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ABSTRACT. This work studies the existence of classical solutions to a class of
chemotaxis systems by

ut = Au— xV - (uVv) + ,uluk — uzuk+17 in Q X (0, Tmax),
vy = Av + aw — fv — yuv, in Q X (0, Tmax),
wy = Aw — duw + pzw(l — w), in Q X (0, Tmax),
1o} o 1o}

l:l:£:07 on 9 x (0, Tmax),
ov ov ov

u(z,0) = uo(z), v(z,0) =wvo(z), w(x,0)=mwo(z), z€Q,

that model interactions between tumor (i.e., w) and immune cells (i.e., u)
with a logistic-type source term piuf — pou®t1 k> 1, also in presence of a
chemical signal (i.e., v). The model parameters x, p1, u2, 143, a, 8,7, and § are
all positive. The vector v is the outward unit normal on 9. The value Tmax
indicates the maximum instant of time up to which solutions are defined. Our
focus is on examining the global existence in a bounded domain 2 C R™,n > 3,
under Neumann boundary conditions. We distinguish between two scenarios:
k > 1 and k = 1. The first case allows to prove boundedness under smaller
assumptions relying only on the model parameters instead of on the initial data,
while the second case requires an extra condition relating the parameters x, pu2,
n, and the initial data [|vg||foc (). This model can be seen as an extension of
those previously examined in [11] and [4], the former being a system with only
two equations and the latter the same model without logistic.

1. Introduction. This work studies the dynamics between tumor cells and im-
mune cells influenced by the presence of a chemical signal released by the latter.
The interplay between these units has been broadly studied as a chemotaxis model
[2, 16]. Chemotaxis, as a model where units (microorganisms as bacteria or or-
ganisms as animals [22]) move in response to chemical gradients, was first modeled
by Keller and Segel considering mainly two dynamics. The first is the so-called
production model [9], where a population of cells u = u(z,t) (e.g., amoebae in the
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first study), * € Q a bounded region of R?, ¢t € R, releases a chemical substance
v =v(z,t) (in that case the acrasin), related to the simplified mathematical model

ug = Au — xV - (uVv), in  x (0, Tinax)

vy = Av — v+ u, in Q x (0, Tmax)

ou Ov (1)
% = % = O, on 89 X (O,ﬂnax),

u(x,()) = UO(x)v ’U(:U,O) - UO(x)v T e ﬁa

with x the chemotactic coefficient measuring the strength of chemotaxis, i.e., the
term —xV - (uVv) represents the movement of the cells towards the chemical signal.
The vector v represents the outward unit normal on the boundary 9. The value
Tiax € (0,00] indicates the maximum instant of time up to which solutions are de-
fined. All the models discussed within this work are assumed to have homogeneous
Neumann boundary conditions. Henceforth, for the sake of brevity, this homoge-
neous Neumann boundary condition will be implicitly assumed for all models and
omitted from their explicit statements.
The second is the consumption model [10] which, in a simplified form, reads:

ur = Au — xV - (uVv), in 2 x (0, Tnax)
vy = Av — uw, in Q x (0, Tinax) (2)
u(z,0) = up(z), v(z,0)=vo(z), z€Q,

where the population of bacteria u(x,t) moves toward higher concentration of oxy-
gen v(x,t), thereby depleting it. For more details on these models and the main
theoretical techniques to tackle their studies, the reader may address the surveys
and papers [2, 5, 6, 7, 17, 18, 19, 1, 16, 12, 13]. Those works deal with analyses
concerning local and /or global solutions for models defined on bounded and smooth
domains 2 of R™, for n > 1; specifically, some aspects regarding the possibility of
blow-up in finite time are considered.

To summarize some of these results, regarding model (1), as mentioned in [18]
and the references cited there, for n = 1, all the solutions are global in time and
bounded; meanwhile, for n = 2, it is required that [jug|/z1(q) < 4m. Otherwise,
for n > 3, global and bounded solutions exist provided that [luo||, 5+s @ <€ and
Vo pnts ) < € for some & > 0 and any 6 > 0 [25]. However, blow up either in
finite or infinite time may occur for n = 2 if |lug||z1(q) > 47. Also, for n > 3, the
solution may be unbounded either in finite or infinite time when €2 is a ball.

On the other hand, for the consumption model, in [17] it was proved that system
(2) possesses a unique classical global uniformly-in-time bounded solution if 0 <
x < m for a smooth bounded domain 2 C R™ and n > 2. Note the

required relationship between the parameter y, the initial condition vg(z), and the
dimension n. That restriction was sharpened by [1], always linking those three
values. In case of arbitrary large initial data, global weak solutions are obtained in
smooth bounded convex domains 2 C R? [19].

The aggregation processes mentioned above are essentially connected to an un-
controlled increasing of the cells’ distribution; this is typical for production models
(1), where the intensity of attraction actions are higher. In this sense, the presence
of an external source of the form u — u* for k& > 1 (i.e., of logistic-type), in the
equation for u provides a dampening effect possibly limiting the presence of blow



up; despite this, for k close to 1, even this presence is not sufficient to prevent
gathering formation [21, 26].

Conversely, for consumption models (2) (which are of our interest in this paper),
the situation is quite different. Indeed, even though this is a challenging problem,
it is conjectured that such mechanisms do not present blow up phenomena. As
indicated above, globality and boundedness are nonetheless achieved, provided a
smallness assumption on the product x||vg||z(n). As a consequence, it appears
natural to introduce logistic sources not to prevent blow up, but rather to ensure
boundedness even for large values of x||vo|| (). This choice can be traced in the
model studied by Lankeit and Wang [11]:

ug = Au — XV - (uVv) + piu — pou?, in Q x (0, Tmax),
vy = Av — uv, in Q x (0, Timax), (3)
uw(x,0) = up(z), v(z,0) =wvo(x), r € Q,

with  C R™ a smooth bounded domain, n € N. The presence of such an external
source of logistic-type benefits the boundedness of the global solution provided a
restriction on the problem parameter uo reading

g2 > K1 (0)[[xvoll £ () + Ko(n) [ xv0l|7% (0. (4)

for some positive constants K1 = K;(n) and Ko = Ka(n).

Several extensions to those models have been proposed, including as well a third
equation in the model relating prey and predator [22]. In this context, the preda-
tor moves toward the gradient of concentration of some chemical released by prey
instead of moving directly toward the higher density of prey [23]. The dynamics of
prey and predator consider both the production and consumption models, in the
sense that the prey (i.e., w) produces the chemical (i.e., v), while it is consumed by
the predator (i.e., u). Let us consider as a reference point the model

up = Au—xV - (uVv) +g(u) inQx (0, Thax),
vy = Av + hy (u, v, w) in Q x (0, Trax), (5)
wy = Aw + ha(u, w) in Q x (0, Tiax),

and the respective initial conditions for each function.

In [8], Hu and Tao identified a critical mass of lymphocytes necessary for the
coexistence of tumor and immune cells, highlighting the importance of immune
response in tumor dynamics. The proposed model describes the interaction of two
cells with one chemical secreted by the tumor cells, where u = u(x, t) represents the
density of lymphocytes, v = v(x,t) describes the chemical signal secreted by tumor
cells, and w = w(x, t) denotes the density of tumor cells. In this case, z € Q C R?, a
bounded convex domain with smooth boundary. The term —xV - (V) in the first
equation in (5) represents the movement of the lymphocytes toward the chemical
signal, and the external source is ignored, i.e., g(u) = 0. The sources for the
second and third equations are chosen as hj(u,v,w) = w — v — wv, which combines
the production of chemical signal and the consumption by the immune cells, and
ha(u, w) = —uw + w(l — w), combining the consumption of the tumor cells by the
immune cells with a natural logistic growth term of the tumor cells. The system
is proven to admit a unique global uniformly-in-time bounded classical solution for
all nonnegative initial conditions (ug, vo, wg) € C°(Q) x W1>°(Q) x W1>(Q), with
ug Z 0, vg > 0, and wy Z 0.



The lack of parameters scaling each term in the equations for their choices of
hi(u,v,w) and ho(u,v) loses the sense of dimensionality of the model, as observed
n [22]. That was a motivation in [4] to propose a model with hj(u,v,w) = aw —
Bv — yuv and hg(u,w) = —duw + pw(l — w). The parameters x, a, B, 7, J, and
u are assumed to be positive constants. The constant « is the production rate of
the chemical, by the tumor cells, 8 is the decay rate of the chemical and ~ is the
consumption rate of the chemical by the lymphocytes. The parameter J models
the destruction rate of the tumor cells by the lymphocytes. Lastly, i is the growth
coeflicient for the cancer cells.

In that work, 2 C R™ is considered to be a bounded domain with n > 3. The
studied fully parabolic system admits a unique nonnegative global classical solution
uniformly bounded-in-time, provided

T /2

a «
maX{Ba BHwOHL“’(Q)a |U0||L°°(Q)} < Vo (6)

A natural following up is to consider an external source for the first equation
g(u) = pu® — pouk*t, for k > 1 and positive p; and po. Let us consider the model,
extending the proposals in [11, 4], describing the tumor-immune cell interactions by

up = Au— xV - (uVv) + ek — pouFtt, in Q x (0, Trmax),
vy = Av + aw — v — yuw, in Q x (0, Trax), .
wy = Aw — duw + pzw(l — w), in Q x (0, Thax), @

u(r,0) = uo(z), v(z,0) =vo(z), w(z,0)=wo(z), z€Q,

where x, a, 8,7,0, and us are positive constants. The considered domain 2 C R"™,
with n > 3, is bounded and with smooth boundary 0f2.

The logistic source term for lymphocytes g(u) = pyu* —ppuF+t = pu® (1 - %u)
captures the dynamics of lymphocyte population growth and proliferation, reflect-
ing the self-regulating nature of the immune response in the presence of a tumor
[24], [15]. As the number of lymphocytes increases, the rate of growth slows down,
eventually leading to a plateau in the population size. To the best of our knowl-
edge, there are no studies carried out for system (7) with logistic source of that
form. With k = 1, we recover the well-known logistic source term studied in [11].

For w = 0, that is, when no indirect effects are taken into account, we refer to
[20] for analyses concerning models closely related to (7) as a particular case of (5).

1.1. Main result and structure of the paper. In order to formally present the
aforementioned analysis, let the initial data (ug, vo, wo) satisty
ug € C°(Q), with ug >0 inQ,
vo, wo € CH(Q), with wvg,wp >0 inQ.

(8)

With these initial conditions, we are able to state what follows.

Theorem 1.1. Let Q C R”, with n > 3, be a bounded domain with smooth bound-
ary, and let x, o, B8,90,7, u1, pa, and usg be positive constants. Let ug, v, and wy be
initial conditions to (7) fulfilling the hypotheses in (8). For Ms := max {1, HwOHLoo(Q)}

and M3 := max {%Mg7 llvoll o= () }, let us assume that those parameters satisfy for
k>1,
0>ps and a<2min{B+vy,0 — ps} (9)



and, for k =1, satisfy both (9) and
244 % nt2 n nt2 n
po > Ar(n)x“ T Mg+ Ag(n)y 2 M3 + As(n)d = My, (10)

for certain computable constants A1(n), As(n), and As(n).
Then, problem (7) admits a unique classical solution, globally and uniformly
bounded in time.

Remark 1.2. The same result, under the same hypotheses, applies to the model
obtained by replacing the first equation with u; = Au—xV - (uVv) + pul — pgur+!
for any | € [1,k 4+ 1). This remark will be further clarified in Section 4.1 following
the proof of the preceding theorem.

Remark 1.3. It is worth noting that for & > 1, large values of x/||vo||z~(q) are
allowed, and the restrictions are only on the problem parameters «, 3, 9,7, and us.

Remark 1.4. If we compare the condition in (4) with (10), considering model (7)
as a generalization for & = 1 of model (3), it becomes evident that adding that
equation for w does not change the type of constraint on the data, rather it only
adds an additional term associated with w. However, for £ > 1, the benefit of the
constraint that does not depend on |[vgl| (o) and [Jwo| (o) is noticeable.

On the other hand, comparing (6) with (10), we can see how the extension of the
model proposed in [4] to model (7) has the advantage of eliminating the constraint
for the value [|wo|| Lo ()

Remark 1.5. The work of Hu and Tao [8] investigated a dimensionless variant
of our model (7) in R?, notably lacking a logistic-type source term. Their find-
ing of global existence for uniformly-in-time bounded classical solutions, achieved
without imposing specific conditions, significantly reduces the necessity of incor-
porating a logistic source term solely to prevent potential solution blow-up in this
two-dimensional setting. Consequently, our subsequent analysis specifically concen-
trates on scenarios where n > 3.

Theorem 1.1 is proved as a consequence of some lemmas and quoted inequalities.
To clearly present the proof, the remainder of the paper is organized as follows.
Section 2 presents some known results from the literature, which are used during
the proofs in this paper. The next Section 3 proves the local existence of solutions
(u,v,w) for the considered model. These solutions are positive, and their bounded-
ness in some Sobolev spaces is proved. Moreover, an extensibility criterion is given
which supports the globality of the existing local solution. Finally, Section 4 proves
the main result already stated in this section (i.e., Theorem 1.1) as a consequence
of some a priori inequalities and the results in Section 3. To conclude this section,
some thoughts are devoted to further refining the arguments in Remark 1./.

Throughout the proofs, many constants, denoted by ¢;,7 € N, are explicitly com-
puted, supporting the statement in Theorem 1.1 to provide computable constants.
However, their explicit forms can be cumbersome. At the same time, showing them
makes it easier for the reader to follow the passages along the inequalities, hence
the decision to include Appendix A where the explicit values of some constants are
shown.

2. Some preliminary results. We dedicate this section to present some lemmas
supporting the main results within this work.



With the Gagliardo-Nirenberg inequality, we refer to the version proposed in [14].
In particular, we claim that for all ¢ € W12(Q)N Lv (Q), where p > 1, it holds that

léllzz@) < Can (nwan wllol's? + o] zm>, (1)

with 6 = ﬁ € (0,1) and for a positive constant CGN = Can(p,n, Q).

Let us present some inequalities from [11, Lemma 2.1, Lemma 2.2] in the following

2
lemma. The term D%y denotes the Hessian of ¢ and |D%y|*> = Y7 =1 (32—11’) .

Ox;x;
Lemma 2.1. 1. For any function ¢ € C?*(Q),
|Ay|? < n|D*y? (12)

throughout €.
2. Let p € [1,00). For every n > 0, there is C,, > 0 such that every function
Y € C%(Q) with g—f =0 on 0N) satisfies

2p—2 o|Vi|? 2p—4 22 < 2>p
[ vepr L < [jwprtwivere o, ([veR) . as)

3. Let q € [1,00). Then, for any v € C*(Q) satisfying w% = 0 on 09, the
inequality
2(g+1
||V¢||L(zq<q++1)>(g 2(4¢° + )Y Loe (o IIVY 1T DY) 22 (14)
holds.

The following two known results will turn out to be useful as well, and are
presented here without proof.

Lemma 2.2. For any function 1 € C%(Q) the following identity holds:

A|VY|* =2V - VAY + 2| D)% (15)
Lemma 2.3. For any function ¢ € C?(2) and p > 1, the following inequality holds:
[VIVY[P|? < p? |Vl P2 D). (16)

The following lemma presents several useful inequalities. For clarity, these in-
equalities are expressed using generic functions ¥ and ¢, which represent any of the
state variables u, v, or w from our system (7) that satisfy the conditions outlined in
Lemma 3.1. Specific instantiations of these inequalities, substituting u, v, or w for
1 and ¢, will be used in subsequent proofs.

Lemma 2.4. For any nonnegative functions v, p € C?(Q), any positive €1 and e,
and any p > 1, the following inequalities are valid.

1. For any k > 1, there exists a computable positive constant c¢1(e1,€2) such that

Jwrvet <en [ ot ses [ Voo b ez a7)
Q Q Q
2. There exists a computable positive constant ca(g1) such that
/W’WWIZ) S51/\V<P|2(”“)+62(€1) PP (18)
Q Q Q

3. For any k > 1, there exists a computable positive constant cs(e1,€2) such that

/ P2V~ < 51/ Y +52/W<ﬂ|2(”+1) + c3(e1, €2). (19)
Q Q Q



4. There exists a computable positive constant cy(e1) such that

/Q PV < oy /2 V20D 4 ey(e) /Q g+, (20)

5. There exists a computable positive constant c5(e1,2) such that

/ V2|Vl < ey / V2D 4 o / Vol 4es(erc). (21)
Q Q Q

6. There exists a computable positive constant cg(e1) such that
JIveir <er [ [9IV0P + cofea) (22)
Q Q

Proof. Since the proof of some of the inequalities follows a similar line of reasoning,
let us then show the proof for just a few of them. For instance, to prove the
inequalities in (17), (19), and (21), we can consider the first one of them. By the
Young inequality,

P
» 2 ptk k p k 2(p+k)
/Qw V| < El/ﬁw +p+k (61(p+k)) /Q|VSD‘ :
< 61/wp+k+€2/lv<pl2(”+1)+cl(81,€2),
Q Q

with ¢1(e1,€2) as in (59).
On the other hand, inequalities (18) and (20) are derived similarly. In particular,
for (18) we have

[ or1vel <en [ [VoP@H) o) [ oo
Q Q Q
with cz(e1) defined in (60).

Lastly, regarding (22), from the arithmetic mean - quadratic mean inequality
(i.e., (a+b)/2 < +/(a? 4+ b?)/2) and the Gagliardo-Nirenberg inequality in (11) for
¢ = |Vy|P, we deduce

V| < 20an|IVIVOIPI2S o0 [V PIIPE? & 2Can | [V [P |2
/QI PP < 2Can|IVIVYIP (1720 VY IIL%(Q)+ anll| Ve IIL%(Q)

0 p(1-0) p
< 20an (/wazmpﬁ) (/va) +2Cex (/wag) ,

(23)

with 0 = pi%lz as already defined.
Using the bound [,,|V#|* < C for some constant C' > 0 (which will be established

for the solutions later), the Young inequality applied to (23) leads to

0
/Q|Vz/)|2p < 20gnCPA—9) (/QWVW’P) + 2CoNCP

< &1 [ IVIVUPP + coler)
Q
with cg(e1) defined in (64). This completes the proof of (22). O

Remark 2.5. It is important to recognize that the constants ¢; for ¢ = 1,...,5
appearing in inequalities (17)-(22) depend on the parameter p. Their explicit forms,
reflecting this dependence, are detailed in (59)-(64). We further emphasize that this
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p-dependence is a general characteristic for many constants derived throughout this
work, as can be systematically traced via the detailed computations and expressions
in Appendix A.

3. Local existence and extensibility criterion. First, we state the local solv-
ability of the system of equations (7), and we prove some properties of the local
solution (u, v, w), for instance the boundedness of u in L*(2) and of v, w in L>().
An extensibility criterion is presented as support to derive the globality of the local
solution obtained.

Lemma 3.1 (Local existence and positivity). Suppose that Q@ C R™, n > 2, is a
bounded domain with smooth boundary and q > n. Then, for nonnegative initial
data satisfying (8) and for positive constants k > 1, x, o, B,7,0, i1, p2, and s,
there exists Tynar € (0, 00] such that system (7) admits a unique nonnegative solution
(u,v,w) belonging to
u€ C%(Qx [0, Thaz)) NC*' (2% (0, Thnas) »
v,w € C” (U x [0, Thaz)) NC*' (X x (0, Thnaz)) N Lis, ([0, Trnaz) s WH()) .

Furthermore, if Tyep < 00, then

limsup (Ju(:, 8)l| (@) + [0C. O)llwra(@) + lw(- O)wraq) = oo

t—=Thas

Proof. The proof follows the same arguments as in [4, Lemma 2.1]. O

Then, we proceed by stating the mass limitation for v and boundedness for v
and w as a foundation for further analysis.

Lemma 3.2 (Mass limitation and boundedness). Let the hypotheses of Lemma 3.1
be satisfied. Then, the solution (u,v,w) satisfies

k
ot < M, = _— Vte (0, Tha 24
Ju( )21y < M max{|UO|L1(Q)7 PRUESY € (0, ) (24)
and
(s 8)ll ey < Ma = max {1, woll (@ }. ¥ t € (0, Tomas), (25)
(0%
[0(-, 6) oo 0y < Ms = max{BMg, leoll ey } ¥ 1 € (0, Tonas). (26)

Proof. By differentiating the functional fQu and using the Neumann boundary
conditions, we have

d
— [ u< ul/ uk — ug/ uF 1 for all ¢ € (0, Thax)- (27)
dt Jo Q Q
The Young inequality gives
- u < _&/ UkJrl + c7, Vte (OaTmax)a (28)

where ¢7 as in (65). Moreover, the Holder inequality leads to

d s k+1
— < - for all ¢ Thax)-
i s i (fr) v oaee 0

The last differential inequality, by denoting y(t) = [, u with initial condition y(0) =
Jo uo, provides the bound in (24).
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Further, (26) and (25) are consequences of the parabolic maximum principle
(see, e.g., [3, §6.4 and §7.1.4]). Indeed, the first equation entails that v = 0 is a
subsolution, therefore we can assure that any solution u is a nonnegative function.
As a consequence, the third equation implies that @w = 1 is a supersolution such
that 0 < w < 1 for all (z,t) € Q x (0, Tax). We exploit this information to observe
that v = %Mg is a supersolution for the second equation. The claim follows by also
considering the initial conditions for v and w. O

From now on, (u,v,w) indicates the local solution to problem (7) provided by
Lemma 3.1 and fulfilling the properties in Lemma 3.2.

In model (7), we not only obtain the mass limitation for u, but further properties,
such as the inclusion of Vv and Vw in L*((0, Tyax); L2(2)).

Lemma 3.3 (Gradient limitation). Letk > 1, > ps3, and o < 2min {8+, — pus}.
Then, there exists a constant C' > 0 such that

/|Vv(~,t)|2 <C and /|Vw(~,t)\2 <C, Vte (0, Tow).  (29)
Q Q

Proof. The thesis is derived from a differential inequality by studying the evolution
of the functional

p(t) = MRS /u+/|Vv|2 /|Vw|2 VEE (0, Tone).  (30)

For the second term in the sum, integrating by parts and by the Neumann bound-
ary conditions, we obtain for all ¢ € (0, Tinax)

di/|Vv|2:2/VU~VUt:2/Vv~V(Av+aw—ﬁv—'yuv)
tJo Q Q

:—2/|Av|2+2a/Vv-Vw—?ﬁ/|Vv|2+27/uvAv
Q Q Q Q
:—2/|Av|2+2a/Vv-Vw—?ﬁ/|Vv|2

Q Q Q

+2fy/(u—1)vAv—2'y/|Vv|2
Q Q

(31)

After neglecting some non-positive terms, by considering the Cauchy-Schwarz in-
equality and the upper bound in (26), it follows for all ¢ € (0, Tiyax) that

d
£/|Vv|2§—2/|Av|2+2a/Vv~Vw—2(6+7)/\Vv|2
Q Q

+9 [w=1p [ o

SQa/Vv~Vw—2(ﬁ+'y)/|Vv|2—|—72/(u—1)2112

Q Q Q

<(a-28-2)) [[VoP +a [ Vol +9205 [ (w17
Q Q Q

(32)
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On the other hand, with analogous reasoning as for [, uvAv in (31), we have for
all t € (0, Tinax) that

%/|Vw|2=2/Vw-th:2 Vw -V (Aw — duw + pgw(l — w))
o Q Q
:—2/|Aw|2—|—26/uwAw—l—Q,ug/\Vw\Q—él,ug,/w|Vw|2
Q Q Q Q
< 52/ w2(u—1)2—2(6—u3)/|Vw|2—4u3/ w|Vuwl?
Q Q Q
<o [ (w17 20~ ) [ [Vl
Q Q

after neglecting some non-positive terms in this occasion as well.
Let us differentiate ¢(t) in (30), considering (27), (32), and (33) we obtain

dp(t) < UlCS/uk_CS/uk+1+(a_2ﬂ_2,y)/|vv‘2
dt e Jo Q Q

+<a—26+2u3>/g|w|2+c8/g<u—1)2
(34)

< w/uk—ng/uk+1+(a—2ﬂ—2’y)/|vm2
K2 Jo Q Q

+(af25+2u3)/|Vw|2+08/(u+1)2
Q

Q

(33)

with cg := y2 M2 + 62M3 and t € (0, Tnax)-
From here, we study (34) under the two cases: k> 1 and k = 1.

Case k > 1). Let us denote ¢g := max {28 + 2y — «, 26 — 23 — a} > 0, since from
hypotheses 25 + 2y — a > 0 and 2§ — 2u3 — a > 0. From the Young inequality for
the terms [, u* and [, u?, after adding and subtracting caco Jo u, we conclude that

do(t
delt) < — =2 / u—(28+2y—a) / Vol = (26 — 23 — a) / [Vl
dt r2 Jo Q Q

S C10 — C9 90(15)’ Vi S (Oa Tmax)a
with ¢19 as in (66).
Thus, for C; := max {(p(O) C“’} it holds that

2M2+52M2 /u+/|V1}|2 /|Vw\2 < (Chy, on (0, Trnax)-

Case k =1). In this case, we recall the bound (24), and then (34) becomes

_ulcs/ 08/u+a72[3 27/|Vv|2

+(a—25+2u3)/|Vw\ +08/Q(u+1)

IN

fcz‘;g/uf(25+2’yfa /\Vv|2 (20 —2p3 — @) /\Vw\ +ci1
Q
cir — ¢y p(t),

IN

with ¢171 as in (67), obtaining in this way a differential inequality valid on (0, Tyax)-
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As in the case for k > 1, if we take Co := max {(p(O) i } it holds that

Y My 0T My M2+5 M; /u+/|w\2 /|Vw|2 <Cy YV te (0, Tmax)-
The proof is given for C' := max {C,Cs}. O

The following result allows us to extend the local-in-time existence of classical
solution to globally bounded solutions. Extensibility criteria are known in the con-
text of chemotaxis [2]; herein, for consistency with the nomenclature, for details we
refer to [4].

Lemma 3.4 (Extensibility criterion). Suppose there exists p > § > 1 such that

sup  lu(-, )| ey < oo.
te(omiaz)

Then, for all ¢ > 1, we have

sup - ([fu( )z @) + G Ollwra@) + [w Ollwra@) < oo
te(ovaam)

In particular, Tpe = 00 and u € L>((0,00), L>(Q2)).

Proof. The proof follows the same reasoning as in [4, Lemma 2.3], with the main
difference lying in the variation-of-constants formula for u(-,t) in (7). For each
t € (0, Thmax) and to = max {0,¢ — 1}, we instead have

u(-t) = eI By () — X/ =AY . (u(-, 5)Vo(-, 5)) ds
’ (35)

t
+ / e(t=9)Ayk (1 — %u) ds.
t

0

The function zk( — %z), for z € RT, attains the maximum value cjp :=
kk k e e o
m (k+1)u > 0. Therefore, u (1 b u) < c12, and by the positivity

of the heat semigroup, it follows that

t
/ et=8) Ay b (1 — %u) ds < ¢19.
t

0

at z =

The L*°(€2) norm of each side in (35) leads to

(-, )| e (@) < He(t—to)Au(.,tO)H

t
+x [
to

The bounds in [4] for the two first integrals on the right-hand side in (36) prove the
boundedness for the left-hand side.
The proof follows as in [4]. O

Lo ()
(36)

e(t*S)AV . (’LL(, S)V’U(', S))HLOO(Q) ds + H1c12.
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4. A priori inequalities. With the aim to prove the boundedness of the solution
(u,v,w) of (7) in the space LP(Q), for some p > 1, let us consider the energy
functional

(1) = / P+ / Vol + / [Vwl?,  forall t&(0,Tma),  (37)
Q Q Q

with p € (1,00). The following lemmas pursue that goal, treating each term in (37)
separately before obtaining an ordinary differential equation for ®(¢).

Lemma 4.1. Let the hypotheses in Lemma 3.3 be satisfied. Then, it holds, for all
p>1andt € (0, Tha), it holds that

20p—1 5 Zp(p—1
— [ uP+ ElCh) [Vuz|* < Xpp—1) uP|Vol? — Bb [ upek +c13, (38)
dt 2 2
Q p Q Q Q

with c13 a positive constant.

Proof. Derivating the functional fﬂ uP and considering the first equation in (7), we
obtain on (0, Tyhax) that

g/ uP :p/ uP Ly :p/ uP~! (Au — XV - (uVv) 4 pyuf — ,ugukH)
dt Jg Q Q
=—p(p—1)/ u”_Q\VUIQerp(p—l)/ up‘1VU~Vv+u1p/ upP Tt
Q Q

Q
—uzp/ uPtk
Q

-1 2p(p—1
<- pp=1) / uP | Vul? + Xrp=1) / uP | Vol —i—ulp/ upPtk—1
2 Q Q Q

2
— [2p / uPtk
Q

2(p—1 p Zp(p—1
<2zl )/|Vu7|2+7x Pl )/upm\?—@/wuclg,
p Q 2 Q 2 Jo

after applying the Young inequality with ¢35 defined in (68). O

Lemma 4.2. Let the hypotheses in Lemma 3.3 be satisfied. Then, for any p > 1,
n€0,p—1), and t € (0, Taz), it holds that

d
—/|Vv|2p g—p/|Vv|2p_2\D2v|2+cl4/|VU|2(”+1) +cl5/|Vw|2(p+1)
dt Jo Q Q Q

(39)
T er6(n, )y M2 / VP 4 e (),
Q

where c14, c15, c16(n,N), and c17(n) are positive constants.
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Proof. Similarly to what was done before, after substituting v; from (7) and inte-
grating by parts some integral terms on (0, Ti,ax), we have

di/|Vv|2p :p/\Vv|2p_22Vv-Vvt
t Jo )
:p/|Vv|2p722Vv'V(Av+o¢w761}f’yuv)
Q
= p/ IVu[?P72 (A|V|? = 2|D*v]* + 2aVv - Vw — 28|Vv|?
Q
—2vVu - V(uv))
2
=p [ woprr B o) [weprwiwep
90 v Q
—2p/|Vv|2p_2\D2v|2+2ap/|Vv\2p—2VU-Vw—2ﬁp/|VU\2”
Q Q Q
72'yp/|Vv|2p*2Vv~V(uv)
Q

2
2 S o) [ waprtwio
Q

=p [ |Vv
o9
—2p/|Vv|2p_2\D2v|2+2ap/|Vv\2p_2VU-Vw—2ﬁp/|VU\2”
Q Q Q

+2’yp/ uv|V’u|2p*2Av+2fyp(p71)/ wo|Vu|*P "4V - V|Vo|?,
Q Q

with the second line justified by the identity (15).

After ignoring the non-positive fifth term, we use the inequality in (13) for some
7 € (0,p — 1) to treat the boundary integral. Successively, applying the bounds in
(26) and (29) along with the Cauchy-Schwarz inequality leads to

d 3 P
G L < == 10 [ W wvepr 4 uc, ([ 90
Q Q Q

—2p/|vv|21’*2|D2v|2+2ap/|vv|2pf2vru-v1u
Q Q
—|—27ng/u|VU|2p_2AU+2’yp(p—1)M3/u\VU|2p_4VU~V|V0\2
Q Q
< —pp-1=n) [ [FoPPUTIVORE ~ 2p [ (Vo2 DR
Q Q
+2ap/|Vv|2p—1\Vw\+2'pr3/ u| VP72 Av|
Q Q

42990 = DMy [ VPP VIV + cas(o)
Q
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for all ¢ € (0, Tmax), where ¢15(n) := p C,,C? for the constants C' obtained in (29)
and C,, in (13).

After applying the Young inequality for u|Vv|*?~2|Av| and u|Vv[?~3|V|Vu|?|,
it follows from (12) and suitable choices for the parameters in (21) that

d
a/|V'U‘2p < *p/|Vv\2p*2|D2v\2+2ap/\Vv|2p*1|Vw|
Q Q Q
+ c16(n, 77)72M§/ u?[Vo?P2 + c1g(n)
Q
S_p/|V1’|21072|1)211|2~FC14/\VU|2(”+1)—|—cl5/|vw|2(p+1)
Q Q 0

+016(n777)72M§/“2|VU|2P_2+017(77)
Q

_1)2
with ciq == m, C15 ‘= m7 ci6(n,m) :==p (n + ;p_ll_)n>7 and c17(n)
defined in (69). O

Lemma 4.3. Let the hypotheses in Lemma 3.3 be satisfied. Then, for p > 1, by
a positive constant c19(n), with n € (0,p — 1) (and ci16(n,n) defined as in (39)), it
holds, for all t € (0, Tpas), that

d/ 2 2p—21 12, 12 1/ 2
— prg—p/pr D w|* + — V|IVw|P
7 [Ivul [[vupr 2D + - [ 1vvul)

(40)
+ cr6(n, n)8* M2 / PV ero(n).
Q

Proof. Following an analogous procedure as before, for the third integral term in
(37), we have for all ¢ € (0, Tiyax) that

d
— / |Vw|?P = p/ |Vw|??~22Vw - V (Aw — duw + ps(1 — w))
= p/ |Vw|?~2 (A|Vw|? — 2|D*w|?) — 2p(5/ |Vw|*~2Vw - V(uw)
Q Q
w2 [ V0l — apus [ wlVup?
Q Q
< [ [TuPr D% + 2o | [Vul?
Q Q
el [ Vw2 4 ()
Q
1
<—p [ [VuPr202u + = [ 9Vul?
Q pTJa

+ c16(n, m)6% M2 / u?|Vw|?72 + e19(n),
Q

after using (22) with ¢; = ﬁ and ¢19(n) as defined in (70). O
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Finally, let us use the estimates obtained from the previous three lemmas to
prove the boundedness of the functional defined in (37).

Lemma 4.4. Let the hypotheses of Lemma 3.3 be satisfied, p > 1, and either k > 1
or k=1 with

2
po > Ar(p )3T ME + Ay(p,n)yP T M2 4 Ag(p, n)sP T M2P (41)

hold, where
Avlpyn) = G5 (6 (pyﬁp2+n)>l/p (42)
p—1
e a ()
p—1
My = Teptpon (estettoopt) T

(with c16(n,n) defined as in (39)).

Then, there exists a constant C such that
/ uf + / |Vv|?P + / [Vw|® <C YV te(0,Tha)
Q Q Q
Proof. We start by combining (38), (39), and (40) to obtain an estimate for $®(t)

on (0, Tiyax) from (37):

d d d d
—P(t) = — Py 2p 4 = 2p
Go0 =g [ g [1vr+ g [[vul

< - 2(pp—1)/|vu§|2_p/lvv|2p—2|D2v|2 _p/|vw|2p—2|D2w|2
Q Q Q
—ogp [ S [T eiglnn? M [ 9ot (45)
Q Q Q
+016<na77)62M22/ “2|Vw|2p_2+014/\VU|2(p+1) +015/|Vw|2(p+1)
Q Q Q

+ 1 / IVIVw|P? + a0 (cra, 15, 1),
Q

with co0(c14, €15, 1) 1= c13 + c17(c14, €15, 1) + c19(n).

From here on, we distinguish between two cases: k£ > 1 and k = 1.

Case k > 1). Let us choose the values e; = % and €y =

H2p p in
6 16(4p2+n) M3

(19) for ¢ = u and ¢ = w. Incorporating the obtained inequalities into (45), we

712(41)23_”)]\/[32 in (17) and

(19) for ¢ = u and ¢ = v. Meanwhile, we pick €; = and ey =
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obtain for ¢ € (0, Tiyax) that

d 2(p—1 P
o) <= 2220 [1vusp—p [ |vepr2on —p [ (P20t
de P Q Q Q

p 2(p+1) p / 2(p+1)
o figepern 2 [y 16
+ s T s 7 (46)
+i/|V|Vw|P|2+c21(n)
4p Jq

where c21(n) := ca0(n) + a2 + ¢ca3(n) + c24(n) with the constants cag, co3(n), and
ca4(n) obtained from the Young inequality.

Then, thanks to (14) for an arbitrary value of n € (0,p — 1) and for every
t € (0, Thmax), the inequality in (46) becomes
d

—®(t) < — 2=l / V]2 - g/|vv|2p*2|p2v\2 - i—p/|Vw|2p’2\D2w|2
dt P Ja Q Q

—i—ﬁ/\V\Vw\pP—i—ch (47)
Q

2(p— D
<=2 vt - L[99 - [ 91Vl 4 e,
Q Q Q

due to inequality (16).

By applying the Gagliardo-Nirenberg inequality (11) with specific choices for the
function ¢, and utilizing the bounds in (29), we derive the following inequalities on
(0, Tmax ). For ¢ = u?%, we obtain:

0
/up < 20% M0 </Vu§|2> + 2C% Ny ME. (48)
Q Q

Similarly, for ¢ = |Vv|P, the inequality yields:

6
/|Vv|2p < 20% 010 (/VW|P|2> +20%C2. (49)
Q Q

An analogous inequality holds for fQ|Vw|2p when setting ¢ = |VwlP.

Here, Cgp is the constant from (11), C is the constant specified in Lemma 3.3,
and 0 = I)_I):L;_"_lg € (0,1). These constants are consistent across all applications.

1

(a% + bé> provided 6 < 1 and a,b > 0, and

Therefore, recalling (a+b)7 < 2 7
(48) and (49), we have on (0, Tinax) that

rearranging terms for inequalities (4

6
_/|Vu%|2 < —c25 (/ Up) + C26 (50)
Q Q

é
_/|V|Vv|p|2 < —co7 (/ |VU|2p> + cos, (51)
Q Q

and



17

with a similar expression to the latter for the function w,
1
T
(202N M)

=

2 2
Co5 1= s Cog ‘— (2CGNM1) C25,

1
(2CENC10)

=

o o 2 1-6
Co7 1= , Cog 1= (QCGNC ) Cav.

=

Inserting inequalities (50) and (51) into (47), we conclude

<5200 () ([r) 5 )
—Po(t) <— —*¢ uP | — — Vol )] — — Vuw|*P
de t) < P AV 2p szl | 2p Q| |

C28
Co6 + — +cC21
p

() () (o)) oo

C29
1—6
370

(52)

< —

()7 + 30, YVt E (0, Tax),

. 2(p—1)cas 2(p—1 . .
where cag := min {%, 022—; }, c30 = w+%‘+621, and the last inequality

is justified by the generalized mean inequality (a + b+ c)% < 345" (a% + b7 + c%),
with # < 1 and a,b,c > 0. Thus, we obtain the differential inequality

(1) < —;f?g B() + cs0, Yt € (0, Tonax)

e
@(O)Z/u§p+/\vuo|2p+/|wo|2p.
Q Q Q

From the comparison principle, for every ¢ € (0, Tiax), it follows the upper bound

p—1
wP + [ Vo] + [ [Vw[?? < O3 = max { ®(0), 37D (@) L (54)
Q Q Q c20

Case k = 1). Analogous to the previous case, we choose the values e; = m
3
in (18) and (20) for ¢ = w and ¢ = v. Meanwhile, we pick e; = m in (20)
3
for ¥ = u and ¢ = w. Incorporating the obtained inequalities into (45) leads to

d _ p
—P(t) < — w / |Vu?|? _p/ Vo [22=2| D22 _p/ |Vaw|2P=2| D2 ?
dt Q Q Q

(53)

2(p+1 2(p+1
+ sty | VOPO + b [ Vot -

t 1t [ V19U + e + canr) + canlnm) = 52) [t

+ 020(77)7 Vite (07 Tmax)a
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where the constants cs1, c32(n,n), and cs33(n,n) are obtained from the Young in-
equality as follows:

1
ar = P2X2(p=1) (6P (p=1)(4p° ) M3\ 7
317 2(p+D) p+1 ’

p+1 1—p
prl +1 >
032(7%77) = (016(n7 W)VZM??) 2 pi] (12(1,,{9)(&1,21,”)1\/[%) )

and
+1

p 1-p
pr1 1 .
esa(mm) = (cas(mmd*M3) 2 32 (b )

Let us impose that c31 + c32(n,n) + c33(n,n) < E3E. This inequality is valid
whenever the parameter po is chosen large enough.

We then write the restriction on us as us > f(p,n), with

1/p
_1)p2 [ 6 (p—1)(4p%*+n 2 %
f(pv 77) = (§(p+1)f) < - p+( 1p )> X2 L 43

—1

2 cr6(n, 12 c16(n,n) (4p”+n E 2
+ 16(n,m) ( 6 ( )) ,yp-l-lMSp

p+1 p(p+1)

p—1

4 2cs(nm) (16 cw<nm)<p—1>(4p2+n)) s M.

p+1 p(p+1)

From the definition of f(p,n), we can rewrite the hypothesis (41) as

p2 — f(p,0)
(56)
2

= U2 — Al(p» n)X2+%M3p - A2(p7 n),yp+lM32p - AS(pa n)5p+1M22p > 07

with A1 (p,n), A2(p,n), and Az(p,n) already defined in (42), (43), and (44), respec-
tively. With pus — f(p,n) a continuous function on both variables p and 7, there
exists an n € (0,p — 1) such that pus — f(p,n) > 0. This implies that the coefficient
of the term fQ uPt1 in (55) is non-positive. Therefore, after neglecting that term
and with analogous reasoning as from (47) to (52), the inequalities in (50) and (51)
imply that

d 2(10_1)/ 29 1 / 2 1 / 2
- < M7 22 _ — P2 _ P
GO0 <=2 [1vut = o [ [9Iup— [ VITwl e ()

< — a0 ((/ﬂw) + (/{Jwﬁp)é + (/Q|Vw|2p>é> + s

S - 612—99 (I)(t)% + C34, \V/ te (Oaﬂnax)y

[

with cg4 1= W + 28+ c20(n).

With the same argument as in (53), we obtain the upper bound

/up /|W|2p /\W\?P <y —max{@(()) gt ()+} (57)

for all t € (0, Trnax)-
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It is enough to consider as the upper bound in the thesis C = max{Cs, Cy}, with
C3 defined in (54) and Cy in (57). O

With the previous result, we are able to provide a proof to Theorem 1.1.

Proof of Theorem 1.1. We divide the proof into two cases, £ > 1 and k = 1, which
rely on different hypotheses.

For k > 1, the hypotheses in (9) agree with the requirements of Lemma 3.3. Thus,
Lemma /4.4 is valid, and, as a consequence of Lemma 3.4, it the thesis follows.

On the other hand, for & = 1, let us consider the function ps — f(p,0) al-
ready defined in (56), which is continuous for the variable p by the definition of
Aq(p,n), Aa(p,n), and Az(p,n). With abuse of notation, let us define those con-
stants as: Aj(n) = Ai1(5,n),Az2(n) = Aa(%,n), and Az(n) = A3(%,n). The hy-
pothesis in (10) states that pus — f(%,0) > 0 Then, there exists p > § such that
the hypothesis in (41) of Lemma 4.4 holds. Then, Lemma 3.3 follows from the
hypotheses in (9), and consequently Lemma 4./ applies again. O

4.1. Further reflections. We now return to Remark 1.2, where we replaced the
first equation in (7) with u; = Au—xV - (uVv)+pru! — peuk T for any I € [1,k+1).
Applying Young’s inequality to the new form of the mass inequality (27), which now

reads J
a ugm/uz_m/ukﬂ
dt Jo Q Q

leads to the same inequality (28) with the appropriate adjustment to c;. Conse-
quently, Lemma 3.2 still holds in this case. Analogously, for the proof of Lemma
4.1, the constant c¢i3 must be adjusted accordingly. Lastly, regarding the proof of
Lemma 3./, the necessary modifications involve demonstrating the boundedness of

the term in (35)
/ elt=9)8y 1 (1 — @ukﬂ_l) ds.
Q M1

Indeed, since for any such I the function u' (1 — %u’“‘l_l) is upper bounded, the
validity of the mentioned result is assured. The remaining lemmas hold with the
same proofs, and, as a consequence, the remark holds.

On the other hand, let us consider the case « = 8 = 0. Then, the studied model
becomes

up = Au— XV - (uVv) + pu® — ppuftt, in Q x (0, Tinax),
vy = Av — yuv, in Q x (0, Timax),

. (58)
wy = Aw — duw + pzw(l — w), in Q x (0, Tmax),

u(x,0) = up(z), v(z,0)=uv(x), w(z0)=mwy(z), =€,
where the second and third equations are decoupled. The first two equations give
the consumption model studied in [11] if we set v =k = 1.
Lemma 3.2 still holds by the parabolic maximum principle, although equation
(26) becomes
lv(, L) < Mz = |lvoll (), V t € (0, Tiax)-

Regarding the boundedness of the gradients in Lemma 3.3, after setting o = 8 =
0, the only hypothesis required is then § > u3, meaning that the rate of consumption
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of tumor cells by the lymphocytes must be greater than the growth coefficient of
the former. Such a requirement is consistent with biological intuition.

The proof of Theorem 1.1 relies on the ODI obtained for the functional ®(¢) in
(37), i.e., the proof of Lemma 4./. Without the problem parameters o and S, it
only changes the value of constant ¢;7(n) in Lemma 4.2. The proof of the theorem
remains valid, giving the conclusion.

From a biological perspective, it may be unappealing to decouple the second and
third equations in (7) as done in (58). The lack of connection between w and v in
(58) makes no sense, the latter being the chemical signal released by the former.
However, as an extension of the model in [11] for k > 1, it is worthwhile to realize
that large values of x|lvol/~(q) are allowed without the need to impose further
restrictions on the parameters as in (4) and (10).

The model in [4] does not admit global classical solutions for large values of
llwo || Lo (2y- We can notice, as an advantage of the model proposed in this work, that
the presence of a source term for the first equation in (7) makes the existence of such
solutions independent on |[wo ||z (q). It would also be interesting to study whether
the global solution stabilizes for large times as in [11] and [8]. After rewriting

the first equation in (7) as uy = Au — xV - (uVv) + pu” (1 - %u) , we expect

from the logistic term that the constant % represents the carrying capacity of
the lymphocytes (i.e., u). Moreover, aligned with the observations in [8], with the
amount of lymphocytes bounded in time, they eventually eliminate both cancer cells

(i.e., w) and the chemical signal (i.e., v). Therefore, since (%70,0) is a constant

stationary solution of (7), we conjecture that

(u(- ), 0(-,t), w(-, 1) — (ﬂ o,o) in L®(Q), as t— .

p2?
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Appendix A. Computation of constants. This section is devoted to show-
ing the constants computed in the text. It supports the statement that we have
computable constants in our results, except the constant related to the Gagliardo-
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renberg inequality.
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representing the constant dependent on ¢ in the Young inequality
ab < ea” + Cy (g,7) b7,

for real a,b,e > 0 and r > 1. This approach facilitates the use of the inequality
when choosing parameters r and ¢ in each case.

In the proof of Lemma 2.4, some parameters are left as degrees of freedom for
the a priori inequalities later on. Along with them, some constants dependent on
them are computed, for instance, in (17) and (18). They are

s "
N
er(enes) =[Oy (a1, 282)] "7 oy (=, 255 o, (59)
c2(e1) :=Cy (e1,p+1), (60)
(p+lgl(cp+1§—2)
2(k—1 _
cs(e1,€2) = [C?y (51,1255)} Cy (62,£%%%¥§gﬁég%l> €2, (61)
ca(e1) == Cy (61, %) ) (62)
3
cs(e1,€2) == [CY (61, %)} >0y (e2,3) 19, (63)
and 1
— p(1-0) I S P
ce(e1) == 2CanC Cy <QCGNCP(1—9)’ 9> +2CeNCP. (64)

In Section 3, we define

o 1 2u1k p
o7 = (M(/;M)) 9. (65)

In Section 4, during the proof of Lemma 3.3, we compute

M 1 k+1 .
C10 ::Cg|Q‘ <1 + 2M; + CQM 1) + cgCy < + > ‘Q|%
2

22
k+1 (66)
sl (L2 B jgpn
U2 2#1 k
and
c
c11 = Cg|Q|—|— (Ml 8 +cizg+208> M. (67)
H2
Next, for the proof of Lemma 4.1, we define
p2  ptk
= p Oy [ 22 27% ) q). 68
€13 = H1p Y(Qm p+k1> | (68)
Lemma 4.2 relies on the constant
ci7(c1a, c15,m) = c18(n) + (20419)%65 (26;;, C15) . (69)
Finally, Lemma 4.3 obtains the constant
1 1
= ApuzCanC? | C —)cP 41 70
c19(n) := c1s(n) + 4ppsCon < Y <16p2u30GNC”(1_9) ) 9) + ) ., (70)
with the constants § = —2=1> and C from (29), and Cgx from the Gagliardo-

p—1+2
Nirenberg inequality as cited in (22).
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