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ABsTrACT. We study this zero-flux attraction-repulsion chemotaxis model, with linear and superlinear production g for the
chemorepellent and sublinear rate f for the chemoattractant:
ut = Au— xV - (uVv) + &V - (uVw)  in Q X (0, Tmaz),
(<) vy = Av — f(u)v in Q x (0, Trmaz)
0=Aw — dw + g(u) in Q x (0, Tmaz)-

)

In this problem,  is a bounded and smooth domain of R", for n > 1, x,£,6 > 0, f(u) and g(u) reasonably regular functions
generalizing the prototypes f(u) = Ku® and g(u) = yu!, with K,~v > 0 and proper «,l > 0. Once it is indicated that any
sufficiently smooth u(z,0) = ug(z) > 0 and v(z,0) = vo(x) > 0 produce a unique classical and nonnegative solution (u,v,w)
to (©), which is defined in Q X (0,Tjaz), we establish that for any such (ug,vp), the life span Tipaz = oo and u,v and w
are uniformly bounded in © x (0,00), (i) for Il = 1, n € {1,2}, a € (0, % + %) N (0,1) and any £ > 0, (ii) for I = 1, n > 3,
a € (0, % + %) and ¢ larger than a quantity depending on x|lvo| oo (qy, (iii) for I > 1, a € (0, % + %) N (0,1), any & > 0, and
in any dimensional settings. Finally, an illustrative analysis about the effect by logistic and repulsive actions on chemotactic
phenomena is proposed by comparing the results herein derived for the linear production case with those in [11].

1. PRESENTATION OF THE MODEL

This article is dedicated to the following Cauchy boundary problem
u = Au—xV - (uVv) +£&V - (uVw) in Q x (0, Thae),

vy = Av — f(u)v in Q x (0, Tnaz)s

(1) 0=Aw — dw + g(u) in Q x (0, Thaz)s
Uy, =v, =w, =0 on 90 x (0, Trnax),
u(z,0) = up(z), v(z,0) =vo(x) z € Q,

defined in a bounded and smooth domain Q of R™, with n > 1, x,£,6 > 0 and some functions f = f(s) and g = g(s),
sufficiently regular in their argument s > 0, and further regular initial data wug(z) > 0 and vo(z) > 0. Additionally, the
subscript v in (-), indicates the outward normal derivative on 02, whereas T},q, the maximum time up to which solutions
to the system are defined.

The consideration of model (1) comes, essentially, from a natural coupling of two widely studied chemotaxis systems, largely
employed in biological processes: the classical Keller—Segel model ([8, 9, 10]) idealizing aggregation phenomena in situations
where certain cells (populations, organisms) are attracted by a signal they themselves absorb, and a repulsive counterpart,
where the same cells are repelled in response to another substance emitted by them. More precisely, if u = u(x,t) is used
to denote the population density of these cells at the position x and at the time ¢, and v = v(x,t) and w = w(x,t) stand,
respectively, for the concentration of the attractive and repulsive chemical signals (chemoattractant and chemorepellent),
problem (1) indicates that: (a) the motion of the cells, inside an insulated domain (zero-flux on the border) and initially
distributed according to the law of ug, results from the competition between the aggregation/repulsion impact from the cross
terms xuVv/EuVw (increasing for larger sizes of x and &) and the diffusion of the cells (the Laplacian Aw); (b) the initial
signal vg is spread, w diffuses as well but v (second equation in (1)) is consumed with a rate f(u) whereas w (third equation)
is proliferated with rate g(u); (c) consumption and production are higher the more the cell density increases.

Purely intuitive considerations (but below we will give precise references) suggest that this interplay between the factors
taking part in model (1) might lead to very different situations for the aforementioned cellular movement: from global
stabilization and convergence to equilibrium of the cell distribution w, to the so-called chemotactic collapse, the mechanism
resulting in aggregation processes for u, eventually blowing up/exploding at finite time. Mathematically, in the first case,
solutions (u,v,w) are defined and bounded for all (z,t) in X (0,00), in the other a finite time T},q, exists and (u,v,w)
ceases to exist for larger value of T},,,; in particular, the component of the solution associated to the particle density becomes
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unbounded approaching T},,q., with emergencies of d-formations. In this research we will derive criteria on the data involved
in the initial-boundary value problem (1) ensuring that the life span T}, of its solutions is infinity and that, moreover, they
are as well bounded.

2. SOME KNOWN RESULTS. CLAIM OF THE MAIN THEOREMS

2.1. A view on the state of the art. In the framework of classical Keller-Segel models, as mentioned above, (1) is a
combination of the signal-production

(2) up=Au—xV-(uVv) and vy=Av—v+u, inQx(0,The),

and signal-absorption

(3) ug = Au—xV - (uVv) and vy =Av—ww, in QX (0,Tmaz),

chemotaxis systems, originally derived in [8, 10] respectively. Even though the equation for u is the same, it is conceivable

that the resulting evolution of each initial boundary value problem related to (2) and (3), must differ from the other, even
for same fixed x > 0 and initial data uy and vy. This is essentially justified by the observation that v increases with u in
problem (2), whereas it decreases in (3). Let us present some more details concerning this discussion; in particular, since we
will focus on questions tied to classical solutions, in order to better establish our aims, we select only these references, among
some others.

i) For problem (2), the production of v may break the natural homogenization process of the cells, especially in terms
of the size of x related to the aggregation impact, the initial mass of the particle distribution, i.e., m = fQ uo(z)dz,
and the space dimension. Indeed, if in the one-dimensional setting blow-up phenomena are excluded (see [19]),
in higher dimensions if mY surpasses a certain critical value m,, the system might present the aforementioned
chemotactic collapse, whereas for my < m, no instability appears in the motion of the cells. There are many
contributions dedicated to understanding this scenario. In this regard, in [4, 6, 17, 25] (and references therein cited),
the interested reader can find pointers to the rich literature dealing with the existence and properties of global,
uniformly bounded or blow-up (local) solutions to the Cauchy problem associated to (2). On the other hand, as
far as nonlinear segregation chemotaxis models like those we are considering, when in problem (2) the production
g(u) = u is replaced by g(u) = u!, with 0 < I < 2 (n > 1), uniform boundedness of all its solutions is proved in
[13]. Moreover, by resorting to a simplified parabolic-elliptic version in spatially radial contexts, when the second
equation is reduced to 0 = Av — u(t) +g(u), with g(u) = u! and p(t) = ﬁ Jo 9(u(-,t)), it is known (see [30]) that the
same conclusion on the boundedness continues to be valid for any n > 1 and 0 < [ < %, whereas for [ > % blow-up
phenomena may occur. (Let us note that the sole consideration of logistic-type restrictions, as those specified in item
ii) below, does not exclude blow-up in Keller-Segel models with productions, neither in high dimensions nor in low:
(261, [21].)

ii) Conversely to what was discussed for model (2), when the chemical v responsible for gathering processes of the cells is
consumed throughout the time, so far no result detecting unbounded solutions to the corresponding initial boundary-
value problem to (3) is available. Such a question seems quite hard to solve, and this does not appear surprising;
indeed, from comparison arguments, the second equation for the chemical immediately ensures uniform boundedness
of v. Despite that, such a bound by itself is not enough to ensure that classical solutions (u,v) to (3) emanating from
any sufficiently regular initial data (ug, vp) are uniformly bounded. Precisely, this holds true only in two-dimensional
settings (as a combination of the results in [27] and [28], where a more general coupled chemotaxis-fluid model is
studied); for n > 3, oppositely, the smallness assumption x||vg ||z (o)< m is required ([20]). Nevertheless, this
condition does not exclude the possibility that solutions emanating from initial data, not satisfying it, may collapse in
finite time. However, a way to prevent blow-up scenario to problem (3) even when x||vo|| o (q) is larger than m,

consists in considering logistic sources with strong damping effect in the equation of the cells, exactly reading

4) up = Au— XV - (uVo) + ku — pu?,  in Q x (0, Traz), Kk, p > 0.

In [11] it is indeed shown that the resulting Cauchy problem admits classical bounded solutions for arbitrarily

large x||vo||Le(q) provided p is also larger than a certain expression depending in an increasing way on the same

X||vo||Loo(Q)-
As far as we know, a general n-dimensional theoretical analysis tied to the attraction-repulsion chemotaxis system in the
form of (1), has not been developed yet. Conversely, for f(u) = g(u) = u, a fully parabolic attraction-repulsion Stokes
system is addressed for the two-dimensional case in [14]: here, inter alia, boundedness of classical solutions is achieved for
any initial data. In addition, model (1) where the chemoattractant and chemorepellent are both produced has been proposed,
as well in the fully parabolic version, in [15] for one-dimensional settings and linear proliferation, to describe the aggregation
of microglia observed in Alzheimer’s disease. In particular, for the attraction-repulsion system (1) with second and third
equations replaced by

0=Av—pv+ f(u) and 0=Aw—ow+g(u), inQx(0,The), B,0>0,
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the following is known in the literature. For linear growths of the chemoattractant and the chemorepellent, f(u) = au,
a >0, and g(u) = yu, v > 0, we have that the value £y — ya, measuring in some sense the difference between the repulsion
and attraction contributions, is critical for n = 2: particularly, if £y — ya > 0 (repulsion prevails over attraction), in any
dimension all solutions to the model are globally bounded, whereas for £y — xya < 0 and n = 2 (attraction prevails over
repulsion) unbounded solutions can be constructed (see [3, 12, 21, 22, 32] for some details on the issue). On the other hand,
for more general production laws, respectively f and g generalizing the prototypes f(u) = au®, s > 0, and g(u) = ~yu",
r > 1, we are only aware of the following recent result, valid for n > 2 ([23]): for every «, 3,7,d,x > 0, and r > s > 1 (resp.
s > r > 1), there exists £&* > 0 (resp. & > 0) such that if £ > £* (resp. £ > &), any sufficiently regular initial datum
up(z) > 0 (resp. wo(x) > 0 enjoying some smallness assumptions) produces a unique classical and bounded solution. In
addition the same conclusion holds true for every «, 8,7,0,x,£ > 0,0 < s < 1, r = 1 and any sufficiently regular ug(z) > 0.

2.2. Motivations and presentation of the Theorems. In accordance to what has been discussed above, especially in
items i) and ii), with this research we mainly aim at extending the mathematical comprehension of attraction-repulsion
Keller-Segel systems by giving answers to questions concerning system (1), to our knowledge, not yet studied. In this sense,
since as seen a chemorepellent impact does not suffice to regularize chemotactic instabilities, we aim at essentially establishing
its role on the motion of the particle density, whose kinetics is not influenced by any smoothing logistic term. Specifically,
we will give sufficient conditions on the data of model (1) such that the joint actions of the consumed chemoattractant and
the produced chemorepellent suffice to provide global and bounded solutions in terms of, or independently of, smallness
constraints on x|[vol| (). To this scope, these assumptions are fixed

(5) f,geCYR) with 0< f(s) < Ks® and vs' < g(s) <vys(s+1)'"!, for some K,y,a>0,0>1 andalls>0,
and the following results are shown.

Theorem 2.1. Let Q be a smooth and bounded domain of R™, with n > 1, and X, positive. Moreover, for some K,y > 0,
let f and g fulfill (5), respectively with o € (0,3 + )N (0,1) and | = 1. Then there ezists C(n) >0, with C(1) = C(2) =0
and C(n) > 0 for n > 3, such that for any initial data (ug,vo) € C°(Q) x CY(Q), with ug,vg > 0 on Q, and any & >

C’(n)||xv0||§m(m, problem (1) admits a unique global and uniformly bounded classical solution.

Theorem 2.2. Let 2 be a smooth and bounded domain of R", with n > 1, and x, ¢ positive. Moreover, for some K,~v > 0,
let f and g fulfill (5), respectively with oo € (0,5 + =) N (0,1) and | > 1. Then for any initial data (uo,vo) € C°(Q) x C1(Q),
with ug,vo > 0 on Q, and any & > 0, problem (1) admits a unique global and uniformly bounded classical solution.

Remark 1. We specify the following aspects:
o As usual in the nomenclature, in chemotazis models a global and uniformly bounded classical solution to problem (1)
is a triplet of nonnegative functions (u,v,w) € (C°(2 x [0,00)) N C%1(Q x (0,00)))?, such that for some ¢ > n and
C > 0 this relation holds:

lu( )lle@) + loCDllwra@) < C - forall ¢ € (0,00).

e Fuven though in one-dimensional settings boundedness of solutions to Keller—Segel systems is achievable by well-known
reasoning, we give the proof of Theorems 2.1 and 2.2 also for n = 1 because it will directly result as a particular case
of the n-dimensional version.

The remaining part of the paper is structured as follows: In §3 some general and well-known preliminaries are given,
whereas §4 is focused on the existence of local classical solutions (u,v,w) to problem (1). In particular, crucial properties of
these solutions, and how to achieve their uniform-in-time boundedness from their LP-boundedness, for some suitable p > 1,
is analyzed. Successively, in §5, we associate to the local solutions, the functional y(t) := [, u? + (X;)p Jo |Vo|?P, by means
of which the desired uniform-in-time bound is proved; this will allow us to proof our results, also in the same §5. Finally, in
§6 we compare [11, Theorem 1.1] and Theorem 2.1 as to discuss the boundedness issue for chemotaxis-consumption models
with different smoothing reactions: a logistic source and a produced chemorepellent.

3. SOME PREPARATORY TOOLS

In this section we summarize some inequalities and further necessary results.

Lemma 3.1. Let A,B >0, dy,dy > 0 and p > 1. Then for some d,ds > 0 we have

(6) AN 4+ B% > 27U(A + B) — d,
and
(7) (A4 B)P < 2P~ 1(AP + BP).

Proof. The proofs can be found, respectively, in [16, Lemma 3.3] and [7, Theorem 1]. |
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Lemma 3.2. Let Q be a bounded and smooth domain of R™, n > 1. For all ¢ € C%(Q), we have

(8) (Ap)* < n|D*y)?,

(9) |D*ypVy|* < D>Vl

If, further, v satisfies ¥, = 0 on 90K, then for all p > 1 and n > 0 one has

(10) IVl ) < 2045 + 1) []12c g IV~ D222

where D21 represents the Hessian matriz of 1) and |D?|? = 4%1@[’%%’ whereas for some positive constant C,,
ij=

(1) [ wuvery, <u [ werwweer o, ([ wor)”

Proof. Regard the proof of inequalities (8) and (9), we refer the reader to [16, Lemma 3.1]. As to (10), this is a special case
of [11, Lemma 2.2], and relation (11) is derived in [11, Lemma 2.1 c)]. O

Lemma 3.3. Let 2 C R", n > 1, be a bounded and smooth domain and 6 > 0. Then for any nonnegative g € CL(Q), the
solution 0 < € C*%(Q), 0 < Kk < 1, of the problem

0=A¢Y+g—0¢ inf,
Yy, =0 on 09,

has the following property: For any é,o >0 and p € (1,00), there exists ¢ = é(o,D) > 0 such that

orsa Lo o

Proof. A detailed proof of (12) can be found in [23, Lemma 3.1]. (See also [29, Lemma 2.2].) O

4. EXISTENCE OF LOCAL-IN-TIME CLASSICAL SOLUTIONS. FROM UNIFORM BOUNDEDNESS IN L?(2) TO L*(Q).

Let us dedicate ourselves to the existence question of classical solutions to system (1). It is shown that such solutions are
at least local and, additionally, satisfy some crucial estimates.

Lemma 4.1 (I_Jocal exi§tence). Let 2 be a bounded and smooth domain of R™, withn > 1, ¢ > n, x,6 > 0 and nontrivial
(ug,v9) € C%(Q) x CH(Q), with ug > 0 and vy > 0 on 2. Assume, moreover, that for some v, K > 0, f and g fulfill (5),
respectively with o € (0,3 + 2) N (0,1) and I > 1. Then, for any & > 0 there ezist Tyax € (0,00] and a unique triplet of
nonnegative functions (u,v,w) € (C%(Q x [0, Tynaz)) N C*H(Q x (0, Thnaz)))?, such that this dichotomy criterion holds true:
(13) either Tinae = 00 or limsup(||u(-,t)||L=(q) + l[v(-, 1) |lwr.aq)) = oo.

t—=Tmax

In addition, the u-component obeys the mass conservation property, i.e.

(14) / u(z, t)dx = / ug(x)de =m >0 forall t € (0, Thax),
Q Q

whilst for some co > 0 the v-component is such that

(15) 0<v<|vollpey i Qx(0,Tmae) and / Vo, t)|> <co on (0, Trmaz)-
Q

Proof. The local solvability as well as the dichotomy criterion (13) can be proved by adapting well-established approaches
widely used in the frame of classical chemotaxis models (see for instance [2, Lemma 1.2], [5, Theorem 3.1] and [21, Lemma
3.1]). Moreover, comparison arguments apply to yield u,v,w > 0 in Q X (0, T},4.) and the first relation in (15), whereas the
mass conservation property follows by integrating over € the first equation of (1), in conjunction with the boundary and
initial conditions.

Let us, finally, derive the last claim as follows. We separate the cases 0 < a < % and % < a< min{% + %, 1}. For
0<a< %, from the second equation of (1), we have that an integration over €, the Young inequality, the bound for v given

in (15) and the constraints of f in (5) lead to
£/|V'U\2 = 2/ Vo - V(Av — f(u)v) = 72/(Av)2 + 2/ fu)vAv
dt Jo Q Q Q

(16) = —2/(Av)2+2/v(f(u)—l)Av—Q/Wv\z < 7/(Av)272/|Vv|2+/ 2 (f(u) — 1)
Q Q Q Q Q Q
<=2 [ Vol + [lvoll 7y K? [ v +2||vollFe (o) K | u® + [0l 7 (0|2 0on (0, Tinaz)-
Q Q Q
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Now, since L!(Q) C L?**(Q) C L*(2), thanks to the mass conservation property (14) we can find ¢; > 0 such that
ool oy K [ 2 4 2ol [ 0+ ol < cr with £ € (0, Ty,
so that (16) reads
d
1. / |VU|2 < —2/|Vv|2 +c1 on (Ovaaw)a

and a comparison argument entails [,,|Vv|* < max{%, [,|Vvo|*} for all t € (0, Trnax)-
When, indeed, 3 < a < min{3 + 1,1}, we can pick § <p<1—2(a—3) andset ( =1—p— %(a— 3) > 0. Moreover,
through the Holder inequality, taking in mind (5) and again (14), we have

(17) I )F, = / F)t < K / W< K¥m forall £ < Thas.
LQ(Q) Q Q

As a consequence, from the representation formula for v, we have
t
v(-,t) = e Py —/ =2 f(u(-, 8))v(-, s)ds for all t € (0, Tax),
0

and aided by smoothing properties related to the Neumann heat semigroup (e**);>o (see Section 2 of [5] and Lemma 1.3 of
[25]), we obtain for some A\; > 0, C's > 0 and ¢y > 0, once bounds v < [|vgl| e (q) on © x (0, Tjqez) and (17) are considered,

t
v Dllwrz@) < HetA’U()HWl,z(Q)—F/ €2 Fu(-, 5))o(:, 8) w2 ds
0
t
< CS||U0HW1’2(Q)+CS/ I(=A 4+ 1)Pe =92 f(u-, 5))v(-, 5)| L2 () ds
0
<C C Q|3 ' _ )y—r—B(a—3) ,~Ai(t—s) . d
< Csllvollwr2()+Csllvoll Lo o) € O(t s) e 1F Gl s 2 (28

t
§c2(1+/ (t—s)_p_%(“_%)e_/\l(t_s)ds)
0

By recalling the above position on (, we introduce the Gamma function I' inferring fg(tfs)7p7% (0‘7%) e~ Mt=s)ds < )\fgf(g‘),
so obtain the second bound in (15) with ¢y = max{$, [,|Vvo|?, 3(1 + ALCT(0))2). O
Remark 2. We observe that the second estimate in (15) is crucial when relation (11) and a proper version of the Gagliardo—

Nirenberg inequality will be below invoked. The case o = 1, for which this bound does not hold true, does not fit into the
computations of our general machinery, and henceforth it is herein excluded.

In view of the forthcoming lemma, in order to ensure the uniform-in-time L* bound of (u,v,w), it will be sufficient in
the sequel controlling the uniform-in-time LP-norm of w, for some suitable p > 1.

Lemma 4.2. Under the hypotheses of Lemma 4.1 and any £ > 0, let (u,v,w) be the local-in-time classical solution to problem
(1). If for some p > max{1, 5} the u-component and g belong to L*°((0, Tynar); LP(R)), then (u,v,w) is global in time, i.e.
Tinaz = 00, and moreover u,v and w are uniformly bounded in Q x (0,00) (in the sense of Remark 1).

Proof. W.l.o.g., we assume p > 1, for n = 1, and § < p < n, for n > 2. In this way, classical regularity theory on elliptic
equations in conjunction with Sobolev embedding theorems infer through the third equation of (1) that

w € L¥((0, Trnaz); W3P(Q)) and Vw € L®((0, Trnaz); WHP(Q)),
and so for all 2 <n < ¢ < p* := n"—f;),andq:oofornzl,
(18) w € L®((0, Thaz ); CE~/PN(Q)) and Vw € L=((0, Trae); L1(Q)).

On the other hand, the hypotheses on f are such that if u € L>((0, Tinaz); LP(2)) also f € L®((0, Tz ); LP(£2)). Henceforth,
we again use the variation-of-constants formula for v as to obtain, taking into account the first bound in (15), some proper
Cg,c3 > 0 producing for A; > 0 as in Lemma 4.1

t
IVo(, )]l Lage) < HVemvolqu(nﬁ/o IV f(u(-, ))v(:, 8)l| Lageds

1

t
< Cs|[Vunllooy+Csllonll e @y 0% [ (1 (¢ = 525G MO ful, )y ds
0
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Further, the assumptions on g ensures that —3 — (5 — ) > —1, 50 as before ING= 5)"27 37 9) e~ (t=5) g5 is finite and

2
we also get v € L®((0, Trnaz); WH9(2)). From this inclusion and (18), since Wh4(Q) — L>°(Q) for ¢ > n, we immediately
have that v,w € L>((0, Thae); L=(£2)), and moreover for & = xv — {w some positive constant C,; can be found so to get
(19) 12C, )l Loy VO, )l La@< Cg forall & € (0, Tinax)-

Subsequently, for any (z,t) € Q X (0, Truaz), the first equation of (1) reads u; = Au — V - (uV0) and for ¢y := max{0,¢t — 1}
we have
t
u(-,t) < 7108y ( 1) — / eIAY . (u(-, 5)Vi(-, 5))ds =: ui (-, t) + ua(- t).
to
As to the conclusion u € L ((0, Thaz); L°(€2)), this is an adaptation of [1, Lemma 3.2], and we herewith omit it; more
precisely (see also [24, Lemma 4.1]), the L>®(2)-norm of w on (0, Tiq4.) is achieved by controlling (also with the support
of u € L*((0, Tnax); LP(2)), for § < p < n only, (19) and (14)) a suitable norm of the cross-diffusion term «uVo. Finally,
u € L®((0, Tynaz); L(Q)) and v € L°((0, Tynaz); WH4(Q)) imply from the dichotomy criterion (13) that necessarily we must
have Tz = 00, so that actually u,v,w € L>=((0,00); L>®()). O

5. A PRIORI ESTIMATES AND PROOF OF THE THEOREMS
In this sectlon we control the LP-norm, p > 1, by establishing an absorptive differential inequality for the functional
= JouP + ()P [ Vo] 2.

Lemma 5.1. Let n > 1,1 > 1 and the hypotheses of Lemma 4.1 be satisfied. Then for every & > 0 the local solution (u,v,w)

to problem (1) is such that for any p € (max{l, l("l 2) } o0) and all t € (0, Tinaz) one has:
o forl=1 andsom664>0

d plp=1) (& + D\ oy Slp-1 ,
%/ﬂupg /IV (p+1) ( 222 ) /QIVU|2 p+1) 47/9’&1)-0-1—!—647

e Forl > 1, every €1,e2 > 0 and some c5 > 0

i/upg [207_1) Jrﬂ} / |Vu%\2+62/ \Vv|2(p“)—w/up+l+c5.
dt Jo D Q Q 4 )

Proof. Testing the first equation of problem (1) by uP~!, using its boundary conditions and recalling the assumptions of g in
(5), prov1de on (0, Trnaz)

/ uP = / uP "ty = —(p— 1)/ uP 2|Vl 4 (p — 1)X/ uP IV - Vo — €E(p — 1)/ uP T Vu - Vw
(20) pdt Q Q Q
op—1 —1
< —(p-— 1)/ uP 2|Vl + (p — 1)X/ uP " Vu - Vo + f(pi)/ uPw — M/ uP
Q Q p Q p Q
whereas Young’s inequality infers
p—1 (p—1) p—2 2 Xz(P —-1) P 2
(21) p—1)x [ wP"'Vu-Vo < ——= [ «P7%|Vu|*+ >———= [ «|Vv|* on (0,Tma)-
0 2 Ja 2 Q
Now, let us analyze separately the two cases.
e Case [ = 1. The Young inequality entails
2 2 -p
X°(p— 1)/ s _ §ylp—1) / b, X —1) (57(p+ 1)) / 2(p+1)
22 S [ WPV < 22— [ WP+ Vul*P for all ¢t € (0,T; )
(22 5 [ < S s ) 19 (0. Tyna)
On the other hand, since | = 1, an integration over 2 of the third equation of (1), together with the mass conservation

property (14), give [, w = "F on (0, Tpaez). In this way, by exploiting Young’s inequality, again, and relation (12)

with ¢ = w, g(u) = yu and p = p, proper positive constants ¢, cg imply
op—1 -1 -1 -1
(23) §o(p—1) / WP < Eyvip—1) / s c/ Wt < Eyvip—1) / L &yvip—1) / W 4 g on (0, Toas).
p Q 4p Q Q 4p Q 4p Q
By plugging estimates (21), (22) and (23) into bound (20), and for ¢4 = pcg, we directly obtain the claim in view of

the identity
4
[ v = 5 [ 196ER on (0.T3000)
Q = Ja

ptl
e Case | > 1. Let us first estimate the term ([,u') " : by applying the Gagliardo-Nirenberg inequality (see [1])
combined with (7), for any ¢ > 0 we can introduce a suitable constant ¢; > 0 and obtain

p+l

; 2(ptD) 2ptD) 2p+1) (1_p L 2+D)
‘ (/ Ul) - EHu%H a < C7||VU%HL2I(JQ) 1Hu%” 2 e + C7||u§|| 2 for all ¢ € (0, Tinaa),
Q L»(Q) L7 (Q) L?(Q)



BOUNDEDNESS IN AN ATTRACTION-REPULSION CHEMOTAXIS SYSTEM WITH CONSUMPTION 7

where for p as in our assumptions we have
1

-7 l
0<0=—-Lt— <1 and 0<M91<1.
1+2 -1 p
np  p
Hence, by recalling the mass conservation property (14), the Young and above inequalities entail for cg,cg > 0 and
any €¢; >0
. p%rl vy (P:)rl)gl €1 b o .
(24) z /u §08</ V| ) tes < ;/ IVub 2+ ¢y with t € (0, Thnaa).
Q Q Q

On the other hand, by noting that @ < 2(p+1) for I > 1, a double application of the Young inequality leads for
all t € (0, Trnaz), €2 > 0 and some c¢19,¢11 > 0 to

2(p—1 -1 P -1
(25) M/UP‘VUF < M/up”—i—cw/ Vo2 < M/U}’+l+2/ Vo2 ey
2 Q 4p 0 Q dp Q P Jo

Now by applying restrictions in (5) and relation (7), as well as the obvious inequality v < u + 1, we have these
estimates for any p > 1 and some ci2, ¢13, 14,15 > 0:

/(g(u))ﬁ'|r1 < / (’yu(u + 1)l_1)5-H < 012/ wt®PtD) 4 es forall t e 0, Trnaz),
Q Q Q

p+1 p+1
(/ g(u)) < cia </ ul> +c15 forallt € (0, Thae),
Q Q

Aided by the gained estimates, we now use a combination of Young’s inequality and relation (12) with ¢ = w and
p =% > 1; we have for some ci5 > 0

-1 [ . _&l-1 [ 0 ¢ 1
(26) p /QuwS 4p /Qu +Cl2/§2w

+1
1 a
SW)/UPHJFU/UPHJFC(/ ul> +ci6 on (0, Taz).
4p Q Q Q

By collecting (21), (25) and (26), with o = %, bound (20) gives the conclusion also in view of relation (24).
O

and also

In the forthcoming lemma we adapt to our framework some derivations already developed in [11, Lemma 4.2].

Lemma 5.2. Letn > 1,1 > 1 and the hypotheses of Lemma J.1 be satisfied. Then for every & > 0 the local solution (u,v,w)
to problem (1) is such for any p € (1,00) and all t € (0, Tynaz) one has:
e Forl=1 and some cy7 >0

2\ P 2\ P 1
<X> G [ v+ (X) p [ IVoPr DA < brlo—1) )/up+1
v /) dtJa g Q 4 Q

p X\ (p+1)
+ = / | Vo200 4y
3@ + )l (7 ) o
o Forl > 1, every positive €3 and some c1g > 0

2\ P d 2\ P -1
<X> 7/ Vo2 + (X> p/ IVo[2P-2| D22 < M/Wweg/ Vo[2E+D 4 e,
v ) dt Jg Y Q 4 Q Q

Proof. From the second equation of (1), we derive this pointwise identity valid for all z € Q and t € (0, Tpaz):
(|Vo|?); = 2V - Vo, = 2Vo - VA — 2Vv - V(f(u)v) = A|V|* — 2|D*v]? — 2Vv - V(f (u)v).

Successively, multiplying this last relation by |Vv|??~2 and integrating over €2 lead to

2\ P | 2\ P Z\P
(£) 28 [rwrso-0 (L) [ mom-swimopr+2 (2) [ wapomr
v/ pdt g v/ Ja v/ Ja

— _9 x>\’ 2p—2 2\ 2\p—1 2

=-2(= [Vo|*P=*Vu - V(f(u)v) + | = (IVo*)P=(|Vv|?), forall ¢ € (0,Thay)-
v Q v a0

Now, by virtue of the L?-bound in (15), we apply estimate (11) with ¢) = v so to obtain for c¢19 = C))ch

2\ P 2\ P
(28) (X> / (IVvIQV‘l(IWQ)uS”(X) /\W|2”‘4IVIWIQIQ+C19 on (0, Trnaz)-
Y F619) Y Q

(27)
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Hence, an integration by parts to the right hand side term of (27) produces, also thanks to the first estimate in (15) and

assumption (5),
2\?
—2 <7> /|Vv|2”’2Vv~V(f( O )2( ) /f Y| Vol?P~2 Av
Q
x*\"
+2(p—1) <7) /f(u)v|Vv|2p*4Vv-V\Vv|2
Q
ﬁ ? [eY 2p—2
<2K llvollLe(y | u*[Vol |Av]
Y Q

2\ P
R (XV) (p— 1)Hv0||Loo(Q)/ u®| Vo3|V VP for all t € (0, Tinaq)-
Q

(29)

In addition, the Young and (8) inequalities allow us to derive for some ¢, co; > 0

2\ P 2\ P
@0 2 () ol [ue 19l < (X)) IR0 e [T on 0T
Q Q Q

and similarly for all ¢ € (0, T)nq.) and any n € (0,p — 1)

2\ P 2\ P
(31) 2K<v> - Dllvollz=o /Q W[V < (p— 1 - n) (’;) /Q VPPV + e /Q W22,

By inserting (28), (29), (30) and (31) into (27), we deduce that for some ca2,ca3 > 0

o\ P
(32) ( ) /|V |2 4 (X) /|Vv|2p—2\D2v|2SCQQ/u2“|Vv|2p_2+623 on (0, Tmaz)-
pdt vy Q Q

Further, for all [ > 1, the Young inequality also gives on (0, Traz)
-1 (=1 (p+1) -1 :
(33) 622/ W2 Vo[22 < M/ wPH o 624/ (V| < M/ wP i&/ V02D 4
Q 4p Q Q 4p Q P Ja
where we have used that % <2(p+1) (recall 0 < @ < 1) and €3 is an arbitrarily positive constant and ca4, ca5 > 0.
We have the two claims introducing (33) into (32), with an evident choice of €5 when [ = 1. O

Lemma 5.3. Letn > 1,1 = 1 and the hypotheses of Lemma 4.1 be satisfied. Then, for any p € (1,00) there exists C~’(p7 n) >0
such that for all £ > 0 fulfilling

(34) £ <4C(P, ”)|XUO||2L<><>(Q)> ’ 7

p

the following holds true: For some L > 0 the u-component of the local solution (u,v,w) to problem (1) complies with
/ u? <L forall te(0,Thaz)-
Q

Additionally, the same conclusion is valid whenever n > 1,1 > 1, £ > 0 and all p € (max{l, W}, 00).

Proof. When | =1, Lemma 5.1, Lemma 5.2 and relation (10), supported by the uniform bound for v in (15), imply that

2\? _ i 2\ P

( up+< ) /|w2p>+2(p 1)/|Vu22+p<x> [ 1wupr2ipn
Q p Y

2\ P 2

X xX°plp—1) <§7(p+1 ) / 2(p+1)

LA Vo2PHD) 4o¢

(s R m( ) iy (e Vel &

x2>p N x2p(p — 1) (ﬁv(p+ 1)
)

-p
2(4p2+n)Hvo||2(x, /|VU‘2P72|D2U‘2+626
8(4p? +n)Hv||Loo m( 2p%)2 ) ) EEE@ g

p  Clp.n)
=(7) <4+ - ||XU0|Loc(Q> L1907 + s on (0, T

where cog > 0 and where for clarity we have set

2(p+1

20p?P 1 (p — 1) (4p® + n)
(p+1)p+t

C(p,n) =
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C(p,n)
617

d 2\" 2(p—1 2\?
— (/ uP + (X> / |VU|2”) + M/ |Vug|2 + P (X> / |VolP72|D%v|? < a6 on (0, Thnaz)-
dt \ Jo Y Q p Q 2\ v o

On the other hand, from inequality (9) we have

Since by our assumptions ¢ satisfies restriction (34), we get that
reads

Ixvol|7 () < §: henceforth relation (35) actually

2
WUVUWF::%WVﬂmFAW”VMﬂQ=pﬂVUWF4ﬂﬂvVM2SpﬂVM%FﬂlﬂMa
so that we obtain
/ 2(p—1) 22 L /X g 2
(36) Yy (t> + |V’U,2| 5o\ = |V‘V’U|p| < 26 on (03Tmaw)~
p 0 2p \ v Q
Conversely, for [ > 1, by relying again on Lemma 5.1, Lemma 5.2, any € > 0 and some co7 > 0 entail

d 2\P 2p—1 2\ P
([ (2 o) [ 2] [t (£ e
dt \Jo v Q D Q v Q

ep(%)P
2(4292 + n)”UOHQLw(Q)

/ |Vv|2(p+1) +cor forall t € (0, Tha),
Q

which similarly to what has been previously done, by choosing €; € (O, @) and € € (0,1), produces an absorptive

inequality similar to (36); then, both can be unified for certain positive constants a,b, ¢ as
(37) y’(t)+a/|w€|2+b/ IVIVulPI> < ¢ on (0, Trmaz)-
Q Q

Successively, for any [ > 1, by exploiting again the Gagliardo—Nirenberg inequality, there exists a positive constant cog such
that

L2 21120 2112(1-0) L2112
uP = ||u2 < cog||Vuz u2 +cogl|uz for all t € (0, Thhaz),
/Q w2 |72 )< cosl[Vuz |72 g HL%(Q) 23| HL%(Q) ( )

with
mp(1 — 1)
0<9:2n7pnp<1.
1-5+5

Taking into consideration bound (14) and introducing ca9 > 0, the two above inequalities lead to
RN
(38) /up < 029(/|Vu§|2) +co9 on (0, Thnaz)-
Q Q
In a similar way, with another application of the Gagliardo—Nirenberg we arrive for some c3g > 0 at
Vol = |||Vl [[2200) < e30]|VIV0P|[2% o 1 Vol 7G 7 Vol?||? ith ¢ € (0, Tyna)-
/QI ol = [[Vol?||72 ) < esol[ VIV |72 () I VY] IIL%(Q)JrCsoIH v IIL%(Q) wi ( )
Moreover, by invoking the L?-bound for Vv in (15), we have for c3; > 0
0
(39) /|W\2p < 031</ [VIVol[2) + car with ¢ € (0, Tonaa):
Q Q

As a consequence of all of the above, by manipulating inequalities (38) and (39) and thereof inserting the results into (37),
we can observe also by virtue of (6) that y satisfies this initial problem

Y'(t) < esza— 33y (1) forall t € 0, Trnaz)s
2
y(O) = fQ ug + (XT)p fQ ‘VUOPP,

with 32, cs3 positive constants. Consequently, an ODE comparison principle implies that [, u? < y(t) < max{y(0), (22—2)0} =
L for all ¢t € (0, Trnax)-

Now we have all the necessary tools to conclude.
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Proof of Theorems 2.1 and 2.2. For [ =1, let C'(p, n) be the constant defined in Lemma 5.3 and let us set

o it n e {1,2},
Cln) = {(gé(n/z,n))i itn > 3.

From our hypotheses, £ > C(n)|| Xv0||§m(ﬂ), so that from continuity arguments we can always pick p > max{1, 5} such that
assumption (34) holds true. Henceforth, Lemma 5.3 ensures that the u-component of the local solution (u,v,w) to problem
(1) belongs to L ((0, Thas); LP(2)); since I = 1 also g € L*®((0, Tmaz); LP(2)) and the claim follows by invoking Lemma
4.2. Indeed, for any ! > 1, upon enlarging p in the same Lemma 5.3, we also can have u,g € L*®((0, Traz); LP(2)) for
p > max{1, 4}, and identically conclude. O

6. LOGISTIC SOURCE VS. CHEMOREPELLENT IN CHEMOTAXIS-CONSUMPTION MODELS: WHICH ONE IS MORE EFFECTIVE
TOWARD BOUNDEDNESS?

We complement this research by discussing some differences and analogies between a chemotaxis-consumption model with
a logistic source and that presented here with a chemorepellent (linearly produced). To be precise, when the equation for
w in problem (1) is replaced by (4), and we set f(u) = w in that for v, the chemotaxis-consumption model with logistic
source (indicated with P, below) is obtained, and in [11] boundedness of solutions is established provided p overcomes some
expression of x||vg||r(q). Conversely, for our investigated attraction-repulsion model P: (to facilitate the comparison, we
also re-write it next to P,) an analogous largeness restriction is moved to the parameter &:

up = Au— xV - (uVv) + £V - (uVw)
and Pr: (o= Av— f(u)v
0=Aw—dw+~u

Py

ug = Au — XV - (uV0) + ku — pu?
vy = Av —uwv

In particular, some straightforward computations, show that the condition in [11, Theorem 1.1] reads

4Vn(n = Dn [ (n—1)(4n2 +n)\ /" 2
HXUOHLOO(Q)

>
H n+1 n+1

n—1

2" +ntl(2n — 1) [ (n—1)(2n — 1)(4n% + n)
n+1 n+1

2
) Ixvoll3% = Coulxllvoll o @)

whereas in Theorem 2.1 the correlated assumption appears as

2 2

Even though a very direct comparison between models P, and P is not strictly possible, from Figure 1 it can be observed
that quantitatively C\,(x|lvollL()) > Ce(x|lvol|L=(q)), for any value of x|lvg||Le(q)-

For the sake of scientific clarity, we would like to stress that the curve trend of the function C}, may be improved; this
is essentially due to the fact that in [11] the authors prove the deduction “LP = L*” for p > n, and not for p > 7, as we
performed in Lemma 4.2. (As known, in this context, 7 is the smallest value toward the validity of the above implication.) In
this sense, by adjusting to this choice of p the expression of C,,, the situation is different. More precisely, for sufficiently large
values of x||lvg|| e (q), for which the analysis is more interesting, Cy, (x||vollz(0)) => Ce(x|voll L ()); on the other hand, the
same does not happen when x|[vo[/z(q) is small. (See Figure 2.) As a consequence, if we consider that for high values of
the cell concentration in problem P the chemoattractant is consumed with a weaker law than that in P, (0 < o < % + %
vs. « = 1, respectively), this discussion seems to indicate that the introduction in the classical Keller-Segel model with
consumption (3) of a linearly produced chemorepellent, has a more effective stabilizing impact on the cells’ motility than the
one resulting by the introduction of a quadratic-damping logistic source.

. _n_q 2/n 5
£> (22_2 (ﬁ _1) (ﬁ+1) 2T (n2+n)> X0l 7o () = Ce(Xllvoll o ())-
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