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NO PATTERN FORMATION IN A QUASILINEAR CHEMOTAXIS MODEL
WITH LOCAL SENSING

PHILIPPE LAURENCOT AND ARIANE TRESCASES

ABSTRACT. Convergence to spatially homogeneous steady states is shown for a chemotaxis model
with local sensing and possibly nonlinear diffusion when the intrinsic diffusion rate ¢ dominates the
inverse of the chemotactic motility function =, in the sense that (¢)’ > 0. This result encompasses
and complies with the analysis and numerical simulations performed in Choi & Kim (2023). The
proof involves two steps: first, a Liapunov functional is constructed when ¢~ is non-decreasing. The
convergence proof relies on a detailed study of the dissipation of the Liapunov functional and requires
additional technical assumptions on ¢ and 7.

1. INTRODUCTION

In [2], Choi & Kim study the emergence of patterns in the chemotaxis model with local sensing

du = A(p(u)y(v)), (t,x) € (0,00) x £, (1.1a)
o =Av—v+u, (t,x) € (0,00) x £, (1.1b)
V(qﬁ(u)v(v)) ‘n=Vv-n=0, (t,z) € (0,00) x 0L, (1.1c)
(u,v)(0) = (u™,v™), x € Q, (1.1d)

where () 'is a smqoth bounded domain of R™, n > 1, n denotes the outward unit normal vector field
to 0f), u'™ and v"™ are non-negative initial conditions, and the functions ¢ and 7 are given by

— >0 1.2
with parameters
m>0, a>0, b>0, k>0, s9>0. (1.2b)

The system (1.1) describes the dynamics of the density u > 0 of a population of cells secreting
a chemical or signal with concentration v > 0, in the spirit of the class of systems introduced by
Keller & Segel [11,12], considered in the context of local sensing (as opposed to gradient sensing,
see [3,12,15] for discussions in the case ¢ = id). The motion of cells is triggered by diffusion and
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a chemotactic bias, both being mediated by the density of cells u (when m # 1) and the chemical
concentration v,
dyu = div (¢’ (u)y(v)Vu + ¢(u)y (v) V),
while the chemical spreads by classical diffusion, thereby resulting in a triangular system of two
second-order parabolic equations with a cross-diffusion term involving both variables. Observe that,
owing to the choice (1.2) of the motility v with 4" < 0, the chemical plays the role of a chemoattractant
and the larger the chemical concentration, the weaker the chemotactic bias.
The analysis performed in [2] relies, in particular, on a detailed study of the set

- .l _ L b
E = {s>0 : ¢’7(s)>1}_{8>0 ms bt als T s >1} (1.3)

of excitable density values and the emergence and the shapes of patterns are shown to be intimately
connected to the structure of E, a feature supported as well by numerical simulations. In particular,
no pattern formation is expected when F is empty, and the main contribution of this paper is to show
that this is indeed the case. Specifically, when ¢ and « are given by (1.2), we prove the following
result.

Theorem 1.1. Assume that ¢ and v satisfy (1.2) with (¢y) > 0. Let (u,v) be a non-negative weak
solution to (1.1) in the sense of Definition 2.1 below with non-negative initial conditions
u™ e LYQ) N HY(Q), " e C(9Q),
satisfying
either (so >0 and m > g) or iréf ™ > 0.

Then, there is py € [1,2) depending only on m and k such that, for p € [1,po] and q € [1,2),
hm |o(t) — M|, = hm / |u(r) — M[[p dT =0 (1.4)

with

M —|Q|/ () dz (1.5)

Moreover, if m > k + 1, then the convergence of v in (1.4) holds true for any g € [L,m +1— k).

Theorem 1.1 is a consequence of Theorems 2.4 and 2.7 (see Section 5) and extends and improves [4,
Theorem 1.5] dealing with the semilinear case m = 1. The proof of [4, Theorem 1.5] relies on the
construction of a Liapunov functional involving the (H')’-norm of u and the L'-norm of Gy(v) with
the function Gy given by G (s) = 2sy(s) —y(M)s — M~y(M) for s > 0 and Go(M) = 0, and requires
the function s — s7v(s) to be non-decreasing. Though it does not seem possible to adapt this
construction to the quasilinear setting ¢ # id, we nevertheless succeed in constructing a Liapunov
functional for (1.1) when ¢~ is non-decreasing. The construction, performed in Section 3, is far more
tricky and the Liapunov functional we obtain features the (H')-norm of u — v and u besides the
L?*norm of v and the L'-norm of ¥(v) with ¢ given by ¥’ = ¢y and ¥(0) = 0. The next step is
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to exploit both the Liapunov functional and its dissipation to derive compactness and stabilization
properties of the families U := {u(t) : ¢ > 0} and V := {v(t) : ¢t > 0}. As the topology for U is
rather weak, additional technical assumptions on ¢ and v are needed to show the convergence of u
and v to the spatially homogeneous steady state (M, M) and three different settings are considered
in the next section. In particular, the topology in which the convergence of u takes place depends
on these technical assumptions.

Let us now describe the contents of this paper: in the next section, we introduce the general
class of functions ¢ and v to be handled in this paper and identify three cases in which we can
prove long term convergence of weak solutions to spatially homogeneous steady states. We already
point out here that we obtain only weak convergence as t — oo of u in L*(t,t + 1; H'(Q2)) in
Theorem 2.2, while convergence in L'((¢,t + 1) x Q) and LP((t,t + 1) x Q) for some p € (1,2) is
established in Theorem 2.4 and Theorem 2.7, respectively. Section 3 is devoted to the derivation
of time-independent estimates and the construction of the Liapunov functional. The main property
used in this section is the monotonicity of ¢y, along with a growth condition on ¢+, see (2.3) below.
The long term behaviour is studied in Section 4 and begins with a lemma collecting properties of
cluster points of {v(t) : ¢ >0} in L'(Q) as t — oo. The identification of these cluster points is the
step which requires additional assumptions on ¢ and ~. Finally, in Section 5, we come back to the
case where ¢ and v are given by (1.2) and prove Theorem 1.1. A short discussion on its outcome
ends the paper.

2. MAIN RESULTS

Throughout this paper, we assume that the diffusion rate ¢ and the motility ~ satisfy the following
properties:

¢ € C([0,00))NCH(0,00)), #(0)=0, ¢>0 and ¢ >0 on (0,00), (2.1)
and
v € C([0,00)) NCH(0,0)), >0 on (0,00). (2.2)
We further assume that there is x > 0 such that
(07)(s) S w1+ T(s)),  s>0, (2.3)
where )
U(s):= / (¢7)(s4) ds, >0, s> 0. (2.4)
0

We note that ¥ is well-defined, non-negative, and non-decreasing on [0,00), according to (2.1)
and (2.2). The condition (2.3) implies that ¥ grows at most exponentially fast at infinity. Let
us mention at this point that the functions ¢ and v given by (1.2) satisfy (2.1), (2.2), and (2.3) for
so > 0. The forthcoming analysis however does not require the monotonicity of .

Before state our result, let us define the notion of weak solution to (1.1) to be used in the sequel.
Owing to the possible degeneracy of (1.1a), when either u or v(v) vanishes, we do not expect classical
solutions to exist.



4 PH. LAURENGOT & A. TRESCASES

Definition 2.1 (weak solution). Consider non-negative initial conditions u'™ and v'™ satisfying
u™ e L' Q)N HY(QY, v e L), U(v'™) e LY(Q). (2.5)
A (global) weak solution of (1.1) is a couple of non-negative functions (u,v) such that, for allT > 0,
u € L0, T; LY()) N L>=(0,T; HY(Q)"),
ve L0, T; L*(Q) N HY(0,T; H(Q)"),
¢(u)y(v) € L((0,T) x Q),  ¥(v) € L¥(0,T: L'(2)),

which satisfies

/ugp d:v—/ /u@tgpdxdt / /gb v)Ap dz dt =0
/ d:c—/ /v@tapdx dt+/ / (p—Ap) dz dt = / /ugodxdt

for all ¢ € C2([0,00) x Q) with Vo -n =0 on (0,00) x 9.

and

We shall not discuss here the existence of weak solutions to (1.1), postponing this issue to future
research. Besides the semilinear case ¢ = id which has been throroughly studied [1,3,4,13,18] and
for which classical solutions are also available [6-10,14,21], weak solutions are constructed in [19] for
@(s) = s™, m>1,and v € C3((0, 00)) satisfying v > 0 on (0, ), along with

v € Wh(sg,00) for any sy >0 and ilg{skv(s)} >0 for some k>0,

when n > 2, m > n/2, and

-2 2 1
k<min{nm (m + )}

n—2" n-—2
Related chemotaxis models featuring (1.1a) with m > 1 are considered in [16] and [20].

We now turn to the long term behaviour of weak solutions to (1.1) and first consider the case
where ¢y is increasing.

Theorem 2.2 (convergence for increasing ¢). Consider two functions ¢ and v satisfying (2.1),
(2.2), and (2.3), and assume that

(¢y) >0 on (0,00).
Let (u,v) be a global weak solution to (1.1) in the sense of Definition 2.1 with non-negative initial
conditions (u™, v'™) satisfying (2.5) and

M= / ) da > 0. (2.6)
|Q|
Then, for q € [1,2), and for any 9 € H'(Q

t+1
tlim lo(t) — M||, = hm/ / u(r,x) — M)d(z) do dr = 0. (2.7)
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Remark 2.3. Theorem 2.2 applies to the specific choice (1.2) of functions ¢ and v when m >k >0
and so > 0, as already observed in numerical simulations by Choi & Kim [2]. We refer to Section 5
for more details.

While pointwise strong convergence of v is achieved in Theorem 2.2, we only obtain weak conver-
gence on time averages of u. We shall now improve the convergence of u, assuming in particular the
positivity of the initial condition v*".

Theorem 2.4 (convergence for initial positive concentrations). Consider two functions ¢ and ~y
satisfying (2.1), (2.2), and (2.3), and assume that for all X\ > 1, there exists ny > 1 such that

d(As) = mo(s), s>0, and (¢y) >0 on (0,00). (2.8)

Let (u,v) be a global non-negative weak solution to (1.1) in the sense of Definition 2.1 with non-
negative initial conditions (u™,v"") satisfying (2.5), (2.6), and

V" e C(Q)  with igfvm > 0. (2.9)
Then, for q € [1,2),
t+1
Jim [o(t) = Ml = Jim [ ) = Ml dr = 0.

Remark 2.5. Thanks to assumption (2.9) and to the parabolic equation (1.1b), the function v has a
uniform positive lower bound v,, which we recall in (4.15) below. Therefore, (u,v) is also a solution
to (1.1) with v replaced by any function 5 that coincides with v on [v.,00). In particular, we can
relaz (2.2), so that the result of Theorem 2.4 holds true for any positive v € C*((0,00)) without
assuming the continuity of v at s = 0.

Remark 2.6. Theorem 2.4 applies to the specific choice (1.2) of functions ¢ and ~y under the mere
condition (¢y)" > 0, see Section 5. This includes in particular the case sy = 0, where the condition
(¢y) > 0 translates into m > k > 0. The possibility of allowing sy to vanish, which corresponds to a
singular motility v, is clearly due to the assumed positivity (2.9) of the initial concentration v'™, as
already pointed out in Remark 2.5. Theorem 2.4 also applies to the choice ¢(s) = e?* —1 with A > 0
and y(s) = s with k € (0, 1].

The final result applies to a more restricted class of functions ¢ and 7, as it requires a lower
algebraic bound on the slope of ¢, as well as an upper algebraic bound on % It however does not rely

on the positivity of v like Theorem 2.4, while still providing a strong convergence of time averages
of u but now in LP(§2) for some p € (1,2).

Theorem 2.7 (improved convergence). Consider two functions ¢ and ~y satisfying (2.1), (2.2),
and (2.3), and

(¢7)" =0 on (0,00).
Assume that there exist @ > 0, « > 1, m > 0, and k > 0 satisfying

200 > 0 + k, and ng,
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and (Ky, K,) € (0,00)* such that

o(r) — ¢(s) r [r— st r m—
TR {1@@ (5) T gy * o (5) Ir = } (2.10)
for (r,s) € (0,00)%, r # s, and
;%ng41+@ﬂ s > 0. (2.11)

Let (u,v) be a global non-negative weak solution to (1.1) in the sense of Definition 2.1 below with
non-negative initial conditions (u™,v'™) satisfying (2.5) and (2.6).

Then, for q € [1,2) and p € [1, min (Qki—(g}rw 272:_’21)] with p < 2,

1 — = i — p =
i o) = Ml = i [ ) = g dr =0

Remark 2.8. Theorem 2.7 again applies to the specific choice (12) of functions ¢ and -y, see
Section 5. As already mentioned in Remark 2.5, in the case where v'™ wverifies (2.9) one can relax
the continuity assumption of v at s = 0.

Notation. Given f € HY(Q)', we define
1
(f) = @<f7 1>(H1)’,H1

and we note that, if f € H'(Q)' N L'(Q), then

N=q [, 1

For f € H'(Q) with (f) =0, let K[f] € H'(Q2) be the unique (variational) solution to
—AK[f]=f in Q, VK[f] - n=0 on 09, (2.12a)
satisfying
(K[f]) = 0. (2.12Db)
3. TIME-INDEPENDENT ESTIMATES

We first compute the time evolution of (u) and (v) which are both explicit and easy to obtain,
as well as a classical duality estimate which takes the form of a differential identity satisfied by

IVK[u — M]|[3.

Lemma 3.1. Fort > 0,
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Also,

55t IVPIE = [ = wotu(v) de (33)

where
P :=K[u— M]. (3.4)

Proof. The conservation of mass (3.1) readily follows from (1.1a) and (1.1c), while integration
of (1.1b) over Q2 gives

d
dt

We then solve (3.5) to obtain (3.2).
We next infer from (1.1a) and (3.4) that
1d
2dt

W)+ )y =M,  t>0 (3.5)

VP32 = /QVP-V&P dr = —/QPA&P dz
:/Pﬁtu dxz/gﬁ(u)y(v)AP dz
Q Q
= [0 = ws(wn (o) da.

as claimed. 0

We next construct a functional which turns out to be a Liapunov functional for (1.1) only when
(v"™) > M, but still provides valuable information otherwise.

Lemma 3.2. We set
Q:=Klv—(v), R=P—-Q=K[u—M—uv+ (v), (3.6)
and define

lo(u,v) = |[VR|5 >0, li(u,v) = |[v]|5—[Q{v)* >0, Llu,v):= 2/9\11(11) dz >0,
do(u,v) = /QV(U) [6(v) = ¢(uw)] (v —u) dz >0, di(u,v) = [VIQ|3 >0,

do(u, v) = / (67) ()| Vol dz.

Introducing
2 2
Lo(u,v) == Zﬁj(u,v) >0, Do(u,v) := Zdj(u,v),
j=0 Jj=0
there holds L d
537L0(u, v) +Do(u,v) = (M = (v)) [ d(u)y(v) da. (3.7)

2 dt o
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Proof. We first observe that, by (1.1b) and (3.6),

H(—AQ+ (v) —Av=u—v=—-AR+ M — (v) = —AR+ 9(v) in (0,00) x Q.

Hence, —A(@tQ +v— R) =01n (0,00) x 2, from which we deduce that
0Q+v—R=(v) in (0,00)x Q.
It follows from (1.1), (3.6), and (3.8) that

1d
Sdt (VR + [[v]3) = /(VR-V@tRij@tm dz = / (—RAOR + vow) dx
0

/ (ROyu — ROy + RO, (v) + vow) dx

/¢ VAR dx+/( — R)Ow da

Q

:/¢u v) —u+M+v—(>)dx+/(<> 0,Q) dyv de

/gb (v—u) de+ (M /cb

Q d

Since
/8tQ8t(v — () dz = — / QAYQ dx = ||[VI,Q3,
Q Q

we obtain the identity

1d
5= (IVRIZ + ol - ity / olu

U—U
/¢ ) dz — [VOQIZ

Next, using (1.1b),

(3.8)
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Combining (3.9) and the above inequality, we find (3.7) and we are left with identifying the signs of
the various terms involved in the definition of £y and Dy. The non-negativity of £y and d; is obvious,
while that of ¢; readily follows from Jensen’s inequality

Q)" < llzllz, 2 € L),

and that of dy from the monotonicity (2.1) of ¢ and the non-negativity (2.2) of 7. Finally, the
non-negativity of /s is a straightforward consequence of the non-negativity (2.1) and (2.2) of ¢ and
v and the definition (2.4) of . O

We now split the analysis according to the sign of M — (v™) and begin with the case (v") > M.

Proposition 3.3. Assume that ¢y is non-decreasing and that

(v"™) > M. (3.10)

Then
0 < Lo(u(t),v(t)) < Lo(u™,v™), t>0, (3.11)
0< /0 Do(u(t),v(t)) dt < iﬁo(u L, 0. (3.12)

Proof. We first notice that (3.2) and (3.10) imply that M — (v(t)) < 0 for all ¢ > 0, so that, owing
to the non-negativity (2.1) and (2.2) of ¢ and ~,

/ o(u(t, z)) ,x)) dz <0, t>0. (3.13)
Also, the monotonicity of ¢y ensures the non-negativity of ds. Consequently,

Do(u(t),v(t)) >0, t>0.
Gathering (3.7) and (3.13) leads us to

1d

—— < > 0.

thﬁo(u U) + DQ(U U) 0 t> 0
Integrating the above differential inequality and using the non-negativity of Lo(u,v) and Dy(u,v)
immediately give (3.11) and (3.12). O

We next turn to the case (v'") < M and first observe that the right-hand side of (3.7) is now
non-negative due to the positivity (2.1) and (2.2) of ¢ and ~ and the positivity of M — (v) stemming
from (3.2). We actually need to modify £, to deal with this additional term.

Proposition 3.4. Assume that ¢y is non-decreasing and that
(™) < M. (3.14)
Introducing
ls(u,v) = (M — ()| VPl; > 0,



10 PH. LAURENGOT & A. TRESCASES

dafu,0) = (M = (o) [ wdlu)(e) do =0,
Li(u,v) := Lo(u,v) + E;?(u,v) >0,
D1(u,v) := Do(u,v) + w + ds(u,v) > 0,
there are Cy > 0 and Cy > 0 depending only on Q, ¢, k, and M such that
0 < Ly(u(t), ()<Cl[1+£(m ™), t >0, (3.15)
0< / Dy (u ) dt < Co[1+ Li(u™,v™)]. (3.16)

Proof. Owing to (3.2) and (3.14),
M — (v(t)) > 0, t>0, (3.17)

which guarantees the non-negativity of /3, as well as that of d3, once combined with the non-negativity
of u, ¢, and 7. Next, the non-negativity of £; and D; follows from the already established non-
negativity of Ly, {3, Dy, and ds.

We then infer from (3.3) and (3.5) that

1d 1 ,
5 < ls(u,0) = — 5 (M — @) VPIE+ (M~ (o) / (M — 0o (u)y(v) de
) [ ot (o) as (3.18)
) / o(w)y(v) da
Summing (3.7) and (3.18), we obtain
1d
iﬁﬁl(u’v) + Dy(u,v) = (M + 1)( / o(u (3.19)
Since
/Q / 10200 (W) () (v) da + / L a(ar )00y () Sy (0)
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we deduce from (3.17) and (3.19) that
3 57 1050) + Difu, ) < M+ DSEOL+ D)L = ) [ 9(0) da
+ M ; () /wa)(u)fy(v) dx
< (M +1)o(2(M + 1)) (M = () [[7(0) s
N D (u,v)
2
Hence 4
L1, v) + Dy, v) < 2(M + 1)@ (2(M + 1))(M = (v))[7(v)]1- (3.20)

It remains to estimate the L'-norm of v(v). To this end, we notice that (2.1), (2.2), and (2.3) imply
that

v(s) < ?glﬁ{v}, s € [0,1],

(p0)(s) _ &
7(s) < o) _¢(1)(1+\If(s)), s> 1.

Consequently,

[y (W)llx < (sup{v} + m) (12 + e ()l)

so that, setting

Co:=(M+1)p(2(M +1)) (S[SIE{V} + m) ;

we infer from (3.17), (3.20), and the above inequality that

%ﬁl(u v) + Di(u,v) < 2Co(M = (v)) (|2 + [[¥(v)]]1)
< Co(M — (v)) [21€ + £a(u, v)]
< Co(M — (0))[21Q] + L1(u,v)]. (3.21)
Owing to the non-negativity of D; and (3.2), the function £;(u,v) satisfies the differential inequality

%ﬁl( (1), v(t)) < Co(M — (v™)e™"[219Q] + La(u(t), v(t))], =0,

which gives, after integration,

2090 + Lau(t),v(t)) < (212 + La(u™,0™) exp {Co(M = M) (1 =)} 20,
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and from which we deduce (3.15) with C := (1 + 2|Q|)e“°™. We next integrate (3.21) with respect
to time and infer from (3.2) and (3.15) that, for ¢ > 0,

/Dl dT<£1 /Dl d

< Ly(u™ ™) + Cy / (M = (o(r)) [219 + L1 (u(r), v(7))] dr

t
< Ly(u ™) + Co(M — (™) [21Q] + C1 + C1Ly (u™, v™)] / e T dr
0
< C2 [1 + ‘Cl( Zna zn)}’
with Cy =1+ COM(2|Q| + C’l). Letting ¢t — oo in the above estimate gives (3.16). O
Summarizing the outcome of Propositions 3.3 and 3.4, we have derived the following bounds.

Proposition 3.5. Assume that ¢y is non-decreasing on (0,00). Then there is C3 > 0 such that

S[up {IPOmr + lv@)]l2 + [ (v(E)]1} < Cs, (3.22a)
/ / ) — ) + (1) @)V de dt < C, (3.22b)
[ 100 + 10Oy ar < ca (3.220

Proof. Let t > 0. On the one hand, by (3.2), (3.11), and (3.15),
l(®)]7 < Gut), v(t) + 20 (t))”

< max{ﬁo (t),v(t)), L1(u(t), } + |Q| maX{M2 V)2 }
< max { Lo(u™, v™), C1[1 + El( m, M} + Q| max { M, (")} (3.23)
On the other hand, we infer from (2.12) and the Poincaré-Wirtinger inequality
Iz = ()l2 < CpwlVzle, 2z € HY(Q), (3.24)

that
IVQ®)5 = /Q(Qv)(t,x) dz < [ Q) 2/lv(®)]]2

< Cow[IVQ)|alJv(t)]2 < ||V622(t)||§ . C,Z;DWH

Consequently, [[VQ(t)|l2 < Cpw/||v(t)]|2, from which we deduce that

1P|z < Cow[IVPE)|l2 < Crw [IIVR@)ll2 + VQ()]l2]
< CrwlVE®)2 + Cowllo@®)]--

v(t)]l3-

(3.25)
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Thanks to (3.23) and (3.25), the estimates (3.22a) and (3.22b) readily follows from Propositions 3.3
and 3.4.
Next, by (3.24),
12.Q)]13 < ChwIVa.QM)I3- (3.26)
We also infer from (3.2), (3.6), and Holder’s inequality that, for ¢ > 0 and ¥ € H'(2),

‘atv )_'< AB,Q(t) + jt(v(t)),ﬁ>‘ < /VQ(t)-w dz
< [IVAQ) 2192 + 0™ — M|/ 1|96~
< (IVaQ) + (™) - M| Qe ) 19

+[(™) = M|[[9] e

Therefore,

100 (@)l 1y < IVOQ) 2 + [(v™) — M|V/|Qe™,
from which we deduce that

180 () Ity < 21IVAQ)I[3 + 21 (v™) — M|*|Qe™™. (3.27)
Collecting (3.26) and (3.27) and using (3.12) and (3.16) give (3.22c). O

4. LARGE TIME BEHAVIOUR

We now begin the study of the large time behaviour and first collect some information about the
compactness of (P, Q,v) and their cluster points in suitable topologies as t — oc.

Lemma 4.1. Assume that ¢y is non-decreasing on (0,00). Then V = {v(t) : t > 0} is relatively
compact in L1(Q) for q € [1,2).

Consider now a cluster point ve, € LY(Q) of V in L*() as t — oo; that is, there is a sequence
(tj)jzl m (1, OO) such that

lim t; =00 and lim ||v(t;) — vl1 = 0. (4.1)
j—o0 J—0
Then
Voo € L*(Q) with (vo) =M and lim |Jv(t;) — veolly = 0 (4.2)
j—o0

for all g € [1,2). Moreover, introducing Qs := Klve — M| and
(ujavja Pjan)(Ta ZE') = (U,U,P, Q)(tj + T, I)a (Ta ZE') € [Oa ]-] X Qa ] Z 1a

there holds, after possibly extracting a subsequence,

lim sup ||vj(7) — vollg = im sup [|Q;(7) — Qull2 =0, (4.3)
J=00 1¢(0,1] I rc(0,1]

1
lim / IVQ(r) = VQulf dr = lim [ IP(7) = Qoo = vm+ M2 dr =0, (49
j—o0 J—= Jg

for any q € [1,2).
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Proof. We first recall that (1.1b), (1.1c), (3.1), and the regularizing properties of the heat semigroup
imply that, for each g € [1,n/(n — 1)), there is Cy(g) > 0 such that

[o@llwre < Calg), =0 (4.5)
In particular, owing to the compactness of the embedding of W' () in L' (2) and the L?-bound (3.22a),
V={v(t) : t >0} isrelatively compact in LI(Q2) for each ¢ € [1,2). (4.6)

We now consider a cluster point vy, € L'(Q) of V in L'(Q) as t — oo satisfying (4.1), its existence
being guaranteed by (4.6). The property (4.2) is then an immediate consequence of (3.2), (3.22a),

and (4.1). Next, according to (1.1), v; solves
Orv; = Avj — v; + uy, (r,2) € (0,1) x Q, e
Vv;-n =0, (1,2) € (0,1) x 09, (4.7)

and
v;(0) = v(t))
for j > 1. Let g € (1,n/(n—1))N(1,2), 9 € W™ (Q) with ¢ = ¢/(q — 1), and recall that W7 (Q)
embeds continuously in L>(2). It follows from (3.1), (4.5), (4.7), and Hoélder’s inequality that, for
€ (0,1),

[{0rv;(7), D)) S/QWUJ'(T)HW\ da 4 {Jo; (T)llgl[ 9y + [l () |19 0

< [IVo; (Ml Vg + [los(T)llgl| 01y + C(@) QUM I yn.or
CDwna-

Therefore,
(Orvj);5, 1s bounded in  L*((0,1), W (Q)"). (4.8)

Since W4(Q) is compactly embedded in L(Q) and L9(€) embeds continuously in W™ (Q)’, we
infer from (4.5), (4.8), and [17, Corollary 4] that

(vj);>1 1s relatively compact in  C([0, 1], LY(©2)).
There are thus a subsequence of (v;);>1 (not relabeled) and w € C([0,1], L9(£2)) such that
lim sup |[(; — w)(7)]l, = 0. (49)

3= r¢0,1]

We now use Holder’s inequality to obtain, for ¥ € W4(Q), j > 1, and 7 € [0, 1],

[ ot i

/Q (w —v;)(1)9 dz| + ‘/Q (v;(7) — v;(0))9 dz| +
< 1w = ) (D9l + \ [ [ ot asa,

<

/Q (05(0) — v) @ da

+ [105(0) = voollq[| 9l
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< [[(w = v;) (M) lla19 [l +/0 1005 (T) |y (19 A7 + [0 (t5) = voollgl[ 0l

. 1/2
< (II (w =)l + V7 (/0 1075 () [y dn) +o(t;) — voo||q> 191w

We may then take the limit j — oo in the above inequality and deduce from (3.22¢), (4.2), and (4.9)
that

/Q (w(T) — voo)ﬁ(:)s) dx =0, 0 eWwhi(Q), 1€ [0, 1].

Consequently,

so that the convergence (4.9) becomes

lim sup [v;(7) = voolly = 0.
I r¢l0,1]

Recalling the L?-bound (3.22a), we have actually established that, for all ¢ € [1,2),

lim sup [o;(v) - vacll, = 0; (4.10)

j—oo T€[0,1]

that is, the first statement in (4.3).
We now turn to the proof of the second statement in (4.3) and first observe that the definition of
Q, @, and Q) entails that (); — Q) is a variational solution to

9:(Q) — Qo) = A(Q) = Qo) = 0rQj + 0 — Voo — (v) + M, (7,2) € (0,1) X,
V(Q,—Qu) n=0, (r.a)€(0,1)x 09,
Q](O) - Qoo = Q(t]) - Qooa x €.

Let p € (2n/(n + 2),2). We infer from the above equations, the continuous embedding of H*(2) in
LP/e=1(Q)), Hélder’s inequality, and the Poincaré-Wirtinger inequality (3.24) that

1d
S 11Q = Quell3 + 19(Qs — Q)
< 11Q; = Quell10-Qsll2 + 195 = Qucllpp1les = vse — (3} + M|

< Crw[IVI(Qs — Qoo)[121|0: Q5112 + CIV(Q) — Quo)[|2]lvj — veollp-
We next use Young’s inequality to obtain
1d

1
5 1 = QulE + 3 1V(@Q; — Qu)I < € (19: Q41+ 1oy — vwcl?).
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Hence, after integrating with respect to time,

1
sup 0,(7) ~ @l + / IV(Qy(7) — Q)2 dr

7€[0,1

X (4.11)
< 1Q(t) — Qw3+ C </0 18-Q;(7)[13 dr + sup [v;(7) —voo||,2,> :

On the one hand, it follows from the continuous embedding of H(Q) in LP/®P=1(Q), Holder’s in-
equality, and the Poincaré-Wirtinger inequality (3.24) that

1Q(t) = Qeollz < Crw[IV(Q(t)) — Qoo) 2

and
IV(Q(t;) — QI3 = /Q (Qt)) — Qo) (v(ty) — (v(ty)) — Voo + M) dz
= [ (@) = 0x) (01t ~ vs) o
< 1Q) = Qoollp/-llv(t;) — vecllp
< CIIV(Q(t)) — Quo)ll2llv(ts) — veollp-
Consequently,

1Q(t;) = Quoll2 < Crw[[V(Q(;) = Qoo)ll2 < Cllv(ts) = veollp
and we deduce from (4.2) that

i Q(t,) ~ Quelle = 0. (1.12)
On the other hand, since p € (1,2), the integrability (3.22c¢) and the convergence (4.10) imply that
1
lim [ [ 100,13 ar + s 7)ol =0. (4.13)
J7oo 1 Jo T€[0,1]

Combining the above statement with (4.11) and (4.12) completes the proof of (4.3) and proves the
first statement in (4 4).
Finally, let ¢ € [1,2). We infer from (3.8) and Hélder’s inequality that

/ 1P)(7) — Qoo — v + M2 dr
= / 10-Q;(7) + Q;(7) + v;(7) — (v;(T)) — Qoo — Voo + M2 d7

< 4|0|®/ / 10:Q;(7)13 d7 +4]92| =91 sup [|Q;(7) — Qw3

7€[0,1]

+8 sup |v;(7) — veol[2-
7€[0,1]
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In view of (4.3) and (4.13), the right-hand side of the above inequality converges to zero as j — oo
and the proof of Lemma 4.1 is complete. O

Proof of Theorem 2.2. According to Lemma 4.1, V = {v(t) : t > 0} is relatively compact in L'(Q)
and we are left with identifying the cluster points of V in L*(2) as t — oo.

We thus consider a cluster point ve, € L*(Q2) of V in L*(Q) as t — oo satisfying (4.1) and keep
the notation introduced in Lemma 4.1. For ¢ € (0, 1), we deduce from the positivity and continuity
of (¢y) on [e,1/¢] that

[ = [mll/n]{(M) }>0.

Introducing
. 1 .
v5 == min {max{vj,e},g}, j>1,

which satisfies
Vo = 1(v;)Vo; ae in (0,1) x €,

we infer from the Poincaré-Wirtinger inequality that

[ 1) = oyl a

S/O [05(7) = (W5 (T )l dr+/0 [(v; = v5)(7) = {(v; = o5)(T))[lx d7

1
< C/ [Vo5(T)lly d7 +2 sup [|(v; —v5)(7)]]x

T7€(0,1]

/ /mlal/e 0j(r,2)) |V (r, )] dadr +2 sup ([0 (05(7); (1) s

T7€[0,1]

= UE

+2 sup |1 (1/e,00) (v (7))v;(7) |1
T€01

/ / (07) (v(1,2))| Vv (7, z)| dedr + 2|Qe + 2¢ sup ||lv;(7 )||§

T€[0,1]

=R

Owing to (3.22a) and Holder’s inequality, we further obtain that

/ Jus() = (os()ls dr

1/2
C’g /1 (¢7) (vj(1, )|V, (1, 2)|? dxdT} + 2|Qe + 2C3e

vl )
< i / /qﬁv v(t,z))|Vo(t, x)|” dedt

1/2
+2|Qle + 2Cze.
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Therefore, owing to (3.2), (3.22b), (4.1), and (4.3

|veo — M||1—/ |veo — M| T—llm/ l|lv; (7 (™)1 d7‘<2|§2|»€+202

The above inequality being valid for all £ € (0, 1), we conclude that v, = M a.e. in €.

We have thus shown that the constant state M is the only possible cluster point of the family
V={v(t) : t>0}in L'(Q) as t — oco. Together with the compactness of V in L'(Q) already
established in Lemma 4.1, this property implies the convergence of v(t) to M in L'(Q) as t — oo.
Since V is a bounded subset of L?*() according to (3.22a), we conclude that

tlim |lvo(t) — M|, =0 forall ¢qe€ll,2). (4.14)
—00

Furthermore, it follows from (1.1b) that, for ¢ > 0 and ¥ € C%(Q),
[ . /Q (u(r,2) — M)9(z) dz dr
= / a / [0 (v(r, ) — (v(1))) — Av(r,2) +v(1,2) — (v(1))] ¥(x) dz dr
/m/ A(0Q +v)(1,2) + v(r,2) — (v(1))] ¥(x) dz dr
/Hl/atvcgm V() de d7+/t+1/ o(r,7) — ((r)) (@ — AD)(z) dz dr.

Hence, by Holder’s inequality,
t+1

u(r,z) — M)d(z) dz dr

Q
t+1
< ||| a2 (/t 10,Q(7)|| %1 dT)

+ 1V = Al S {llo(r) = Ml + [M — (u(n)) [},

1/2

and we use (3.2), (3.22¢), and (4.14) to pass to the limit ¢ — oo and obtain

thm / / u(r,z) — M)d(z) do dr = 0.

A density argument and (3.22a) allow us to extend the above limit to all 9 € H*(Q2) and complete
the proof. 0

Proof of Theorem 2.4. Since v™™ is positive and continuous in Q by (2.9), it follows from (3.1) and [5,
Lemma 2.6] that there is v, > 0 such that

v(t,x) > ve >0, (t,x) € [0,00) x €. (4.15)
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Owing to the positivity and monotonicity of ¢, we further obtain that
(@) ()t 2) = we = () () >0, (£,2) €0,00) X Q. (4.16)
For e € (0,1) and j > 1, we define
Aje={(r,2) € (0,1) x Q : wi(r,2) > (1 +&)v;(7,z)},
Bi.:={(r,2) € (0,1) x Q : w(r,z) < (1 —e)v(r,2)},

Lie={(r,2) € (0,1) x Q : (1 —e)v(r,z) < uy(r,2) < (1 +e)v;(r,2)},
and note that (0,1) x Q =A4;.UI;.UB,..

On the one hand, on A;., u; > v; and we infer from (2.8), (4.16), and the monotonicity of ¢ that
0 (8(uy) — 603)) (1 — ) = 7(05) (601 +2)o) = 0(0) (o — )
> (e — 1)(97)(05)(w; — vy)

> (Mte — Dwsluy — vl
Consequently, thanks to (3.22b),

li — ;| dz d
Sy [uj = vy} dz dr
1
< — i ) de d
mﬁ—mwﬂg 1) (0(us) = 6(0)) (s = vj) d dr (4.17)

< (771+e N ]lgglo/ / v(v;) (¢(u;) — ¢(v;)) (uj — v;) da dr = 0.

Similarly, on B;., u; < v; and we infer from (2.8), (4.16), and the monotonicity of ¢ that
() (B(us) = ¢(v;)) (uy —v;) = 7(%) (6(v)) = ¢(uy)) (v; — uy)
() (8(v5) = (1 = £)v;)) (v — uy)

z@—m;ﬂ)wmww—w>

o —1
> M=) 7 2 g — vy,
M/(1—¢)
We then argue as above to conclude that
lim luj —vj| dz dr = 0. (4.18)
J—00 Bj,s

On the other hand, —ev; < u; —v; <ev; on I, so that

1
/ iy — o] da dr < g/ / vy de dr < 2|0 max{ M, (v™")} (4.19)
Ije 0 Q
by (3.2).
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Gathering (4.17), (4.18), and (4.19), we find that

1imsup/ I (u 7)|[1 dr < e|Q| max{M, (v"")}
Jj—00

for all € € (0,1). Therefore,
1
lim [ [ (u; = vy)(7)[[s dT =0,
0

j—}OO

and, recalling (4.3), we have established that

hm / |u;(7) — v l1 dT = 0. (4.20)

We now combine (4.4) and (4.20) to obtain that, for ¢ € C2°(Q)

/( ﬁdx—//voo—Mﬁdsz:lim//u] M)Y dx
j—o0
:—lim// T)AY dz dr = — //Qoo—i-voo— )AﬂdxdT
j—00

5@%—Mwmj@%—Mmmm

- / Oud dr — /@m SM)AY dr =0, 9 CR(Q),
Q Q

a property which implies that (), = 0 and thus v,, = M. As in the proof of Theorem 2.2, we have thus
shown that the constant state M is the only possible cluster point of the family V = {v(¢) : ¢ > 0} in
L' (Q) as t — oo, from which the convergence (4.14) follows. An immediate consequence is that (4.1)
holds true with ¢; = j and we infer from (4.20) that

j+1

lim lu(t) — M]|, dt =0,

oo |
I g

Therefore,

which completes the proof. O

Proof of Theorem 2.7. Again, we start by proving that the only cluster point of V in L'(2) as t — oo
is M. We first use assumption (2.11), together with (3.22a), to obtain that, for any 6’ > 0,

1+0)"\ =7 2
sup / (ﬂ) de < 2K57 (|Q + CF) . (4.21)
te[0,00) JQ v(v)

In view of assumption (2.10) we now split the analysis into two cases, depending on how close u and
v are.
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On the set {$v < u < 2v}, we use assumption (2.10), together with (3.22b), and deduce that

U|o¢+l
1.1
/ / (1.2) v 1+ ) v(v) dx dt

(4.22)
a+1 C
<2’ u—v de dt <2022
/ / (3.2) (1 + max{u, U})ev(v) = K,
Let po = 25%5 > 1. We use Holder’s inequality and (4.21) with 6’ = 6 to get
U Pa
=010 (5)]].

2) (%) lu—v[P (y(v)(1+ v)_e)pa/(aﬂ) (v(v)(1 + v)_a)_pa/(aﬂ) dz

N

:/1( ,
Q

w |u_v|o¢+l pa/(a+1) / (1+U)9 Pa/(a+1—pa)
< 1 i I E— d d
—<l;%”<v)<1+w9”@>x) o U0 g

) 2/(24k~+6)

) (a+1-pa)/(a+1)

‘u _,U‘Oz—i-l

< 22ttt K2 (| 4 C2) T /11 (5) () de
< 5 3 q 32 (1+v)?

v

Combining this last inequality with (4.22), we finally get
a+1 C
dt < G5 = 2" ), (j0] + €2) T 2

Jy——r
0 27 Nv/ pa K¢>

On the set {v > u} U {u > 2v}, assumption (2.10), together with (3.22b), gives

C
m—+1 < 3
/ / ) lu— " y(v) de dt < K,

m—+1
=250 2+k

(4.23)

Then, setting p,, : > 1, similar computations as before with # and « replaced by 0 and m,

respectively, give
m—+1 E
dt < Cg = 23K, (|| + C2)* =2

o u
ERETTIC)
/0 H (u U) [0,3]U[2,00) v/ = K¢>

Finally, let p € [1, min{p,, pm}] C [1, min{a + 1, m + 1}} Thanks to Holder’s inequality, applied
first over the domain € then over (¢;,¢; + 1), we have, for j > 1,

1
AIW@-%MﬂMdT
P 1+tj
dt + /
P t

1+t U
= —)(u—v
L T () @0
Pa—p 1+t a+1 QLH
< 10" / dt
t; Pa

(4.24)

dt

U D
1[0,%}U[2,oo) (;) (u—v)

p

(

N

Lao (5) (=)

2
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Pm —PpP 1+tj :
o ([
tj

m+1 mtL
W ar)
Pm
1

lim | (u; — Uj)(T)Hg dr = 0. (4.25)
j—oo Jg
Recalling (4.3), we deduce from (4.25) that (4.20) holds, and we can proceed as in the proof of
Theorem 2.4 to prove (4.14).
Finally, for t > 0,

t+1 t+1
/ Ju(T) = M|} d7 < 2p‘1/ I(w = v)(D)Ilp dr + 207" sup {[lu(r) — M|]}}.
t t

TE[t,t+1]

u
Lo, 110f2,00] (;) (u—v)(t

so that (4.23) and (4.24) imply

Thus, assuming further that p < 2, we may pass to the limit as t — oo in the above inequality with
the help of (4.14) and (4.25) and find

t+1
lim |u(r) — M|} dr =0,

t—o00 t

thus completing the proof. O

5. APPLICATION TO ¢ AND 7 SATISFYING (1.2)

We now come back to the case where ¢ and v are given by (1.2) and satisfy (¢y)" > 0. We first
prove Theorem 1.1 and then shortly comment its outcome.

Proof of Theorem 1.1. We first note that ¢(s) = s™, s > 0, satisfies (2.8) with 7, = A so that, in
the case where infg v™ > 0, a direct application of Theorem 2.4 (together with Remarks 2.5 and 2.6)
yields (1.4) for all ¢ € [1,2) and for p = 1.

Let us now suppose that so > 0 and m > % > 0. We verify that ¢(s) = s™ satisfies the
condition (2.10) for any a > 1 with a > m and for § = « —m > 0. For instance, one can take m = «
and # = 0 when m > 1, while one may take « =1 and § =1 —m > 0 when m < 1. In both cases,
the convergence (1.4) holds for any ¢ € [1,2) and any p € [1, 2’]%21} with p < 2.

Finally, by (1.2), we have that

m b b m—k
(P9)(s) =s (a + m) 2 ops 82 s,
so that, if m + 1 > k, then

b Sm-i—l—k _ 86n+1—k
2k mA+l—k
We then infer from (3.22a) and the above lower bound on ¥ that V = {v(t) : ¢t > 0} is bounded

in [max{2m+1=k}(()) - Consequently, if m > k + 1, then the convergence (1.4) can be extended to all
g€ 2,m+1—k). O

U(s) > U(sg) + s > So.
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We conclude with a short discussion of our results in light of the analysis performed in [2]. For ¢
and ~ satisfying (1.2), Choi & Kim show by a linear stability analysis [2, Theorem 3.2], supplemented
with numerical tests, that the emergence of pattern formation is connected with the condition that
the initial (averaged) mass M of cells, see (1.5), belongs to the set E defined in (1.3). As a first
consequence, no pattern formation is expected when the set E is empty, a condition that can be
rewritten as

(¢7)(s) >0,  s5>0. (5.1)

On the one hand, assuming positive values for the initial concentration v, Theorem 1.1 gives the
asymptotic spatial homogeneity exactly under the condition (5.1). In this sense, our result appears
to be optimal in this case. On the other hand, when we allow the initial concentration v to
vanish, Theorem 1.1 requires the supplementary constraints that so > 0 and m > g The constraint
so > 0 is crucial to avoid a singularity of v at s = 0 and also appears in the linear stability
analysis [2, Theorem 3.2]. As for the other constraint m > £, let us first point out that, when a = 0,
the condition (5.1) exactly rewrites as m > k, which is a stronger condition than m > g However,
when a > 0 and sy > 0, the condition (5.1) becomes more intricate and actually involves m, k, §,
and sg. This condition is compatible with m < g, as the following computation shows: since

Sm—l

() (s) = PR [am(s + s0)*" + b(m — k)s + bmso] , s> 0,

it satisfies

(¢7)'(s) >0 for s> 0 if and only if Dok > B (M) -

- b= m\ (k+1) ’
While the latter is obviously true when m > k, it also holds true for m € (0, k) provided %s'g is
large enough. For such a choice, we expect no pattern formation according to the analysis of [2] but
Theorem 1.1 proves it only for v > 0 when m € (0, %) We may nevertheless apply Theorem 2.2
in this range of m and obtain the asymptotic spatial homogeneity in a very weak sense, see (2.7),
even without the initial positivity of v"*. This refinement holds whenever (¢v)’ is positive on (0, 0o).
As a conclusion, the class of functions ¢ and ~ given by (1.2) for which we expect the asymptotic
homogeneity but cannot prove it, even in a very weak sense, is the quite specific class of functions (1.2)

for which ¢~ is non-decreasing with m € (O, g) and has at least one critical point. This includes the

case when (a, b, so, k) € (0,00)* and m € (0, £) satisfies
am(k + 1)* sk = b(k —m)FtT, (5.2)
Indeed, introducing s; 1= 45, we infer from (5.2) that

am(k + 1)(s; + s0)* = b(k —m)
am(sy 4 50)*T +b(m — k)sy + bmsy = 0,
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which implies, together with the convexity of s — s**!, that, for s > 0,

(2)(6) = (i om0+ 0m — B)s + b
= $ [am(s + s0)F™" — am(s1 + so)* ™ + b(m — k) (s — s1)]
%—Zgi?g;%;;[anwsl%—s®k+1+—bﬁn——kﬁsl+—@ns@
= $ [am(s + s0)F™" — am(s1 + s0)* — am(k + 1)(s1 + s0)"(s — s1)] >0

and (¢7)'(s1) = 0.

Finally, a question raised by the analysis in [2] that we leave open is to understand the long-
time behaviour when FE is not empty, and, in particular, to show the expected asymptotic spatial
homogeneity when M ¢ E. Since the strategy of proof presented in this paper relies on estimates that
are global in time and space, and makes full use of the monotonicity of ¢y everywhere, answering
this last question would require a completely new strategy, and might require more refined local
estimates.
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