) < C < oo

Afterwards, we study the asymptotic properties of the solutions. We introduce the
function u* as set out by

x o Jo (L+F(5))ds
w(f) = ——

- 14 ug /Ot P‘e“{g”(Hf*(s))dsdTr

(12)

for uj defined by

. el rOEf e g
uO =

[T eld mAHf @iy

and f* as in (6). Notice that u* satisfies Equation (2) and it is an homogeneous in space
and periodic in time function. We denote by v*(t), the solution of the ordinary differential
equation

vy = h(u*,v"). (13)

The following assertion is the main result on the asymptotic behavior of solutions
of (1).

Theorem 2. Assume (4)—(11) and let us denote by (u,v) the corresponding solution of (1) from
Theorem 1. Then, (u,v) has the following asymptotic behavior

[ux, £) = u* ()|l Lro) + o(x,8) = 0" (B) | Lp() = 0, ast — oo, (14)

forany p € [1,00), where u* and v* are given by (12) and (13), respectively.



Mathematics 2022, 10, 312

5o0f 24

The paper is organized as follows: in Section 3 we proof the existence of a unique
pair of classical solutions. A first key step consists in findining a maximal weak solution
following [31], and we then get the boundedness of the solution. As a crucial ingredient
in our derivation of a L®(Q)) bound for u, we employ a Alikakos-Moser-type iterative
procedure [32]. By means of these and some further higher regularity properties will assert
the statements on global existence and boundedness of u and v from Theorem 1. Our
collection of estimates of Section 3 will moreover turn out to be sufficient to derive the
stabilization result from Theorem 2 in Section 4 through an analysis into two steps. First,
we prove that the solutions converge to their respective averages, i.e.,

/udx, /vdx,
Q Q

using energy estimates to conclude that these averages converge to the functions u* and v*,
respectively. Finally, in Section 5 we perform a brief numerical study of the system under
consideration. Some of the results presented in this paper were announced in [33].

3. Global Existence of Solutions

The present section is devoted to the proof of Theorem 1. We study the local-in-
time existence of classical solutions to (1) and we prove some preliminary technical facts.
In order to prove the global existence of the solutions, we first obtain the local existence
using classical results on partial differential equations and then we conclude the proof by
constructing uniform bounds.

Lemma 1. Let QO C R" be an open bounded set with smooth boundary, assume that the initial data,
(ug, vg), are as in (4) and hypotheses of Theorem 1 hold. Then, there exists a maximal existence time
Tinax > 0 such that system (1) has an unique non-negative classical solution

(u(x,t),0(x,1)) € C([0, Tmax), (W"*(€2))?) N C1((0, Tmax), (W'*(Q))" x W(Q2)),
as well as

tim sup ([|u(x, £) |1y + 006 ) lwrs(ry + ) = oo,

t— Trmax
Proof. We consider the system (6.2) of [31] where

uy=u, up=v, Aju=—-AMu, Ay(u,v)v=V-(uxVo),

it tuv)=puu(l—u+f), fal-,t,u,v)=h(uno)

and

Ju Jv
Biu = 3 Byv = —u)(%.

We can rewrite then (1) as follows
ut—l_Alu_I_sz :fl('/ t/urv)/ X € Qr (O/ Tmax)/
ot = fo(-, t,u,0), x€Q, (0, Tmax),
Biu+ Byv =0, x € 0Q), (0, Tmax)/

with the same initial data as (1). We apply Theorem 6.4 in [31] and consider maximal
interval of existence. So, the local-in-time existence for (1) is proved.
In order to see the non-negativity of u we introduce the following change of variables:

u=g(v)a, for g(v)=eX" (15)



Mathematics 2022, 10, 312 6 of 24

Then we can rewrite the first equation in (1) as
up = g (v) + iig' (v)vr = i g(v) + xiig(v)h.
Now, deriving with respect to the spatial variable in the previous equation we get
Vu = ¢(v)Vii + iig’ (v)Vo = ¢(v) Vil + xiig(v) Vo,

Au = g(v)Ad +2xg(v)ViVo + X2ﬁg(v)|Vv|2 + xiig(v)Av,

and
V(xuVo) = xg(v)ViVo + x*ig(v)|Vo|? + xiig(v) Av.

Then, the first equation of (1) becomes
g(0)ity = g(v)Ail + xg(v) VitVo + ug(v)i(l — iig(v) + f) — xig(v)h(ig(v),v),
we multiply by e7A? to get
iy = Nii + xViaVo + uii(1 — ig(v) + f) — xih(ig(v),v). (16)
Notice that the equation for v remains as an ordinary differential equation
vy = h(iig(v),v). (17)

So, the original system (1) becomes (16) and (17) together with the initial data

_ _ up(x)
(x,0) =1dg(x) = —=, v(x,0) =19y(x),
(x,0) = Wo(x) = O, 0(x,0) = vo(x)
and the Neumann boundary condition
oil
5, = 0.

Finally, the Maximum Principle for parabolic equations and the regularity of /1 prove
the non-negativity of u, taking into account that

(i (1 = ag(v) + f) — x#h(ig(v), v)]|z—o = 0.
Hypotheses (9) and (10) on & and the Maximum Principle applied to (17) prove
0<wo.

This completes the proof. [

Let us now collect some basic properties thereof which in our subsequent analysis will
play important roles not only by providing some useful fundamental regularity features,
but also by establishing the first quantitative information (18) on large time behavior. We
remember that Qe = Q) x (0, 00) for the next matches, and also, || - [|1~(,,) = sup;~q | -

()

Lemma 2. Under Hypotheses (4)—(11), the total mass of the component u(x,t) of the solution
to (1) is bounded:

[t tydx < max{ (14 1f (), ol oy } = e (18)
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Proof. We integrate the first equation of (1) directly over () to get

d
E/Qudx§;4(1+Hf(x,t)HLoo(Qm))/Qudx—y/()uzdx. (19)

Applying the Cauchy-Schwarz inequality, since |Q| =1,

/ udx
O

2
< / u?dx,
@)

we directly obtain

2
d
5 Lt < p+ £l () /Qudx—y‘ | x| (20)
Finally, (18) is a consequence of the Maximum Principle applied to (20), i.e.,
[ wax < max{(1+ [ (). Iollxcoy -
O
Lemma 3. Under the same assumptions of Lemma 2, the solution to (1) satisfies
b+t
/ / uz(x,s)dxds < ¢y, (21)
t (@)

forall t € (0, Tmax — to), where tyg = min{1, Tmax/2} and

1
€= (1 + [ fllze () + pt)‘

Proof. We integrate (19) over the interval (,t + t() for ty = min{1, Tmax/2} to obtain
u(-,t+¢ dx—/u-,tdx
[ uCot+toydx— [ )

t+tg t+tg )
<+ o) [ [ wdxds—p [ [ wldxds,

Vt € (0, Tmax — to), 01, equivalently,

t+to t+to 1
2 < o - : .
/t /Qu dxds < <1+ £l (Qm))/t /Qudxds—l- " /Qu( ,H)dx

By the previous lemma it follows

t+tg ) t+to c1
/t /Qu dxds < (1+ HfHLoo(QOQ))/t c1ds + m
c
< (T4 I fll L () e1to + ﬁl

1
<c <(1 + 1 f Il () b0 + y)'

Finally, since ty < 1 we have

t+to 5 1
/t /Qu dxds < ¢q (1+Hf||L00(Qoo))+ﬁ =0
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thereby completes the proof. [

Lemma 4. Under hypotheses of Theorem 1, the following assertion is verified: there exists a positive

constant c3 defined by
2

C3 1= —/——
3 eto_ll

for to := min{1, Tmax/2} such that

t
/ es*t/ wldxds < cs.
0 Q

Proof. Notice that
t N-1 r(n+1)ty t
/ esft/ wldxds < 2 / eS*NtO/ w?dxds +/ / u?dxds
0 Q n=0 nty Q Nto Q
for some N € N, such that Nty < t < (N + 1)t;. Then, we get

(1’1+1)t0

t N-1 t
/ es_t/ wldxds < Yy e(”_N“)tO/ / uzdxds+/ / udxds
0 O n=0 P Vlto O P Nto JQO

<c %e(n—N—l-l)tO < _©
=" ‘ —efo—1"
n=

O

We are now prepared to perform an iterative argument of Alikakos-Moser type in
order to derive L*(Q)) bounds for u and v.
The proof starts with the following lemma.

Lemma 5. Let g(v) be defined by (15), then, for p > 2 the following estimate holds

% JouPg'~Pdx

2
< _P(p -1) fQ 25—3

—py/(; up+1g1_”dx+c(p—1))(/Qu”g2_pdx,

2
dx+ pu(1+ |fllwon) [ 08" Pdx ()

u
Vg

where c is the constant given in assumption (10).

Proof. We proceed by induction in p, then, for p > 2 we have

d

= Pol=Pdy — =1y, 01-p - pol=p

dt/ng dx p/Qu urg Pdx+ (1 P)X/ng hdx
:p/Qu”_l(Auf)(V(qu))gl_deery/QuP(l7u+f)g1_f’dx (23)

+(1— p))(/ﬂu”gl_phdx.
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For the first integral in (23) we infer that

p/ﬂupflglfp(Au —xV(uVv))dx
= —p o VuP71gPI(Vu — xuVo)dx

= —p/Q[(p —DuP2¢PVu+ x(1 — p)gt PuP~1Vo](Vu — xuVo)dx
=—-p(p—1) /Q uP=2g1 7P (Vu — xuVo)?dx
= —plp—1) [ WV ()
From the expression of the above identity, we deduce
p /Q uP~H(Au — xV(uVo))g!Pdx <0. (24)

We look now at the last term of (23). By the Mean Value Theorem and assumption (10)
we have

h(u,v) = ah’ u+h(0,v) > —cg(v),
ou
()
then,
(1- p))(/ﬂu”gl_phdx <(p-— 1)cx/nupg2_”dx. (25)

Moreover, for the restant term of (23), we have

p‘u/ﬂupglfp(l—u—i-f)dx

(26)
< pu(L+ [ fllsiay) [ u'g P —pp [ gt Pax,
We now replace (24)—(26) in (23) to get
d ub=2| _ul?
A Pl Phy < —ply— / u
dt/nu g Pdx < —p(p—-1) 0 g7 3 Vg dx
+pu(1 w© / Pel=rd
pr(L+Ifllimon)) [ wPs' i
— pu / uP e Pdx +cx(p — 1) / uPg® Pdx,
Jo Ja
which yields (22) and the proof ends. [
Lemma 6. Let us consider p > 1 and g(v) as in (15). Let € be a positive constant defined by
i @7)

€:= P
2+ 2p| f | 1o () +2

then, there exist c4 > 0 and c5 > 0 given by

6||ug||1e
C4 = max H 0||L (Qoo)r %/ 66‘7)(/ C3/1
min{1,u} "€*" u

and

3
c5 1= max{3|[uo|| 1= (), %, cxecs},
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for ¢z as in Lemma 4, such that

t
/0 esft/gupﬂgl*pdxds < CZ, (28)

and
/ uPg!=Pdx < cg. (29)
0

Proof. For p =1 the result is a consequence of Lemmas 2 and 3. For p > 2 we proceed by
induction and assume the result for p — 1, i.e.,

t
uP= 12 rdx < cpfl, / esft/ uP 2 Pdx < P71, 30
/Q S < A L8 <S¢ (30)

Taking p > 2, thanks to (22), we have

d
P lfP < [ / b 17!)
dt/Qu ' Pdx < pp(1+ Iflmian) ) [ w's' Pdx

(31)
—py/ uPT el =Pdx +cx(p — 1)/ uPg? Pdx.
o) Q
We first recall the Young’s inequality:
e “p+l (p+1)ert!
multiplying it by ¢' 7 we get
lupgl—r) < up+1g1—p + ;gl—p,
€ - (p+1)ert!
which is equivalent to
_up+lg17p < _lupglfp —+ ;glip
- € (p+1)erttc 7
we integrate in space over (), and in view of ¢! 7 < 1, we get
_@/ pHlgl-pyg <_@/ pol-py ___PH 2
> Ou g X< —oo ng +2(p+1)ep+1' (32)
Thanks to the definition (27) of €, we have
_PE -
pu(1+ 1l ) - 55 < -1
We replace (32) into (31) to get
d
L e <_/ Pol-rg H _ﬂ/ pHgl-pg
dt/nug x < ng x+2er’+1 > Qu g x )

+cx(p—1) /Q uPg® Fdx.
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By solving the differential Equation (33) after integration in time, we obtain

1- t P, 1- K
/Qu”g Pdx < e~ /ug ”(vo)clx—kzp+l

p}’l/ S t/ up+1 1—- pdxds (34)

—1/ H/ P 2P dxds.
+cx(p )Oe ng xds

Dropping the nonpositive term and making use of a favorable cancellation, it yields

pPol=p p _F _ Pl
/Qu g Pdx < JJuollpe ) + 55 +ex(p — ey (35)
and )
St p+11pd <7 <CX p-1
/ /u X Huo||Loo(Qw) pel”'l + i c)
Then, it results
£ _ 2 1 2cx p-1
t +1,1 r p
/0 (35 A)Mp g pdx §3max{||u0||Lw(Qw)’W’yc4 }
3 bex p
<max{||uo||Loo(Q ) epﬁr7 }
6 o
ol s
By definition of c4 it follows
t
esft/ uerl 17pdx<cp
/0 o 8 =6
and due to (35), the following inequality holds
‘ Pol—p p [ _ p-1
[ wrgt vy <3max{luolfe ) b exte el
3
< max{3||uol| () 2752’67{364}]0 =ct.
O
Lemma 7. Under the assumptions of Theorem 1, we have
2 <o, (36)
8llr>(q)

where cs has been defined in Lemma 6.

Proof. According to Lemma 6 we have that

' 1— p
/Q ubPg "Pdx < cg

and therefore .

Pol=rg < .
[/ng x] <cs
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Since

1 1

p 4

Po—P4 < / Plpd],
[/ng x] _[ng *

we take limits when p — oo, to obtain (36). O

Lemma 8. Suppose that (9)—(11) hold. Then there exists a positive constant o < co such that the
solution v of (1) satisfies
v(x,f) < 7.

Proof. By contradiction, we assume that for any o > |[vgl|;~(q) there exists fo > 0 such
that v(x, tp) = U which is the first ¢, fulfilling this condition. Since by assumption (4) vy < 7,
v must be an increasing function in a neighborhood of ¢y. Then, by applying (11), we obtain

ou(t) = h(u,7) = (5 6(),7) = hlesg(0),9) + h(esg(0),5)
then, since / is increasing in the first variable, we have
vt (to) < h(csg(0), ).
Thanks to assumption (11) we have that for v large enough
ve(tg) <0,
which is a contradiction and the proof ends. O

The above results entail the claimed qualitative properties of u:

Lemma 9. Under assumptions of Theorem 1, the solution u is uniformly bounded by
]| oo () < eXPc5.

Proof. The result is a consequence of Lemmas 7 and 8. O

Proof of Theorem 1.

The global existence of (u,v) over Q x (0,00) is a direct consequence of the local
existence (Lemma 3.1, Theorem 6.4 in [31]) and the uniform boundedness of (i,v) in
L*(Q)) established in the previous Lemmas. [

4. Asymptotic Behavior

The main propose of this section is to demonstrate Theorem 2, i.e., to obtain the
convergence of the solution (u,v) to (1u*,v*). We proceed in two steps: first of all we get
the convergence of the solution u to its average |, , to get later the convergence of the
average to the periodic function u* given by (12). For it, we need to prove the boundedness
of | Vo] in L?(Q). The result is enclosed in the following lemma.

Lemma 10. Suppose that the assumptions of Theorem 2 hold. Then, there exists cg > 0, indepen-
dent of t, such that

/ |Vol2dx < cq,
Q

where v is the solution of (1).
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Proof. We consider Equation (22), for p = 2, and integrate over (0,t) to obtain, after
routinary computations and thanks to Lemmas 4, 6 and 7

t
e(sft)/ VE
b sl

for any € > 0. Recalling that v satisfies

2
dxds < cs, (37)

u
vy = h(u,v) = h( ,v),
(1, 0) o
then taking gradients we get

%vv — [txhy + ho] Vo = hugvg. (38)

Now, we multiply (38) by Vv and integrate over (2 to obtain, in view of assumptions (9)

dil 2 2 : u
-z < e
dtz/ng' —1—62,/Q|Vv| 7/QngVv,

and therefore, by the Young’s inequality

2

d1l
“ dx.

azl 2, % 2 o © u
dt2/0|w| +2/Q|w << Qg‘vg

After integration in time we get

t
/ |Vv|2ge*€vf/ |Vvo|2+§/ eev@*f)/ g‘v”
Q Q €y Jo Q g

and due to (37), we conclude the lemma. [

2
dx.

Lemma 11. Under the assumptions of Theorem 2, there exists a positive constant ey > 0 such that

/ udx > €.
Q

Proof. We proceed as in Mizukami-Yokota [25] (Lemma 4.2.) and multiply the equation of
u by u=PeXP? for some B € (1,2), after integration by parts we obtain

d

el XBv 1=B gy — xBv, 1—PB

dt/Qe u' "Pdx )(,B/Qh(u,v)e u' "Pdx

+(1 —,B)ﬁ/ BBy — xuVo2dx + u(1 —ﬁ)/ POy 1B(1 + f— u).
0 0

Since B € (1,2), we have that
(1- ﬁ)ﬁ/ eXPoy 1P|y — xuVo|?dx < 0.
(@)

Notice that, thanks to the Mean Value Theorem it yields h(u, v) = h(0,0) + h, (&1, 0)u +
hy(u, &2)v, for some (1, ¢2). Assumptions (8)-(10) imply

/ h(u,v)eXPPul=Pdx Sh(0,0)/ eXﬁUul_ﬁdx+cl/ Py Py,
o) o) 0
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with 0 < ¢; < 0. Therefore we have that
i/ eXPoyl—Pdx <
dt Jo -
xBh(0,0) /Q XPoyl=Pdx + u(1 — B)e /Q POyl =Pdx 4+ [u(B —1) + c1xp] /Q eXPUy 2Py

and then

%/ eXPoyl=Pdx < [xBh(0,0) — u(B —1)e] / XPoyl=Pdx 4 ¢, c2 > 0.
Q Q

In view of assumption over h, for § close enough to 2, we get, by the Maximum
Principle that

/ eXPryl=Bay < ¢
Q

and the non-negativity of v implies

/ wPdx < ¢,
Q

with positive constants ¢ and é. Moreover, the Holder inequality implies

& - 1% 1,17
Q|:/u_1dx§{/ udx} [/ 1dx] .
a B o o uf-
u
After some computations, the proof ends. O

Similar results can be found in Tao and Winkler [28] (Theorem 1.1) and [34] for
parabolic-elliptic and fully parabolic systems.

Lemma 12. Under assumption (6), the solution u* to (2) defined in (12) admits a lower bound
u* > €1,
for some g1 > 0.

Proof. We divide by u* in (2) and integrate over (0, t) to obtain the result. [

We now define the positive function

k1(t) :z/ﬂ(u—/ﬂudx)zdx, (39)

thus we achieve the following.

Lemma 13. Under the assumptions of Theorem 2, there exists a positive constant cy independent
of t such that the following estimate holds

[Thwar < e <o (40)
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Proof. We integrate the first equation of (1) over (2 and in view of

/K;(u./(ludx)dx
:/()(u—/nudx>f*(t)dx:/0</ﬂudx> (u—/ﬂudx)dxzo,

we obtain

:/Q<u—/Qudx>(1+f—u)dx+/ﬂudx<1+/ﬂfdx—/Qudx>
_/Q<u—/0udx> (/Qudx—u>dx+/0<u—/Qudx>(f—f*)dx
+/ <1+f /udx)dx+/ (/ (f— f* dx)dx

Since f and f* are uniformly bounded, we have
[ utr =y = /Q<—/Qd> (F = s+ [ udx [ (F = f*)ax

and

/Q<_/Qd> (F — ) < 3y +e@)f ~ £ ey

for any 6 > 0. We take § = 1/4 and then

d Z . x
cﬁfﬂudxﬁ—zkl(t)Jr#/Q”(lJrf —/QudX>dx+C|f—f 1)

We divide by [, udx to get

d ‘llkl * c *
— < — — I — o0
dtln(/ﬂudx) < ZfQudx+y<1+f /Qudx>+f0udx”f il Q)

Since u* satisfies

%(lnu*) =u(l+f"—u"),

d * ‘ukl(t) *
dt(ln(/ﬂudx)—lnu)§—2f0udx+}4(u —/()udx) an

If = e

we have

fQ udx

Now, we consider the following functions

F ::/ i*dx—l—l—lnu*—/ Inudx; F :zln(/ udx>—lnu*. (42)
Qu Q Q
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Functionals of quite a similar form have previously been used in several works on
related chemotaxis problems, e.g., in [35]. Notice that F; > 0 and F, > cy. Let ¢; be defined

in (18), then
Dy dx —u* ) < -2k < * 43
gt /“ Yo s T 1(t)+5||f—f L1y (43)
and also
d _ d fQde * * Uy
dtpldt< ¥ >+P‘(l+f _”)_/*d
d udx . .
_cu(fﬂu* >+ (1+f*—u")
[Vul? VuVo _
+/Q " X—, (14 f—u)|dx

We take gradients in the equation of v, multiply the obtained equation by AVv and
integrate over () to get

& [ IveP = [ Anlvolt = [ AnVuvods

Now we add both expressions to obtain

jt <F1+/ |V02> //\h |Vo|? = (f“u* >+y(1+f*—u*)

|Vu|2 VoVu
“hl u

We apply the Cauchy-Swartz inequality to the term VoVu[x + Auhy|/u

X +Auhy] —pu(1+ f — u)] dx.

VoV Vul? 1
%[Xﬂuhu] < | MLZ" + Vo [+ Auta?,

then, operating we achieve

L(nsL4m0) <5 (25) s

s

which is reduced to

d 2
T <Fl+/ ~IVol >

_d
=

1
Vol 7 [x + Auha]* = p(1+ f —u) ]

\Y
S/()%()\Zuzhﬁ+)\(4hv+2xuhu)+x2)+ (44)
d / udx
F P f ) = [ f -

Due to the discriminant of the polynomial

p(A) = A2uPh2 4 A(4hy + 2xuhy) + X° (45)
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is given by 16k, (h, + xuh,), which is positive, we have two different roots A and A_ that
are both positive. Since

—2hy — xuhy £ 2y/hy(hy + xuhy,)

u?h?

Ay =

we have that
A_>0.

Then, we take A = A_ to obtain

dt<F1+/ |V”’2) S;tfﬂudx+V(1+f"—u")—/Qy(lJrf—u)dx

Through the inequality (43) it results

d d
S (rrr [ ver) vh < S0 e - g

After integration over (0, T) and taking limits when T — co we conclude the lemma. [J

Lemma 14. Under the assumptions of Theorem 2 the following estimate holds
/ IVol? + / / Vo[2dxdt < cg < oo, (46)
Q 0 Jao

with cg a positive constant.

Proof. We first notice that p(A) defined in (45) achieves its minimum at

A — —2hy, — xuhy
0 u2h2
and ) 5
h + xuhy,hy, 4e
P(AO) 2]’12 : S h ° _POI
Bl

where A = [0, ||ul[ro(q)] % [0, [[0]| 1= ()] is @ compact set of R?. Due to (44) we get

A0 2 [Vol?
( |VU| ) /Q 1
<

_l’_
;7_‘_‘”(1—"_]“ —u )—/Qy(l—i-f—u)dx
We now proceed as in Lemma 13 and we obtain

d
o (F1+F2+/ |Vv|2> +k +Z° O|Vv|2

d *
< @lotx e e

—dt u*
After integration over (0, %), in view of

_€U

Ag > >0
[ull ooy 1| Lo )
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we end the proof. [J

We have the following boundedness

Lemma 15. Under the assumptions of Theorem 2, there exists a positive constant cq such that the
following inequality holds
(e}
/ / |Vu|?dxdt < cg.
0 Jo

Proof. After integration in the time variable the expression

d d | [qudx |Vul>  VuVo
_ < | L _
dt(F1+F2) _dt< >+/Ql +Xx ” dx

u* u?

d [ Joudx 1 |[Vuf X 2
<2 (Jem ) - A
_dt( ! > 2/0 ax X /QWU\ dx,

o0 Yu 2
/ / | 2| dxdt < c1p < o9,
0 O u

by Lemma 14, we obtain

with ¢1g > 0. In view of the boundedness of u we have

= © r|Vul?
/O ./Q|Vu\2dxdt§Hu||%oo(0)/0 (/QI u2| dxdt < co < oo

and the proof ends. In Negreanu, Tello and Vargas [6], a similar problem is studied for the
fully parabolic system. O

Lemma 16. Under assumptions (2)—(9), there exists a positive constant c1p < oo independent of t

such that
Ky < e, fort >0,

where ky is defined in (39).

Proof. The following relations hold:

il (u—/ udx)zdx—/ u <u—/ udx)dx
t2 Jo 0 /o 0

/ut<u—/ udx)dx——/ |Vu|2dx+)(/ uVuVodx
o) o) o) Q

1 — — dx |dx.

+y/0u( +f u)(u /qu)x

By applying the Young’s inequality we have

and

2 2 2
_/Q]Vu| dx—l—x/QuVqudxgcn||u\|Loo(Qm)/Q]Vv\ dx.

The boundedness of # and Lemma 14 imply the result. O

The following lemma is used to prove the behavior of the solution. The proof follows
Lemma 5.1 in Friedman-Tello [22], where k' is uniformly bounded, i.e., |k'| < c. Here,
the boundedness of k' is replaced by a weaker assumption given in (iif).

Lemma 17. Let k : Ry — R a function satisfying
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(i) k(t) >O0foranyt >0,
W)/%@%Sw@q
(iii) kPS cforanyt >0,
then, k(t) — 0as t — oo.

Proof. By contradiction, we assume that there exists a sequence t, such that t, — co and
limsup,,_, . k(t;) > € > 0. Then, there exist a subsequence t,, such that ;, >t/ _; +1and

um2§>a

Then, k > § in the interval [t; — a,t,] for a := min{1, ce/4}. So

t/

n ne
> —
/0 k(s)ds > 1

and taking limits when n — co we reach the contradiction. [J
Lemma 18. Under assumptions of Theorem 2 we have
[ —u|2q) =0, as t— oo

Proof. We consider k; defined in (39), then, thanks to Lemmas 13 and 16 we have

u—/ udx
(@)

Now, we define k; as follows

ko(t) := (/Q udx — u*)z.

By recalling the definition of F,(f) as in (42)

—0 as t—oo. (47)
L2(0Q)

F(t) = 1n/ udx —Inu*,
Q

due to (39), we get

d " %
therpt(/Qudx—u ) < )+ pllf — Pl

We multiply by F, and due to the Mean Value Theorem we claim

d " %
apzzﬂLzV@Fzz < |Blk @) + ulBllf = £ llnq) < 20%("1(0 +ullf-f ||L1(Q))/

for some & € [u*, [ udx] if u* < [udxor € [ [, udx,u*] otherwise. After integration
it results

0
/ Fzzdt < cqp < oo.
0

Notice that Lemma 2 implies
ky < i35

for some positive constant c13. Therefore, there exists c14 > 0 such that

/ kodt < c14 < o0. (48)
0
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In view of Lemma 2, assumption (6) and Lemma 9 it is easy to see that
k5| < c15 < oo. (49)
Now, by Lemma 17, (48) and (49) we obtain
kr -0 as t— oo. (50)

Since

/ lu — u*[Pdx < ki +ky,
Q
by taking into account (47) and (50), we get
Hufu*HLZ(Q) *>O, as t — o0
and the proof ends. O

In order to obtain
||Z)—U*HL2(Q) —0 as t—>00,

we proceed as before in the following lemma.

Lemma 19. Under assumptions (4)—(8), the solution v fulfills
[vo(x,t) = v*(t)[|2) = 0, ast— oo

Proof. By the Mean Value Theorem, it follows
vy —v; =h(u,v) —h(u*,v") =h(u,v) —h(u,v*) +h(u,v*) — h(u*,0%)

oh

) .
= — (U—U)"’%

p (u—u*).

(§o*)

()

We call z = v — v*, by multiplying by z the above equation and after integrating
over (), it yields

1d .
5t szdx :/Ohvzzdx—l—/nhuz(u_u )dxg/()hUZde+

HIuzll ) /Q(u —u*)2dx,

where we have applied the Holder inequality to the last term. Now, by assumption (9) it

results
1d

24t Jo
where 6(t) is uniformly bounded. We obtain the result by solving the differential inequal-
ity. O
Proof. (End of the proof of Theorem 2.) The asymptotic behavior (14) of (u,v) is a direct con-
sequence of Lemmas 18 and 19 and the uniform bounds of # and v established therein. [

22dx < —ev/ 22dx + 6(t),
@)

5. Numerical Tests

Now we show some numerical results for the purpose of further clarifying that all
conditions in the statement of the previous theorems play a relevant role in the behavior
of the solution of (1). The suppression of some of the above conditions, together with the
election of the initial data, may end up in the existence of blow-up of the solutions. We
illustrate numerically the uniform boundedness and the convergence for the solution (u,v)
to obtain a numerical validation of Theorem 2. We use the Generalized Finite Differences
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Method for the space discretization and we performed several tests showing the explosion
of solutions in the case that certain hypotheses of Theorem 2 are not verified as thus the
asymptotic behavior of solutions.

5.1. Example 1: Uniform and Periodic Asymptotic Behavior

For our purpose, let us consider y = 1 and x = 0.3. The initial data used are

1o (x,y) = o~ 10[(x=0.1)%+(y—0.1)?] v0(x,y) = 0.7¢~10[(x=12)*+(y—0.8)?]

7

and the function f is

cost xX—y
4+sint 1+

Flxyt) = (x,y) € Q=01 x [0,1], t >0,

which fulfils assumptions (6) and (7). Direct calculations lead

cost _ 4+sin(t)

ur(t)

£ = 7w = -
4 +sint 4_ Coz(t) 48 (t)

The function h(u,v) = ue X’ — v, as it is easy to check, is in accordance with the
hypothesis of the theorem. We find the solution of the second ODE of (2) and (13) by numer-
ical integration using the ode45 function of Matlab R2019a. In Figure 1, the u, v—solution is
presented for 0, 0.5, 1 and 20 s. Table 1 shows the [ norm of the discrete (1, v)—solution
and the value of (u*(t), v*(t)) for different times. In Figure 2 we illustrate the asymptotic
solution u*, v* (solid line) and the value of the discrete solution for times in [0, 20].

u u u

222t
r11 f?fdfmu
i

I

O T T

Figure 1. approximate solution for 0, 0.5, 11 and 20 s.

Table 1. Values of the asymptotic solutions and /* norms of the numerical solutions.

t(s) 5 8 11 14 17 20
u* (£) 0.9001 1.0924 0.8577 11273 0.8309 1.1553
[l 1 0.8609 1.0902 0.8583 1.1278 0.8312 1.1556
vt (1) 0.7021 0.8644 0.6968 0.8740 0.7071 0.8729

[0l 0.6331 0.8651 0.6969 0.8746 0.7010 0.8731
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f**\\/ N"H'm'
AVAVAVIEF NV,

* 0.6

Figure 2. the solid lines correspond to u* and v*, respectively, and the stars to the values of the
approximate solutions.

Our simulations are in keeping with the theoretical results about global existence and
boundedness of solutions to (1).

5.2. Example 2: Blow-Up Solutions

Next in order we present the results for the explosion of solutions in the case that
certain hypotheses of Theorem 2 are not verified. We choose y# = 1 and )y = 7. The initial
data used are

up(x, y) =8, v(x, y) _ 0'7e710[(x71.2)2+(y70.8)2]

and the same function f of the previous example. Now, we consider h(u,v) = u — v, clearly
it does not fulfil the assumptions. As we see from Table 2 and Figure 3, the solutions
become unbounded before 0.40 s.

Table 2. Values of the asymptotic solutions and [*° norms of the numerical solutions in the example 2.

t(s) 0.1 0.2 0.3 0.37 0.38
1] 16.5996 29.4849 187.6184 3.0630 x 105 -
[[0]]je 0.5851 0.7902 1.3744 76.3346 -
u u u u

Figure 3. approximate solution o in the example 2 for 0.1, 0.2, 0.3 and 0.37 s.

The formation of various patterns due to the effect of chemotaxis rate, domain size,
initial data, the nature of the functions f and / or the complexity arisen in the solutions for
large values of the chemotactic term are our goal for immediate studies.
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6. Conclusions

We have obtained, under suitable assumptions, that the solution of a chemotaxis
system is globally bounded in time by using an Alikakos-Moser iteration, and it fulfills
a periodic asymptotic behavior. A possible future work is the consideration of the non-
constant chemosensitivity, x(u,v), as in [23-36], and to also consider biological systems
with two species, two chemotactic terms and one chemical substance verifying a similar
equation as in (1). Furthemore, a parabolic-parabolic-ordinary system with periodic terms
serves as a model for some chemotaxis phenomena and appears naturally in the interaction
of two biological species and a chemical. The presence of the periodic terms has a strong
impact on the behavior of the solutions. We would find conditions on the system’s data that
guarantee the global existence of solutions, the convergence to some periodical solutions of
an associated ODE's system. We got a similar result in [37] for a parabolic-parabolic-elliptic
system.
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