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Abstract This work deals with a fully parabolic chemotaxis model with nonlinear produc-
tion and chemoattractant. The problem is formulated on a bounded domain and, depending
on a specific interplay between the coefficients associated to such production and chemoat-
tractant, we establish that the related initial-boundary value problem has a unique classical
solution which is uniformly bounded in time. To be precise, we study this zero-flux problem

u;=Au—V-(f@)Vv) inQ x (0, Trx), ©

vy=Av—v+gu) in Q x (0, Thuax), )
where €2 is a bounded and smooth domain of R”, for n > 2, and f(u) and g(u) are reason-
ably regular functions generalizing, respectively, the prototypes f () = u® and g(u) = u’,
with proper «, ! > 0. After having shown that any sufficiently smooth u(x, 0) = uo(x) >0
and v(x, 0) = vo(x) > 0 produce a unique classical and nonnegative solution (u, v) to prob-
lem (Q), which is defined on  x (0, T;,4) With T, denoting the maximum time of exis-
tence, we establish that for any [ € (0, %) and % <a<l+ % — é, Tnax = 00 and u and v are
actually uniformly bounded in time.

The paper is in line with the contribution by Horstmann and Winkler (J. Differ. Equ.
215(1):52-107, 2005) and, moreover, extends the result by Liu and Tao (Appl. Math. J.
Chin. Univ. Ser. B 31(4):379-388, 2016). Indeed, in the first work it is proved that for
g(u) = u the value o« = % represents the critical blow-up exponent to the model, whereas in
the second, for f(u) = u, corresponding to & = 1, boundedness of solutions is shown under
the assumption 0 </ < %
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1 Introduction and Motivations

Most of this article is dedicated to the following Cauchy boundary problem

Uu; = Au—V - (f(M)VU) in  x (07 Tmax)7
vy =Av—v+gu) in © x (0, Tyax), 1)
uv:UUZO on 982 X (Oa Tmax)a

u(x,0) =ug(x), v(x,0) =vy(x) xe,

defined in a bounded and smooth domain 2 of R”, with n > 2, and formulated through some
functions f = f(s) and g = g(s), sufficiently regular in their argument s > 0, and further
regular initial data uo(x) > 0 and vy(x) > 0. Additionally, the subscript v in (-), indicates the
outward normal derivative on 02, whereas 7,,,, the maximum time up to which solutions
to the system are defined.

The two partial differential equations appearing above generalize

u;=Au—V-wVv) and v, =Av—v+4u, inQ x (0, Thu), 2)

proposed in the pioneer papers by Keller and Segel ([10, 11]) to model the dynamics of
populations (as for instance cells or bacteria), arising in mathematical biology. Precisely,
by indicating with u = u(x,t) a certain particle density at the position x and at the time
t, the equations describe how the aggregation impact from the coupled cross term uVov,
related to the chemical signal v = v(x, ¢) (initially distributed accordingly to the law vy (x) =
v(x,0), as in (1)), may contrast the natural diffusion (associated to the Laplacian operator,
Au) of the cells, organized at the initial time through the configuration u(x) = u(x, 0). In
particular, such an attractive impact might influence the motion of the cells so strongly even
to lead the system to its chemotactic collapse (blow-up at finite time with appearance of §-
formations for the particle density). In the literature there are many contributions dedicated
to the comprehension of this phenomenon. In this regard, in [9, 18] the reader can find an
extensive theory dealing with the existence and properties of global, uniformly bounded
or blow-up (local) solutions to the Cauchy problem associated to (2), and endowed with
homogeneous Neumann boundary conditions (exactly as in (1), and biologically modeling
an impermeable domain), especially in terms of the initial mass of the particle distribution,
ie, m= fQ uo(x)dx. Indeed, the mass of the bacteria, preserved in time for this model,
appears as a critical parameter (see, for instance, [5, 18, 25]); more exactly, for n > 2, the
value m, = 4 establishes that when m < m, global in time solutions are expected, whereas
when m > m, blow-up solutions may be detected.

The size of the initial distribution is not the only factor capable to influence the chemotac-
tic behavior of the cells toward their self-organization. Other elements may also take sensi-
tively part in this process; the impacts of the diffusion and/or of the chemoattractant, weaker
or stronger (for instance, if in (2) the cross-diffusion term # Vv is replaced by xu Vv, for
some x > 0, then even for initial distribution u( with subcritical mass, the system exhibits
blow-up at finite time whenever x increases), the presence of external sources affecting the
cells’ density, or the law of the signal production from the chemical, dictated by the cells
themselves: to a high (low) segregation corresponds a high disorganization (organization) in
the motion of the particles. Herein we are interested in the analysis concerning the mutual
interplay between the actions from the chemoattractant and the segregation rates. In such
sense problem (1) is an example of chemotaxis model combining these aspects, exactly
as specified: the chemosensitivity function f(u) describes how the population aggregates,
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through the interaction with the chemical, and directs its movement in the direction of the
gradient of v. In our problem f(u) generalizes u®, for some « even covering superlinear
powers; as said, the larger o the higher is the attraction between each cell, leading the sys-
tem to undesired instabilities. On the other hand, the second equation indicates that the
chemical signal is produced according to the law of g(u), which as well has as prototype u/,
with / smaller than 1. Naturally, this has a segregation impact on the model weaker than the
case with g(u) = u, especially at large particle densities (see [6, 16, 17] an related references
therein); as conceivable, the gathering phenomena of the original model are dampened and
more smoothness to the system is supplied.

Before giving our precise objectives in respect of the analysis above developed, let us
mention the result which, mainly, inspires and justifies this investigation: For g(u) = u
and f(u) = u®, it is shown that the value o = % decides whether model (1) manifests or
not blow-up scenarios. Specifically, with n > 2, for @ € (0, %) all solutions are global and
uniformly bounded, whereas the same does not apply for « > % In fact, (a) for @ > 2
and any n > 2, (b) for o € (1,2), n € {2,3} and technical assumptions on f, (c) for
o€ (r%, 1) and n € {2,3} or (d) for @ € (%, n%z) and n > 4 (also in this case combined
with further assumptions on f'), there are initial data (u, vo) leading to unbounded solu-
tions (see [7]).

By continuing within the confines of Keller—Segel models with linear production, when
the diffusion is not linear, i.e. Au =V - Vu reads V - (D(u)Vu), for n > 2 the asymp-
totic behavior of the ratio lf)((‘;)) = u® for large values of u indicates that if o € (0, %) any
(ug, vo) produces uniformly bounded classical solutions to problem (1) (see [21]), whilst for
o > % blow-up solutions either in finite or infinite time can be constructed, even for arbi-
trarily small initial data (see [26]). Moreover, the insight about the quantitative role of the
diffusion of the cells on their evolution reads as follows: for D(u) = u”~! and f(u) = u®,
m,« € R, it is established in [1, 2] (for the fully parabolic case) and in [28] (for the simpli-
fied parabolic-elliptic one; v, = 0 in the second equation) that o < m + % — 1 is condition
sufficient and necessary in order to ensure global existence and boundedness of solutions.
(For completeness, we also refer to [14], where an estimate for the blow-up time of un-
bounded solutions to the simplified model is derived.) Unlike the case where D(u) = 1 and
f(u) = u where the critical mass m, is n-independent, the above criterion implies that the
size of the initial mass may have no crucial role on the existence of global or local-in-time
solutions to nonlinear diffusion chemotaxis-systems. Conversely, the key factor is given by
some specific interplay between the coefficients m, « and the dimension #; this is especially
observed at high dimensions, for which a magnification of the diffusion parameter to com-
pensate instability effects is required. A similar consideration, appropriately reinterpreted
in that context, will be given below when the exponent associated to the nonlinear signal
production is introduced.

Complementary, as far as nonlinear segregation chemotaxis models are concerned, when
in problem (1) the case f(u) = u is considered, uniformly boundedness of all its solutions
is proved in [13] for g(u) = u’, with 0 <[ < % (We also mention [19] for an analysis of
a related model with logistic-type terms.) Moreover, by resorting to a simplified parabolic-
elliptic version in spatially radial contexts, for f(#) = u and the second equation reduced to
0=Av— u(t)+ g), with g(u) = u' and pu(t) = \_slz| ng(u(~, 1)), it is known (see [27])
that the same conclusion on the boundedness continues valid for any n > 1 and 0 </ < %,

whereas for [ > % blow-up phenomena may appear. (See also [23] for analyses concerning
a chemotaxis model with signal-dependent sensitivity and sublinear production.)
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2 Presentation of the Main Result and Comparison with a Simplified
Model. Plan of the Paper

2.1 Claim of the Main Result

In accordance to what discussed above, we wish to contribute to completion of a picture
yet fragmentary in the literature by addressing situations concerning system (1) that, to our
knowledge, are not yet studied. To this aim, from now on these assumptions, respectively
identifying the actions associated to the chemoattractant and to the segregation of the chem-
ical signal, are fixed:

feC*[0,00)), f(0)=0 and f(s)<Ks% forsome K,ox>0 andalls>0,
3)

and
g€ Cl([O, o0)) and 0<g(s) < Kos/, forsome Kj,/>0 andalls>0. (4)

In particular, with a specific view to what analyzed in the frame of [7], linear productions
of the chemical may be sufficient to generate blow-up solutions when the impact from the
chemoattractant, favoring gatherings in the motion of the species, is superquadratic, in any
dimension, superlinear and subquadratic, in low dimensions, and sublinear in higher. Thus
the following question seems meaningful:

o May a sublinear signal segregation of the chemical enforce globability of solutions for
superlinear chemosensitivitiy even in high dimensions?

Our result positively addresses this issue in the sense that independently of the initial data,
by weakening in an inversely proportional way to the dimension the impact associated to
the production rate of the chemical, the uniform-in-time boundedness of solutions to model
(1) is ensured, even for superlinear thrusts from the chemoattractant.

What said is formally claimed in this

Theorem 2.1 Let Q2 be a bounded and smooth domain of R", with n > 2. Moreover, let f
and g fulfill (3) and (4), respectively, with | € (0, %) and o satisfying

2 1 1

—<a<l+--—-. )

n n 2
Then, for any nontrivial (ug, vo) € CoQ)x CL(Q), Mil'l‘h ug > 0and vy 2_0 on Q, there exists
a unique pair of nonnegative functions (u, v) € (C°(Q x [0, 00)) NC>(Q x (0, 00)))* which
solve problem (1) and satisfy for some C > 0

N, )l + v, Do <C  forallt > 0.

Remark 1 We make these considerations:

e For o = 1 assumption (5) is simplified into / € (0, %). Subsequently, our analysis is an
extension of that developed in [13], in the sense that Theorem 2.1 recovers [13, Theorem
1.1] when f(u) = u in problem (1).

e From !/ € (0, %), the comparison with the limit linear signal production model for system
(1), makes sense only in two-dimensional settings; for / = 1 the upper bound in assump-
tion (5) reads « < 1, and Theorem 2.1 is consistent with [7, Theorem 4.1].
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Fig. 1 Illustration comparing for some values of the dimension n the regions in the /a-plane where both
parabolic-parabolic (PP, green sector) and parabolic-elliptic (PE, cyan sector) models from problem (1) pos-
sess uniformly bounded solutions. The superlinear (« > 1) and sublinear (o < 1) chemoattractant zones are
also marked. The vertical orange lines (at / = 1) indicate the values of o > % for which the PP version of the
system admits blowing up solutions (see, again, [7]). For the PE case, it seems conceivable (see, again, [27])
that in the horizontal red lines (¢ = 1 and [ > %) the same conclusion may be true. (Color figure online)

e Since [7, Theorem 4.1] is applicable for any n > 2 whenever o < % and [ = 1, a fortiori it
holds true for / € (0, %); this is the sole reason why we consider in our analysis o > %

e Considering that for linear production and nonlinear diffusion (with parameter 7) models
we discussed that the condition for boundedness reads o < m + % — 1, from assumption
(5) one can observe that the parameter / associated to the nonlinear segregation plays an
opposite role with respect m: given «, for high values of n, smaller (larger) values of /

(m) are needed to ensure globability and boundedness.
2.2 A View to the Parabolic-Elliptic Case

When the parabolic-parabolic problem (1) is simplified into parabolic-elliptic, with equation
for the chemical replaced by 0 = Av — v + g(u), assumption (5) becomes sharper; precisely
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% <a<l+ % — I, which requires for compatibility only the restriction [ € (0, 1). We high-
lights this aspect in Fig. 1, where we overlap the regions defined by the interplay between
« and / in both models; to be more precise, we also distinguish the zones with superlinear
chemoattractant (o > 1) and sublinear chemoattractant (« < 1). (In the same figure we also
spend some words for the blow-up cases.) We understand that the observed gap between
the range of parameters is not only justified by some technical reasons (see Remark 3 at the
end of the paper, where few mathematical indications are given) but also by biological ones.
Indeed, the fact that in the simplified version the values of v(-, ) only depend on the values
of u(-,t) at the same time, is a strong modeling assumption. It corresponds to the situation
where the signal responses to the concentration of the particles much faster than the organ-
isms do to the signal; in particular, such difference in the relative adjustment of the bacteria
and the chemoattractant makes that the last one reaches its equilibrium instantaneously.

2.3 Organization of the Paper

The rest of the paper is structured in this way. Section 3 is concerned with the local existence
question of classical solutions to (1) and some of their properties. Some general inequalities
are included in Sect. 4. They are mainly devoted to establish how to ensure globability and
boundedness of local solutions using their boundedness in some proper Sobolev spaces;
a key cornerstone in this direction is the procedure to fix the corresponding exponents of
theses spaces (Sect. 4.2). Finally, the mentioned bound is derived in Sect. 5, which also
includes the proof of Theorem 2.1.

3 Existence of Local-in-Time Solutions and Main Properties

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

Lemma 3.1 (Local existence) Let Q2 be a bounded and smooth domain of R", with n > 2.
Moreover, let f and g fulfill (3) and (4), respectively, with | € (0, %) and o satisfying (5).
Then, for any nontrivial (ug, vo) € CO(Q) x C! (5_2), with ug > 0 and vy > 0 on Q, there exist
Tnax € (0,00] and a unique pair of nonnegative functions (u, v) € (CUQ % [0, Tpax)) N
C2Y(Q x (0, Tpax)))?, such that this dichotomy criterion holds true:

either Tyax =00 or limsup([lu(-, D)o@ + V(¢ Dl L= @) = 00. (0)

t— Tinax

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

/Qu(x, t)ydx = /Q ug(x)dx=m >0 forall t € (0, T,ux), 7)

whilst for some ¢y > 0 the v-component is such that
G, O llwing <o 0n (0, Tay)- ®)
Proof We just mention that the conclusions concerning the local-in-time well-posedness

as well as the dichotomy criterion (6), can be established by straightforward adaptations of
widely used methods involving an appropriate fixed point framework and standard parabolic

@ Springer



Boundedness in a Keller—Segel Model with Nonlinear Production Page 7 of 20 19

regularity theory; we can adequately cite [7, Theorem 3.1], for the case g(#) = u, and [23,
Lemma 3.1], for g as in our hypotheses. Moreover, comparison arguments apply to yield
both u, v > 01in Q x (0, T},4x)-

On the other hand, the mass conservation property easily comes by integrating over 2
the first equation of (1), in conjunction with the boundary and initial conditions.

Finally, the last claim is derived as follows. From the assumption 0 </ < % we can first
of all fix 5 <y < n complying with y < } In this way, through the Holder inequality,
taking in mind (4) and the mass conservation property (7), we have

/g(u)y 5Kg/ w’ < KYm"' Q" forallt < Ty )
Q Q

Henceforth, we can also pick 3 < p < 1 suchthatf =1—p — %(+ — 1) > 0. Subsequently,

Y n
since by means of the representation formula for v we have
t
v(-, 1) =@ Dy + / e"IAVou(-,5))ds forall t € (0, Tyay),
0

with the aid of smoothing properties related to the Neumann heat semigroup ('), (see
Sect. 2 of [7] and Lemma 1.3 of [25]), we obtain for some A; > 0 and Cg > 0

t
—1) 1A —s)(A-1
oG, Dllwing <e e’ U0||W1-n(9)+/ e AV u(-, $)llywingds
0
t
—s)(A—1
§C5||v0||W1,n(Q)+CS/ I(=A+ 1P E Ve u(, )| noyds
0

' =2 E-L -5
< Csllvollwiney+Cs | (& —s) vonle lg@(-, s)lLr@ds.
0

(10)
As a consequence, the introduction of the Gamma function I" infers
l —p=5 =1 i -5 -t
/(t—s) P2y Tl e U gs < AT (2),
0
which combined with bounds (9) and (10) conclude the proof. U

In the sequel of the paper with (1, v) we will refer to the gained local classical solution
to problem (1), and we might tacitly avoid to mention that such solution is produced by the
initial data (ug, vy).

4 Preliminaries: Inequalities and Parameters
With the local solution (u,v) to problem (1) at disposal, its uniform boundedness on
(0, T,nay) is achieved when uniform-in-time bound for u in some L”-norm and for |Vv|?

in some L7-norm, with proper p and ¢, is derived. This will be obtained by constructing an
absorption inequality satisfied by the functional

1 1
0 :=—/<u+1>ﬂ+—/ Vo forall 1 € (0, Ta)- (11)
p(p—1 Jg qJe
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In particular, the entire procedures requires, first, to adequately manipulate inequalities re-
sulting by differentiating y(#) with respect to the time and, secondly, to figure out how to
choose the parameters p and g. In view of its decisive role, this second part will be discussed
with some details after this subsection.

4.1 Some Algebraic and Functional Inequalities

This three coming lemmas will be used in the next logical steps. We start by considering
a suitable version of the Gagliardo—Nirenberg interpolation inequality, commonly used to
treat nonlinearities appearing in the diffusion and/or chemosensitivity terms (see [20, 22,
24]), and successively by recalling a particular boundary integral employed to deal with
terms defined in non-convex domains.

Lemma 4.1 (Gagliardo—Nirenberg inequality) Let Q2 be a bounded and smooth domain of
1 1

R”, withn > 1,and 0 < q < p < oo satisfying % < %—l— é. Then, for a = 11_151 , there exists
gta—z

Con =Con (P, q, Q) > 0 such that

lwllzoie) < Con (VW o lwllkal, + lwllia@)  forallw e WH2(Q) N LIQ).

a
LX)

Proof See [12, Lemma 2.3]. O

Lemma 4.2 Let Q2 be a bounded and smooth domain of R",Lvith n>1,and q €[1,00).
Then for any n > 0 there is C, > 0 such that for any w € C*(Q) satisfying %—‘f =0o0n 0%,
as well as fQ |[Vw| < Ly, for some Ly > 0, this inequality holds:

3 Vwl|?
/lvm“*i——Lsn/WWwaF+cm
aQ av Q

Proof A more general proof can be found in [8, Propostion 3.2]. More precisely, by iden-
tically retracing the steps between expressions (3.7) and (3.9) in [8, Propostion 3.2], when
the value of s therein (see (ii) in (3.2)) is as in our assumptions 1, we arrive at (3.10), so
concluding by invoking Young’s inequality. (When € is convex, the left hand side of the
inequality is nonpositive; see [3, Appendix] and [21, Lemma 3.2].) |

Thanks to the next results (variants of Young’s inequality), products of powers will be
estimated by suitable sums involving their bases and powers of sums controlled by sums of
powers.

Lemma 4.3 Let a,b > 0 and dy,d, > 0 such that d, + d, < 1. Then for all € > 0 there
exists ¢ > 0 such that

a®'b® < e(a+b) +c.
Moreover, for further dz, dy > 0, it is possible to find positive ds and d such that

a®® 4+ b% > 275+ by —d.

Proof We show the first inequality, the proof of the second being similar. By applying
Young’s inequality with conjugate exponents % and ﬁ, we obtain for any €; > 0 and
some c;(€1) > 0 that

)

A
ab® =a" (TN < ja+ci(e)b T
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Moreover, due to % < 1, a further application of the same inequality to the latter power
1
A
provides for every positive €, and proper c;(€;) > 0 this relation: ¢, (€;)b =4 < e,b+c;(€7).
By putting together the two inequalities and choosing €; = ¢;, the first part of the lemma is
concluded. All the details of the second inequality can be found in [15, Lemma 3.3]. |

4.2 The Right Procedure in Fixing the Parameters p and ¢

In this sequence of lemmas, we will verify that the mutual relation between the parameters
a in (3) and / in (4), i.e. relation (5), is such that the mentioned parameters p and g may be
chosen in the appropriate way to make sure our general machinery work.

Lemma 4.4 For any n e N, withn > 2, let | € (0, %) and o comply with assumption (5).

Then there exist 1 <6 < -5 and u > 5 such that

IQu—1) n@+1-2a0)+20
<
4u —n 2n6 +n? — n20

(12)

Proof We first point out that for n =2, 1 <6 < %5 indicates that 6 might also be fixed

large as we want; despite that, this is not the case, and we will take 6 always sufficiently
close to 1.

Precisely, forn >2,1 <6 < nnTz implies that 2n6 + n? — n%0 > 0, and we can consider
6 > 1 small enough so to have n(6 + 1 — 2a6) + 26 > 0. Hence the function

_1Qu—-1) n@+1-2a0)+20

h@, ) :
.0 4 —n 2n0 + n% — n%0

3

is the difference of two positive terms. Now, from our assumptions

[ 1
lim h(l,,u):(——l—i—oe——) <0,
pu——+o00 2 n
and the claim is proved by means of continuity arguments. |

Lemma 4.5 Let the hypotheses of Lemma 4.4 be satisfied, and 1 < 0 < - and ju > 5 be
therein fixed. Then there is q, € [1, 00) such that for all ¢ > q, one has this compatibility
relation:
2l(ng + p@+n* =212 +q)))
néw —n)

= f1(q) < f2(q)

_ q2n@@ +1—2a6)+40) +2nb(ax — 1)(n —2)
- 2n0 +n? — n20 '

13)

Proof Some easy computations show that for any n > 2 the claim follows once it is estab-
lished that for 1 <6 < -*5 and > 5 as in the hypotheses, and for

212u —1) 2n@ + 1 —2a0) + 460
A=A0, u)= ——, C=Cl,n) = ,
.0 4u—n ©.1) 2n6 + n* — n%0
20pu(n —2)2 2n0(1 —a)(n —2)
B=B@O.p) = "= D=DO.u)="— "2
©. 1) n(4u —n) .0 2n0 + n? — n20
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k{0, 115 9)
2
1 “\
|O ___________ /.
o\ q
1¢2 3 4 5 6 7 8
\\\
-1 o
-2

Fig. 2 By setting k(9, u;q) == A—C — % + %, from inequality (14) we intend to find g, such that for
some 6 and p we have that k(0, i; g) <O for all ¢ > g,. Let 0 close to 1 and p sufficiently large be taken
from Lemma 4.4. As a consequence inequality (12) leads to A — C < 0, whereas B — D € R. In particular,

dk( q)

given that B=D 4nd limg— 400 k(:, -; ¢) = A — C, the illustration shows the qualitative behavior

of the functlon k@, u; q) for these values of 6 and w, assuming the nontrivial situation B — D < 0. (If,
indeed, 6 and p infer B — D > 0, k is negative for all g.) Then, by indicating with ¢, = % the root of &,
any q € (qr, 0o) satisfies relation (14). (In order to clarify the role of © and 6, we observe that for n = 2 the
chain of inequality in (13) is more manageable; in fact, it reads /g < ¢(20 — 2a6 + 1), directly coming from
[ <26 —2a6 + 1, corresponding to (12) when n = 2, and it is u-independent and true for some 6 approaching
1, once o < =~ l from (5) is considered). (Color figure online)

there are ¢ > 1 entailing

B D
A——<C——. (14)
q q
As we justify and explain it in Fig. 2, the above occurs whenever A — C < 0. ]

Lemma 4.6 Let the hypotheses of Lemma 4.4 be satisfied, and 1 < 0 < = and > 5 be
therein fixed. Then there are p € [1,00) and q € [1, 00) such that

n, 1
a = 7= G2a—20) az_”q ‘—2%;/)
1-5242 7 1-54q"°
1 1
o (1_27) _ 4G~ o)
3= +np’ a4 = _Q+q
2
%(1—;) q—75
Ki=———F7Tm> K2=4,
1—5—{‘7 1—5+q

belong to the interval (0, 1) and, additionally, imply that these other relations hold true:

p—2+2a 1 21

-1
Br+yvi= Y, +5az €(0,1) and B+ y, = ;a3+ 1= aie© ). 15

Proof For 6, u, / and « as in our hypotheses, the conjugate exponents 6’ and u’ satisfy
0> % 5. Now, let p > max{2 + i nz)l", 29'5“9131(”2 2} = py and ¢, from
Lemma 4.5, and note that any g > ¢, is such that (fi(q), fz(q)) is not empty thanks to

compatibility (13). Henceforth, in view of f{(g) > 0 and f;(g) > 0, we might enlarge ¢ so
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to have fi(q) < po < f2(g) for some g > g,; subsequently, this procedure always allows us
to consider p and ¢ fulfilling

n=2)pnr _n_ 2n6(@—1)(2—n)
q > maX{ n 0, 2u + 1, 2n(6+1—2a6)+46 qr} and also Complying with (16)
p > max {2 + 5, HoDle 29}5":;('2(_"2*)2) } p € (fi(@), f2(9)).

Our aim is to show that such restrictions suffice to prove the claim. Straightforward rea-
soning justify that some of the first relations in (16) imply a;, as, a3, as, k1, k2 € (0, 1). The
remaining two inequalities in (15) are, conversely, less direct. Indeed, if it can be immedi-
ately inferred that Mal + Lg; and Zas + Ea4 are positive, the other bound requires
tedious computations associated to fi(g) and f>(q). More exactly, algebraic rearrangements
give

p—2+42a 1

a) + —dy; — 1
p q
_ n?QRa— 18+ p® —1)) +2n(g(—2a0 +6 + 1) —0QRa + p —2)) + 446 (17)
B On(p—1)+2)(n—-2(qg+1)) '
and
_ _ 2 _
%a3+q—1a4_1=np(n 4u) ZI(pL(n 2n(q+2)+4)+nq). (18)

un—2(q+ 1)Un —2)—np)
To see that expression (17) is negative, we notice from the constrains on p, ¢, 6 and u that
the denominator is negative, so by imposing

n? 2 — 10+ p® — 1)) +2n(q(—2a0 +0 +1) —0Qa + p —2)) + 496 > 0,
we obtain
p(%0 — n* —2n0) > 4abn — 4nb — 40 — 2n*0( — 1) —2ng(0 + 1 — 2a0).  (19)
This, taking into account the negativity of n6 — n*> — 2n#@, is equivalent to find ¢ such that

4abn — 4nb — 4g0 —2n°0(@ — 1) —2ng(@ + 1 —2a0) <0  or also

2n0(a —1)(2 —n)
> 9
2n(0 +1—2a0) + 46

q

which is fulfilled by virtue of the choice on ¢ and since the considered 6 complies with
2n(6 + 1 — 2a) 4+ 46 > 0. Subsequently, from (19) we have that

q2n@ +1—2a0)+40) +2n6(ax — 1)(n —2)
<
p n?+2n6 — n20

(20)

is satisfied for p and ¢ as in (16).
Let us now turn our attention to (18). Unlike the previous case, we immediately see that
the denominator is positive and, again by invoking (16), it holds that

2l(ng + u(4+n*—2n2+q)))
> — . 2n
n(du —n) 0
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19 Page 12 of 20 S. Frassu, G. Viglialoro

Remark 2 Let us spend some words on how to treat the introduced parameters p and g
in accordance with our overall purposes. This technical detail makes the analysis of the
present work different and in some sense more thorough with respect those presented in
many references above mentioned; therein, indeed, no undesired smallness assumption on
p, generally, appears. (Let us specify that bounds from above for p may limit the validity of
certain results on Keller—Segel-type systems only to low-dimensional settings: for instance,
the proof of both [23, Lemma 2.2] and [4, Lemma 4.6] requires p € (1, 2), and this in turn
makes that the relative analyses are exclusively confined to two-dimensional domains.)

(1) Taking the “lower extremes” for ¢ in (g,, 00) and for p in (fi1(q), f2(q)), as specified
in Lemma 4.6, might not be appropriate when dealing with other computations where
they are involved. In particular, as we will perform in the last step toward the proof of
Theorem 2.1, it could be necessary to enlarge each one of this values in order to ensure
the validity of certain inequalities/inclusions. Despite that, we understand that some
care is needed when this procedure has to be adopted; indeed, p cannot be taken large
as we want independently by ¢, but this is possible when the order f1(g) < p < f>(¢q)
related to relation (13) is preserved. (This was already imposed in the same Lemma
4.6.)

(ii) In support to the previous item, we point out that even though asymptotically we have

p=2t2e, — nOQutpD-l) 71 jncreasing with p,
r 0(n(p—1)+2) and

1 _ n—20" . .

792 = a0 decreasing with ¢,

2 (=2 . .

>3 = g~ /0 decreasing with p,

g=1, _ n=2(g=D) : : .

7 4= i) /"1 increasing with ¢,

this is not sufficient to ensure that there exists a couple (p,q) for which both
#al +1a, <1 and Zas + Ea4 < 1 are satisfied. Surely each one of this in-
equality holds true for two different couples, let’s say (po, qo) and (pi, g1), but the
identification of a single (p, g) producing simultaneously those inequalities requires
the extra condition p € (f1(g), f2(q)), intimately linked to the main assumption (5).

5 Deriving Uniform-in-Time L? x L7-Bounds for (u, |Vv|?). Proof of the
Main Result

The coming lemma provides a uniform-in-time bound on (0, 7,,4,) for u# in LP(2) and for
[Vv|? in L(S).

Lemma 5.1 Under the hypotheses of Lemma 3.1, we have the following conclusion: For
some p € (1,00) and g € (1, 00) there exists L > 0 such that

uC, Dllee) + I1IVOC D209 = L forall t < Tpax-

Proof With 6, u, p and g as in Lemma 4.6, the validity of all the computations along this
lemma is justified.

As announced, let us differentiate with respect to the time y(¢) defined in (11) and split
the resulting derivations in three main steps, altogether yielding the proof.
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. -1 .
Estimating ﬁ% fg (u +1)? on (0, T,,.) We take (;‘:P "~ as test function for the

first equation in (1), so that by integrating by parts we obtain, also in view of the no-flux
boundary conditions, that

;i/(u_i_])p
p(p—=1)dr Jg

=;/<u+1>P*1V~W—;/(Hl)“lv.(f(u)w) (22)
:_/(u+1)"*2|w|2+/<u+1)1’*2f<u>Vu-Vv on (0, Tya).
Q Q

Through an application of Young’s inequality and (3), the latter term reads

2
/<u+1)P*2f(u)w'Vvslf<u+1>"*2|wt|2+K—/(Hl)””"*ﬂw2
o 2 Jo 2 Jo (23)

for all ¢ € (0, Tppax),

and the second integral at the right-hand side is estimated by the Holder inequality so to
have

1 1
2 2\ 67
/ (u+1)"+2“—2|w|25(f <u+1><"+2“—2>9) (f |W|29>“ on (0, Tye).  (24)
Q Q Q

2(p—2+20)0

Now (recall that p > 2 — 2« by virtue of (16)) we can apply Lemma 4.1 with p = > ,

q= % and, once the following inequality (used in the sequel without mentioning)
x+y)Y<2°(x*+y*) foranyx,y>0 and s >0

is also considered, we obtain for every ¢ € (0, Ty4x)

: 2p+2a-2)
20—2)0 5
(/ (u+ 1)pH2e=2) ) =+ 1D2| Z(piza—Z)g
Q L r

()
» 2(p+[2’a72) | » 2(p+]2)a72)(l_a])
salVa+1D2 g [+ D2, (25)
LP(Q)
p 2(p+22-2)
+al@+Dz) , ",
LP(Q)

where ¢; > 0 depends on Cgy, and with a; € (0, 1) taken from Lemma 4.6. As a conse-
quence, by observing that the mass conservation property (7) implies the boundedness of

(u+ 1)% in L0, Tax); L% (£2)), from (25) we have that for some ¢, > 0 and 8; € (0, 1)
deduced from Lemma 4.6

1
7 B
(f (u+ 1)(’”'2“_2)6) <c </ |V (u+ 1)% |2> +c¢, forevery t < Tyuy- (26)
Q Q
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19 Page 14 of 20 S. Frassu, G. Viglialoro

In a similar way, we can again invoke the Gagliardo—Nirenberg inequality, with an evident
choice of p and ¢, to have for some ¢3 > 0 and a; € (0, 1) as in Lemma 4.6

1
’ (7 2 [l
20
(/ IVl ) = [[IVvl?]l?,, <63||V|Vv|q||L2(Q>|IIV Iqllq g 3|||Vvlq||q
Q LT (@

forall t < T,,,,.

In particular, by exploiting (8), we entail that (taking in mind y; € (0, 1) from Lemma 4.6)

1
, ra Y1
(f |Vv|25> <y (f |V|Vv|"|2> +cq forallt € (0, Tpay), 27
Q Q

with some computable ¢4 > 0, also in terms of ¢y.
Subsequently, by collecting (23), (24) and adjusting the product between (26) and (27)
by means of the Young inequality, relation (22) becomes

s <f |V<u+1>’-z’|2> (/ |V|Vv|‘f|2)m 28)
Q Q
—1

1
+—2/|V(u+1)%|2+q P + ¢
2p* Jo

for all ¢ € (0, T,,,,,) and some c5 > 0.

Estimating %% Jo [Vv]* on (0, T,,.,) First, by applying the identity A|Vv|> =2Vuv -
VAv +2|D?v|?, we arrive for all x € Q and ¢ € (0, T},qy) at

(IVv|?); = A|Vv|? =2|D*v|* =2|Vv|* +2Vg(u) - Vv =2Vv-VAv—2|Vv|>+2Vg(u) - Vv.

With such a relation in mind, by using |[Vv|?4~2 as test function, a differentiation of the

second equation of problem (1) implies that on (0, 7,,,.) this estimate holds:

3|Vl|?
f|Vv|2"——<q—1>f Vo VPP + f vope2 VR
qd[ Fle} 81)
—2/ |Vv|2q*2|Dzu|2—2/ V| +2/ IVu|* 2V g(u) - Vu.
Q Q Q

Now, by relying on bound (8), some Ly > 0 providing fQ |[Vv| < Ly exists; henceforth, an
application of Lemma 4.2 allows us to find C, > 0 such that for some suitable n > 0 we
have

dtf|w|2"+<q—1>/ Vol V|V uP |2+2/ Vo 2|D2v|2+2f IVl
q
(20)

fn/ |V|Vv|q|2+cn+2/ Vo 2Vg(w) - Vo on (0, Tyar)-
Q Q

@ Springer



Boundedness in a Keller—Segel Model with Nonlinear Production Page 15 of 20 19

By integrating by parts the latter integral above and using Young’s inequality, we get
2/ |Vv|22Vg(u) - Vv
Q

=-2(q— 1)/ g(u)|Vu|2q*4vU.V|vU|2—2/ gW)| VX2 Av
Q Q

(30)
< (";1)/|Vv|zq*“|V|Vv|2|2+2<q—1)/(g(u>)2|w|2‘f*2
Q Q

2
+—f |VU|2q*2|AU|2+’1/(<§’(M))2|Vv|2{r2 on (0, Tax),
nJq 2 Jg

where
2
—f |W|2"*2|Av|252/ VU2 Do
nJjq Q

due to the pointwise inequality |Av|?> < n|D?v|?. Henceforth, by exploiting (30) and recall-
ing assumption (4), we can rephrase (29) as

2
dt/ Vol + ( (g )/ |V|Vv|"|2<c6/<u+1>2’|W|2‘f 2 on (0, Tyao),
q
31)

where c¢g is a positive constant depending also on K. Let us now estimate the last integral
in the previous bound. By employing the Holder inequality, we first obtain the following
estimate

1 1
f (u+1)21|VU|2q_2§( / (u+1>2’“)” ( / |Vv|2<q-”“’>“ on (0, Tey).  (32)
Q Q Q

whereas by relying on Lemma 4.1, we find a constant ¢; > 0, depending on Cgy, such that
for a; € (0, 1) from Lemma 4.6 we arrive at

1
w 4l
(/<u+1>2’“) =+ D57,
Q L 7P (Q)

4 (1—a3)
<olVu+DI| -

AN ICERIL 17 (33)

+erll(u + 1)%”2 on (0, Tynax)-
LP(Q)

On the other hand, by arguing as before, we infer for some cg > 0, 8, € (0, 1) in Lemma
4.6 and by the finiteness of ||(u + 1)% ||L% @ (immediately coming from (7) in view of

0<l<%<1)

1
In B2
</ (u+ 1)”“) ' <cg (/ IV(u+1)% |2> +cg forall 1 € (0, Thax)- (34)
Q Q

(Let us note that in (33) we have intentionally applied the Gagliardo—Nirenberg inequality
with exponent q = % only for exhibiting reasons; indeed, the expression of B in Lemma
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19 Page 16 of 20 S. Frassu, G. Viglialoro

4.5 appears more compact than the one that would be obtained by considering the optimal
exponent q = % This does not preclude the sharpness of the assumption because, since u is
taken indefinitely large, the exponent p has the control on a3z, and not q.)

At this point, by making use again of the Lemma 4.1, positive constants ¢y and ¢ imply
1

2g-n | o
Vvl = [[IVul 2q-1)
Q L 7 "

2(g=1 2(!] 1)( 1—ay)

v I"II "

= oollVIVUIll (g,

2(g=1

+C9”|Vv|q” ﬂq on (0, Tmax)a
L4(2)

1
W Y2
(/ |Vv|2@- W) <c10(/ |V|Vv|q|2> +cio foreveryt € (0, Ta), (35)
Q

where, once more through Lemma 4.6, y, € (0, 1) and a4 € (0, 1).
Finally, by plugging relations (32), (34) and (35) into bound (31), a further application
of Young’s inequality gives

fw |2q+< 4 >/|V|Vv|q|
p 2 Y2
5011</ |V(u+1>7|2) (/ |V|Vv|q|2) (36)
Q Q

1 ) q—] 2
+— | IVu+D)2]"+—=— | IVIVV|?|"4¢c;; forall r < T,
2]72 Q 3‘]2 Q

c11 being a proper positive constant.

Combining Terms: The Absorptive Inequality on (0, 7,,,,) Adding the two contribu-
tions from (28) and (36) yields for some ¢y, > 0

i(*/(wl)’%l/ |Vv|2q>+i/ VGt DEP
dt \ p(p—1) q Jo p?Ja
+<4(q )f VIVl ? (37)
p 1 Y1
<cn ([ |V(u+1)f|2> (/ |V|Vv|q|2>
Q Q
» B V2
+ci2 (/ |V<u+1)f|2> (/ |V|Vv|q|2> +cin on (0, Thar),
Q Q

where accordingly to Lemma 4.6, the coefficients 8, + y; € (0,1) and B, + y» € (0, 1).
Therefore we can apply the first inequality of Lemma 4.3 to (37) so to write for any € > 0
and some c(¢€) > 0 the above two products of powers as

6/IV(M+1)%|2+6/IVIVUI"|2+C(6) on (0, Thuax)-
Q Q
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If now we fix € > 0 and > 0 so small to ensure that ¢ = #—e >0and¢ = ‘”fq—;l)—n—e >
0, a positive constant c¢;3 producing

d 1 1

— <—/(u+ P + —/ |Vv|2‘f> +5/ IV + D2

dt \p(p—1 Jo qJa Q (38)

+éf VIVOlP <ers on (0, ),
Q

can be computed. Again by employing twice the Gagliardo—Nirenberg inequality, we have
for k1 € (0, 1) and «, € (0, 1) derived in Lemma 4.6, and suitable large ¢4 > 0, that these
estimates hold true for all ¢ € (0, T},,4,):

/ @+ 1" =+ DE 2 < el Ve + DR I+ DEPG
Q L7 (Q)

22
+eull@+D2I17,
L7 (@)

and

2, 2 2k 2(1—x2) 2
VOl = 1Vl q) < sl VIVUI IS0 VOIS "2 4 el VO,
Q LY (Q) L7(Q)

The already used mass conservation property and the boundedness of ||v(-, 1) || y1.n(gq), pPro-
vide some positive constant ¢;s such that

K1
/(u-i-l)”fcls </ IV(u+1)17|2> +cis  forallz € (0, Ta), (39
Q Q
and

K2
/IVvlzqfcls (/ |V|Vu|‘1|2) +cas  on (0, Ta). (40)
Q Q

Consequently, by collecting (39) and (40), we can rewrite (38) in the following way

i(;/(u—i—l)l’—}—l/ |VU|2q>+C16 (/(M-FI)/’)K] ¥ 6 (f |Vv|2q>K2
dit \p(p—1) Jg q Ja Q Q

<ci7 on (0, Tyu),

with positive constants ¢y, ;7.
From all of the above, we invoke the second inequality in Lemma 4.3, so to see that the
function y = y(¢) satisfies this initial value problem

{y/(t) + ey (t) <cro on (0, Ty,

¥(0) =30 = b [o o) + DPdx + 1 [ [Vvo (o) P4dx,

with suitable constants «, cg, cj9 > 0. This leads to the conclusion for appropriate L > 0
since standard ODE comparison arguments give

1
c K

y(t) < max {yo, (ﬁ) } for every t < T,y - O
C18
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With these gained bounds, we exploit a general boundedness result to quasilinear
parabolic equations (see [21]) so to ensure uniform-in-time boundedness of the local so-
Iution (u, v) to system (1).

Proof of Theorem 2.1 Let (u, v) be the local classical solution to (1). Upon enlarging p and
q accordingly to what said in item (i) of Remark 2, we can obtain that the term f(u)Vv €
L0, Tax); L11(R2)), for some ¢, > n + 2. So we conclude thanks to Lemma 5.1, [21,
Lemma A.1] and the dichotomy criterion (6). O

Remark 3 (Some hints about the parabolic-elliptic model) Let us consider the equations
Uy =Au—V-(fwm)Vv) and 0=Av—v+g(u), inQ x (0, ), 41

endowed with homogeneous Neumann boundary conditions, nontrivial initial data u (x, 0) =
uog(x) > 0, where f and g comply with assumptions in Theorem 2.1. Similarly to what
already done, we have

! P p—1 1 -1
mdt/(”"'l) ——/(u+l) V. VM—F -+ PV (Fu)V)

—/(u+1)ﬂ-2|w|2+/(u+1)P—2f(u)Vu~Vv
Q Q
< —/(u-i— P72 | Vul?

Q

pra+l—1

st [ on (0, Tha).

This estimate is essentially the same than that derived in [27, §4] so that, as therein, in order
to take advantage from a combination of the Gagliardo—Nirenberg and Young’s inequali-
ties, one has to impose o« — 1 +1 < % (coinciding, exactly as discussed in Sect. 2.2, with
the parabolic-elliptic version of assumption (5)); consequently, the integral % fQ (u +
1)P+*+=1 can be suitably treated. Standard procedures, successively, provide that u
L*>® (0, Tuax); LP(S2)) for arbitrarily large p > 1, and hence also g € L*°((0, T,,4,); LP(2))
for any / € (0, 1). Finally, elliptic regularity theory applied to the second equation in prob-
lem (41) infers uniform bound of Vv, on (0, T,,), so that # and v are uniformly bounded
forall > 0.

We note that the necessary regularity of Vv is gained only by differentiating [, (u + 1),
by using the initial-boundary value problem (41) and, solely, the mass conservation property;
neither an estimate like that in (8) is a priory needed nor the analysis of the term fQ |Vv|*,
involving the extra parameter ¢, has to be developed.
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