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ADVECTION-DRIVEN SUPPORT SHRINKING IN A CHEMOTAXIS
MODEL WITH DEGENERATE MOBILITY*

JULIAN FISCHER'

Abstract. We derive sufficient conditions for advection-driven backward motion of the free
boundary in a chemotaxis model with degenerate mobility. In this model, a porous-medium-type
diffusive term and an advection term are in competition. The former induces forward motion, the
latter may induce backward motion of the free boundary depending on the direction of advection.
We deduce conditions on the growth of the initial data at the free boundary which ensure that
at least initially the advection term is dominant. This implies local backward motion of the free
boundary provided the advection is (locally) directed appropriately. Our result is based on a new
class of moving test functions and Stampacchia’s lemma. As a by-product of our estimates, we
obtain quantitative bounds on the spreading of the support of solutions for the chemotaxis model
and provide a proof for the finite speed of the support propagation property of solutions.
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1. Introduction and main results.

1.1. Overview. In the previous decades, starting with [18] a large amount of
effort has been devoted to research on Keller—Segel-type models. These models are
supposed to describe movement of bacteria which release some chemical substance
(“chemoattractant”) which in turn influences the motion of bacteria of the same
species. Thus, the bacteria effectively coordinate their movement. The classical fully
parabolic Keller—Segel model consists of two coupled parabolic equations determining
evolution of bacteria and chemoattractant density. Denoting bacteria density by wu
and chemoattractant density by -, the equations read

up = eAu — div(uV7y) ,
ayy =Av+u—r

with a > 0, € > 0. This model features conservation of bacteria mass if appropriate no-
flux boundary conditions are enforced. For d > 2 and in the case of large initial data,
it may suffer from finite time blow-up. For an account on results on Keller—Segel-type
models, see the overview articles by Horstmann [16], [17] and the references therein.

In the limit of fast chemoattractant movement (in comparison with bacteria mo-
bility), i.e., small ¢, one can assume that the chemoattractant density will be close
to steady state and that therefore the parabolic equation governing the evolution
of chemoattractant density can be replaced by its corresponding elliptic equation,
resulting in the parabolic-elliptic system

uy = eAu — div(uV7y) ,
—Avy+y=u.
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This model inherits many properties from the fully parabolic one; again, bacteria mass
is conserved in the case of no-flux boundary conditions and again for d > 2 and large
initial data, blow-up may occur in finite time. Given the Bessel potential B (i.e., the
Green’s function of the operator —A + 1), this system is equivalent to the nonlocal
parabolic equation

up = eAu — div(uV(B * u)) .

Several models supposed to overcome the drawback of possible finite time blow-up
have been proposed; most of them rely on modifying bacteria sensitivity, i.e., bacteria
drift velocity is not taken just to be the gradient of v, but V~ is multiplied by some
factor leading to a cutoff in case the gradient becomes too steep or in case local
bacteria density becomes too large.

One of these models is the model presented by Burger, Di Francesco, and Dolak
[6]. This model features degeneration of bacteria diffusivity for bacteria densities ap-
proaching either 0 or 1 and degeneration of bacteria mobility for densities approaching
1. It reads

(1) up =V - (u(l —u)(eVu— V7)),
(2) “Av+vy=u.

Burger, Di Francesco, and Dolak have shown existence of global weak solutions in [6];
additionally, they discussed large-time behavior of weak solutions. The corresponding
fully parabolic chemotaxis model has been treated by Di Francesco and Rosado [11].

The appearance of waiting times and the finite speed of the support propagation
property are typical phenomena arising in solutions of degenerate parabolic equations.
In [6], Burger, Di Francesco, and Dolak establish finite speed of propagation for their
modified Keller—Segel model in the case of one spatial dimension using a technique
from [7]; however, only the qualitative result is established and no quantitative bounds
are given; moreover, the method is restricted to the case of a single spatial dimension.

In general, there are different techniques available for deriving estimates on sup-
port propagation and sufficient conditions for support shrinking. The earliest ap-
proach for proving finite speed of support propagation (applicable, e.g., in the case
of the porous medium equation) proceeds by comparing the solution to a self-similar
(sub)solution. Another technique which can be used for establishing quantitative
bounds for support propagation and waiting times as well as conditions for support
shrinking makes use of differential inequalities; see, for example, the articles by An-
tontsev, Diaz, and Shmarev [3], Bernis [5], [4], Diaz, Galiano, and Jiingel [10], and
Galiano and Peletier [13]. Subsequently techniques based on integral estimates have
been developed; the first technique in this direction combines integral estimates with
functional inequalities and is due to Shishkov and Shchelkov [23]. It has been ap-
plied to different situations; see, e.g., the papers by Sapronov and Shishkov [22] and
Giacomelli and Shishkov [15]. Another technique based on integral estimates makes
use of Stampacchia’s lemma: in [8] Dal Passo, Giacomelli, and Griin have proposed
a modification of Stampacchia’s lemma and used it to derive sufficient conditions for
the appearance of a waiting time in the case of the thin-film equation. See the pa-
pers by Ansini and Giacomelli [2] and Giacomelli and Griin [14] for other uses of the
modified Stampacchia lemma. More recently Carrillo, Gualdani, and Toscani devel-
oped a technique to prove finite speed of support propagation which is based on mass
transportation [7]. Quite recently finite speed of support propagation for a subcritical
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Patlak—Keller—Segel model with porous-medium-type degeneracy has been shown by
Kim and Yao [19] using comparison arguments. For a comparison of our finite speed
of propagation results to the results by Kim and Yao, see section 3.

In the present work, we derive integral estimates and apply Stampacchia’s lemma,
proving finite speed of support propagation for the system from [6] and giving sufficient
criteria for support shrinking. The main tools used for these results are new test
functions whose support moves according to the local advection velocity and whose
support shrinks with time to account for the local variation of the advection velocity;
moreover, they decay with time to compensate the nonvanishing divergence of the
velocity field. This adaption of our test functions to the local advection velocity is
crucial for “tracking” the free boundary in our results on support shrinking. See
section 2.4 for a detailed discussion. For a result on finite speed of propagation for an
advection-diffusion equation, see the paper by Galiano and Peletier [13]. Their paper
contains an idea of compensating the advection term using a technique similar in
spirit to our approach of using test functions with shrinking support, but their weights
neither decay with time nor are adapted to the local advection velocity. Thus they fail
to give results in the case of nonvanishing divergence of the velocity field and to derive
results on support shrinkage. The same approach of compensating the advection term
as in the paper by Galiano and Peletier has been used by Diaz, Galiano, and Jiingel
in [10] in order to prove finite speed of support propagation for some charge-transport
model with degenerate mobility by means of differential inequalities. Note that Diaz,
Galiano, and Jiingel also treat the case of advection velocities with nonvanishing
divergence and they also derive sufficient conditions for support shrinking. However,
our result on support shrinking covers an entirely different situation: Diaz, Galiano,
and Jiingel rely on electron-hole recombination as a mechanism for inducing support
shrinking; on the other hand, we rely on advection terms which push the free boundary
back. We therefore require the presence of an advection term pushing the front back,
but do not need any recombination term; Diaz, Galiano, and Jiingel require the
presence of a large recombination term, but no advection term is necessary for their
result. Of course, there is no analogue of electron-hole recombination in Keller—Segel-
type models, so the sufficient conditions for support shrinking by Diaz, Galiano, and
Jingel do not carry over to the degenerate chemotaxis model.

1.2. Main results. Define A(u) := [;'(3v? — $v®) dv. We obtain the following
results on support shrinking.

THEOREM 2.23. Let u, v be a weak solution of (1), (2) with initial data ug € L?,
where 0 < ug < 1.

Given a point xy € dsuppug with Vy(zo,0) # 0, assume that there ezists a
neighborhood U of xo and a cone B with vertex xy and axis —V~y(xo,0) such that
(UN B) Nsuppug = 0. Suppose in addition

r—0

(3) lim 7'_3]{3 ( )A(uo(a:))da: =0.

Then there exist T* > 0 and ¢ > 0 such that for any 0 < t < T™* we have supp u(.,t) N
Bct (ﬁo) = (Z)

The situation of Theorem 2.23 is depicted in the sketch below. We consider a
point xg € Jsuppug at the boundary of the support of the initial data. Suppose
that vg = Vy(x0,0), the initial advection velocity at g, is directed so as to push the
free boundary back (the reader may convince himself that this is implied by the cone
condition mentioned in the theorem). If the initial data are “flat enough” at x¢, the
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advective term dominates over the degenerate diffusion term and the support shrinks
immediately at xg.

supp u,

Vo

As the interaction between different bacteria is only attractive, we can show the
following.

COROLLARY 2.28. Letu, v be a weak solution of (1), (2) with initial data ug € L*,
where 0 < ug < 1.

Suppose xo € 0 Conv(supp ug) (where Conv denotes the convex hull); then in the
case

r—0

Jim 7'_3][ Aluo(z))dz = 0
BT(mO)

the support of u shrinks immediately near xo; more precisely, there exist T* >0, ¢ > 0
such that for every 0 < t < T™* we have supp u(.,t) N Be(xo) = 0.
The condition

lim r*3][ A(ug) dz =0
5—0 B&(wo)

is trivially satisfied if zp ¢ suppuo and amounts to a local “flatness” condition on
the initial data near zg if g € Osuppug. Recall that the condition for the appear-
ance of a waiting time near z( for the equation without advection u; = div(uVu)
is limsup;_,q T_GJCB(;(M) ud dz < oo (see, e.g., [14]). Our condition is significantly
weaker, but comes at the cost of imposing a constraint on the initial advection veloc-
ity Vvy(zo,0); on the other hand, our assertion is stronger: we do not only show that
the support does not spread immediately, but we show that the support even shrinks
initially.

The result on finite speed of propagation reads as follows.

THEOREM 2.20. Let u, v be a weak solution of (1), (2) with initial data ug € L',
where 0 < ug < 1.

Suppose

(4) supp ug N Br, (zo) =0 .
Then there exists a constant ¢ > 0 depending only on d such that
suppu(.,t1) N By (z0) =0
for any
d+6
3

cR® cRy chy

t1 < min

1 1 >
elluoll?: 7 | max(sup(—Ar), 0)] | uo|| T SUP V7]
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This will be seen to imply the following corollary.

COROLLARY 2.21. Letu, v be a weak solution of (1), (2) with initial data ug € L',
where 0 < ug < 1.

Suppose supp ug C Bgr,(x1). Then there exists a constant C' > 0 depending only
on d such that supp u(.,t) C Br(z1) for

1
R(t) := Ro + Cers||ug|| 7% tare
3 d+3 -
+C (sup |[V7| + €7+ | max(sup(—A%), 0)| &6 ||u0||z§’6) t.

Note that the estimates on support propagation are not optimal for large times. For

large times, it may be possible to obtain better bounds by taking into account the
aggregative nature of the chemotaxis model. However, deriving such sharper bounds
is beyond the scope of this paper.

Section 2.1 contains a short description of the model from Burger, Di Francesco,
and Dolak [6]. In section 2.2 we will seek to obtain energy estimates for the system.
We proceed in section 2.3 by proving some regularity properties for solutions of the
system which we will need in what follows. Section 2.4 contains the definition of
our class of test functions as well as the application of Stampacchia’s lemma, which
is based on the previous energy estimates. We therefore obtain a basic theorem on
finite propagation. Some considerations regarding the equation for chemoattractant
density in section 2.5 will then allow for deriving the above sufficient criterion for the
occurrence of support shrinking.

1.3. Notation. By I we denote some time interval (0, 7).

The notation a A b (respectively, a V b) will be used to to denote the minimum
(respectively, the maximum) of a and b.

We let z := (z,t) be a point in spacetime.

By abuse of notation, we denote the space [L?(I; L?)]* of vector-valued functions
simply as LP(I; L?).

We refer to the set of all uniformly continuous functions on (0,7") with values in
X, i.e., the set of all functions which can be extended to a continuous function on
[0, T] with values in X, by C°(I; X); by Cf (I; X) we denote the set of all continuous
functions on (0,7") with values in X. The notation Cgy, is used to denote the set of
all smooth compactly supported functions.

The symbols ¢ and C' denote constants which may change from line to line.

If v € L', we denote the essential support of v by supp v.

2. A degenerate model of Keller—Segel-type.

2.1. Description of the model. Let u denote the bacteria density and v de-
note the concentration of the chemoattractant. The modified Keller—Segel equations
studied by Burger, Di Francesco, and Dolak [6] then read

ur =V - (u(l —u)(eVu—Vvy)),
—Av+y=u.

The following notion of a weak solution to (1), (2) was introduced in [6].
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DEFINITION 2.1. Let I :=(0,T) andu € L*(I; L*(R%)) as well as v € L*(I; H*(R?)).

We say the pair u, v is a weak solution to (1), (2), if the following conditions are sat-
isfied:

e [t holds that 0 <u <1 a.e.;
V (3u? — 2u?) € L2(I; L?);
o tu?— Fut € L>®(I; LY);
o Jra V(2,t) - Vo(a) + y(2,t)¢(z) — u(z, t)p(z) dz = 0 for any ¢ € H'(RY)

and almost every t € I;

o For any ¢ € C5,([0,T) x RY), we have

(5) / / ugy dedt — e/ / \Y4 <—u2 - —u3> -V dx dt
0 Rd 0 Rd 2 3

T
+/O /Rdu(l—u)V”y.VQS dz dt‘*’/RdU(-aOW(.,O)dx:o,

As mentioned in the introduction, Burger, Di Francesco, and Dolak [6] have shown
the existence of a weak solution for any ug € L' with 0 < ug < 1.

Remark 2.2. Tt follows from the above definition that w € H'(I; H~!). We can
therefore rewrite the above equation as

r T 1 1
/ (ut, ) -1 xgrdt = —6/ / V(=u?—<u?) V¢ dedt
0 0 R4 2 3

T
—|—/ / u(l —u)Vy - Vo dadt .
0o Jra

2.2. Energy estimates. We now seek to obtain energy estimates for the degen-
erate advection-diffusion equation (1) by plugging in (3u? — 2u®)1) as a test function,
where ¢ € CZ5,([0,T) x RY). Since u does not have sufficient regularity, we need some
approximation arguments to perform calculations with the resulting equation.

DEFINITION 2.3. We use the following abbreviations:

au) = <%u2 - %ﬁ) ,
Alu) := /Ou <%v2 — %zﬁ) dv = /Ou a(v) dv,
H(u) = /Ou o1 —v)dii} <%UQ - %v?’) dv = /Ou (1 v)? dv

“ d
:/O v(1 —v)%a(v) dv .

By straightforward calculations one can show the following.

LEMMA 2.4. For 0 < v <1 it holds that cv? < a(v) < Cv?, cv® < A(v) < Cv3,
and cv® < H(v) < Cv3.

LEMMA 2.5. Letv € HY(I;H™Y), v e L*(I;L%), 0 < v < 1, a(v) € L*(I; H'),
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and 1 € C2,([0,T] x RY). We then have for almost every (ti,ta) € I x I

cpt

ta
/ <Ut,a(’l})’lb2>H—1><H1 dt

t1

= A(v(x, t2))? (z, to)da — g A(v(z, t1))? (z, t1) do

Rd
ta
- / A(v)20y da dt |
t1 R4

Additionally, we have
v(l —v)Va(v) = VH(v)
in L2(I; L?).
Proof. Writing a(.) as the difference of an increasing and a decreasing function,
the first part of the lemma is a consequence of a technique by Alt and Luckhaus [1].

The second part of the lemma is verified writing H(v) = H(a"'(a(v))) and using
the fact that H(a=!(.)) is Lipschitz, a fact that is readily verified as

1

a/(a=*(w))
2 2 1 _
=v°(1 —v) o0 =) =ov(l—wv)

L Ha™ () = H'(a™ ()

with v := a~!(w); note that we have used Definition 2.3. Note that no differentiability

of v with respect to space is assumed; therefore we need to rewrite H(v) in terms of

a(v) (whose weak spatial derivative is known to exist by our assumptions). O
PROPOSITION 2.6. For a weak solution of (1), (2) we have for a.e. (t1,t2) € I x I

A, £2))62 (2, t2)dar + € / ’ [V @) o

R4 t1

(6) = A(u(x,tl))w2(x,t1) dx + / ’ A(u)2¢ dx

R4 t1 Rd
t2 t2
—|—/ VH( ) - Vy? da dt—|—/ / 2¢u(l — u)a(u)Vy - Voo dx dt

ty
—|—e/ / V|Vep|? de dt

or equivalently

(7) Au(z, t2))? (, t2) dx+e/2 IV (a(u))|® da dt

R4 ty R4

= A( (z, 1)) (x, 1) clx—|—/2 A(u)2¢)y dax dt

t1 R4

//2¢H YWr -V d dt — //H YAy ? da dt

/h/ 2pu(l — u)a(u)Vy - Vip da dt+e/t2/ V2| Vep|? dx dt .
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Proof. By a standard approximation argument, we may insert a(u)y? € L?(I; H')
with ¢ € C55([0,T) x R?) as a test function into (5). Application of the previ-
ous lemma and a straightforward calculation yield (6). Note that |V(a(u)y)|* =
2 Va(u)? + 2a(u)dVa(u) - Vi + a(u)?| Vo],

By integration by parts applied to the third term on the right-hand side of (6),
we obtain (7). O

2.3. Additional regularity. We want to apply Stampacchia’s lemma using the
previous energy estimates. To do so, we need the estimate to hold not only for a.e.
(t1,t2) € I x I, but for t; = 0. This statement will be a consequence of the regularity
u € C%I; L*(K)) for all K cC R%, which we show to hold now.

In order to provide a proof for u € C9(I; L?) in the case ug € L', we start off
proving that [’ v2(1—v)2dv € L*(I; HY(K)) for all K cC R% and utilize this result
to obtain u € L2(I; H'(K)) for all K CC R<.

LEMMA 2.7. For any solution to our model, we have fouv% (1—v)2dv € L2(I; HY(K))
for any K CcC R%.

Proof. Set us := min(1 — d,max(d, u)), take a smooth cutoff function ¢ with
{¢ =1} D K, and let £ := ¢us. Weknow ¢ € L*(I; H'(R?)): it holds that u®—3u® €
L?(I; H'); the inverse of ¢ : [0,1] — [0, £],

(8) q(x) :== 3% — 3%

exists, is continuous, and outside of any neighborhood of {¢(0) = 0,¢(1) = £} it is of
class C'. With & = ¢q~[q(6) V (¢(1 — 6) A (3u? — 2u?))], we see & € L*(I; H'(R?))
and therefore us € L*(I; H(K)) for any K CC R9.

Thus it is possible to plug £ into (5). Performing some standard rearrangements
and using the technique by Alt and Luckhaus [1] to rearrange the term involving the
time derivative, we see that it is possible to pass to the limit § — 0. The desired
result then follows. As the proof is mainly standard, we omit the details. O

PROPOSITION 2.8. Any solution to the above equation satisfies u € L*(I; H'(K))
for all K cC R, Moreover, we have u € C°(I; L*(K)) for all K CC R%.

Proof. Setting us := min(1 —J, max(d, u)), taking a smooth cutoff function ¢, and
using £ := ¢ (logus — log(1 — us)) as a test function, the proof of the first assertion is
again standard. We again omit it.

It is a well-known result that v € L?(I; HY) N H(I; (H')") implies u € C°(I; L?);
thus, the second assertion is immediate. O

LEMMA 2.9. Any weak solution u with ug € L' satisfies u € C°(I; LP) for all
1<p<oo.

Proof. We only need to show u € C°(I;L'); by boundedness of u the gen-
eral statement then follows immediately. By the previous corollary, we know u €
CO(I; L*(K)) and thus u € C°(I; L}(K)) for any K cC R%. Fix t € I and choose
K so large that [[u(.,?)||L1re\x) < §- Now let 0 > 0 be small enough such that
llu(.,t) = u(,t")|[ gy < § for [t —t| < 0. By conservation of mass, we have
||u(.,t’)||L1(Rd\K) < % and therefore ||u(,t) - U(., t/)”Ll(Rd) <e 0

2.4. Application of Stampacchia’s lemma. The aim of this section is to
prove the results on finite speed of propagation and support shrinking. We first cast
the energy estimate (7) into a simpler form by plugging in appropriate test functions,
then use the Gagliardo—Nirenberg—Sobolev inequality and apply Stampacchia’s lemma
to deduce basic results on finite speed of propagation and support shrinking.
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Define

T
() Gr(€) = / / a(u)’dudt |
0 JBr_g¢_c*nm, gy, t(@0+tv)

where C* is a constant which is to be selected depending only on d while deriving
(19) and (20) and where My, > 0, v € R? are parameters. The function Gp(&)
will play the role of the so-called scanning function. When deriving estimates on
support propagation via Stampacchia’s lemma, the scanning function is the function
to which Stampacchia’s iteration lemma is actually applied. Having found a zero
¢ of the scanning function, we may conclude that no mass is present within the
corresponding domain of integration (i.e., in our case that no mass is present in
Br_¢e—c*M,q,t(To + tv) for any ¢ € [0,7]). The scanning function bears its name
since it “scans” the corresponding domain of integration for the presence of mass.
Let

(10) S(R):= swp (r— R’)—ﬁ—d/ Alu(.,0))de .
re(R,R] B (z0)
We suppress the dependence of S(R) on R’ in our notation in the sequel. It is
immediate that G is nonincreasing in £ and S is nondecreasing in R. Note that S(R) <
oo if dist(xg,suppup) > R’ and if in addition ug is “flat enough” near 0Bg/ (o).
This section is devoted to the proof of the following three results.
LEMMA 2.10. Suppose that there exist positive constants Myqy, Maiw, R, R, s,
and a constant vector v € R? such that the following conditions are satisfied:
(Hl) 0<R/<R§m;
(H2) |Vy —v| < Mgay for all (x,t) such that |x — xo| < R+ |v|s and t < s;
(H3) Ay > —Maiy for all (z,t) such that |z — xo| < R+ |v|s and t < s;
(H4) S(R) < oo (note that this implies uo(.) =0 on Br/(x0)).
Then there exist positive universal constants cg, C* (i.e., constants depending only
on d) such that the following holds:

u(.,t) =0 on BR’—C*MadUt(l’O + t’U)

for any

ol

/
te [O, min (8, ﬁ, JCWSTJZ’ cge™s (Gs(0) (R — RH)~4-% 4 e 'S(R))

In case of vanishing v, we obtain a sharper result on finite propagation.
LEMMA 2.11. Suppose that there exist positive constants Myqy,, Mg, R, R, s
such that the following conditions are satisfied:
(H1") 0 < R' < R;
(H2") |Vy| < Mgy for all (x,t) such that |z — zo| < R and t < s;
(H3") Ay > —Muy;y for all (z,t) such that |x — xo] < R and t < s;
(H4') S(R) < oo (note that this implies ug(.) =0 on Br/(x)).
Then there exist positive universal constants ¢, C* (i.e., constants depending only on
d) such that the following holds:

u(.,t) =0 on Brr—c+M,q,t(T0)
for any

' 1
e [oumin (s, g7 et (@O - ) tsim) ]
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We now replace S(R) by supp S(R) and then let R — oo to see the following
corollary.

COROLLARY 2.12. Suppose that globally |Vvy| < Maay, Ay > —Mgyi,. Assume
supp S(R) < oo which in particular implies u(.,0) = 0 on Br/(xo). Then there exist
universal constants ¢ > 0, C* < oo (i.e., constants depending only on d) such that

u(.,t) =0 in Brr—tc*M,,, (o) i

!
]\ZRd and

are satisfied.

Proof of Lemma 2.10. The following extension of Stampacchia’s lemma is given
n [14].

LEMMA 2.13. Let G : [0, R] — [0,00) be nonincreasing and suppose that

K . o \B
GO < g (Gl +5- (R—0)™)

forall0 <n< &< R with K > 0,5>0,a>0, and 8 > 1. Suppose furthermore
B(a+6 1)

that R7T > (277 K)7T(G(0) + 5 - R7°T). Then G(R) =0 holds.

Set 0 = 5 + ara- We will use the energy estimates to deduce the inequality
CA -1 / 8—-26 %
(1) Gr©< W (GT(n) + T (R-R ) TTS(R))
T] 3

for R— R >&>n>0if |Vy —v| < Mygy, Ay > —My;, holds for all
(z,t) € Upepo,r1 Br(wo + tv) x {t} ,

and if additionally T < CA(R £ , T < P ,and R < W are satisfied. Here Cy4,
cA are positive constants dependlng only on d which will be determined in the course
of the proof of (11) below. The constant C* > 0 which Gr(§) implicitly depends on
shall also be determined in the proof of (11) below.

Note that the conditions (H1), (H2), (H3) then ensure the validity of (11) for
0 < ¢ < R — R’ if the condition

/
T < min [s ca_ call ]

) )
Mdiv Madv

is satisfied. In this case we can apply the extension of Stampacchia’s lemma. Set
R=R—-R,K =CaT*~ 963,a:829,ﬁ 495_6715() We see that

ﬁfl = 8 20 . Consequently Lemma 2.13 gives Gr(R — R’) = 0 in the case

0 o B—1
(R—R')® (GT(O) +e Y(R—R)#™ S(R))
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or equivalently

W=

20—8 -

T <ced ((R ~ R G (0) + e—ls(R))

We set ¢g := min(ca,c), where c is the constant in the inequality directly above.
Since 22=8 = —d — 8 we have established Lemma 2.10, as T < s and G4(0) is a
nondecreasing function with respect to t (this property is immediate by (9)). O

It remains to derive inequality (11).

We turn our attention to the cutoff function 1 which is to be used in the energy
estimate (7). Assume that both V~ and its divergence Ay are bounded; we will later
show that this is indeed the case. More precisely, let 7 € R?, let U be a domain with

(12) sup |[Vy — 9] < Mygy < 00
U
and
(13) max <sup —A7,0> < Mgy < 00 .
U

We shall need to select the parameters in the definition of ¢ (see (15)) in such a way
that

(14) suppy C U
is satisfied.
Choose a smooth monotonous cutoff v : R — [0,1] withv =1forz < O0and v =0

forz > 1. Fixr>0,R>0,T; >0,7 € R?. Let p > 0 be some constant. We define
our test function as follows (with C*, C~ some sufficiently large universal constants):

— o — vt| — * M yd _ -T
(15)  Y=v <|x o Ut1|% _TL " Maa t) cexp(—C™ Myipt) - v (t—f> .

o
For
(16) C*"Maay - (T +p) <r
and
In2
17 T < -
(17) S

this test function has the following features:
T1. wECé’;tandOSwgl;
T2. supp v moves with velocity v and shrinks with time with speed C* Mq,;
T3. ¢(.,t) = 0 outside of Br_c=nm, ,t(xo + vt) for any ¢ and ¢(.,t) = 0if ¢t >
Ty + 1
T4. ¢ > L in By_ ¢y, (wo + vt) for t < Ty
T5. wt < —Vw U= C*Madv |VQ/]| - CiMdivd];

T6. |Viy| < 2.
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The first three properties are obvious; the fourth property holds by (17). The fifth
property follows by the usual calculus using the monotonicity of v: We have

— xo — vt] — * M odot _ t—T

%/Jt:lfl’/('x o —vt| —r+C d >~exp(—C det>_y/< f)
R—r w

n (C*Madv (x — a9 —vt) v ) y <|x —zg—vt| — 71+ C*Madvt>

R—r |z—ax—vt|(R—7) R—r

=T
-exp(—C™ Mgpt) - v <t—f)

1
— 20 — vt| — *Mado -T
— C™ Mgv (|x 0 Ut]|% _rr—i— C" Maa t) cexp(—C™ Mypt) - v <t . f)

< (C*Madv (x — 29 —vt)-v y | — 2o — vt| — 7+ C* Mygyt
B )

R—r |z—axo—vt|(R—71 R—r

~exp(—C™ Mgpt) - v (t — Tf)

I
— 20— vt]| — * Mgy -T
—C_dey(|x 0 ”t)% r+ " Maa t)-exp(—C_det).l/<t f)
— p

and

v T — 19 — vt ,(|x—x0—vt|—r—|—C’*Madvt>

:|x—$0—vt|(R—r)V R—r

cexp(—C™ Mgpt) - v <t — Tf)
1

from which the sixth property is immediate. Thus
Yy < =V v —C*"Maay |VY| = C7 Mg

Our test function moves with speed v and therefore can be adapted to the advec-
tion speed. Since the advection velocity is usually not constant, we cannot choose v
to match the advection speed exactly; therefore the support shrinking property of the
test function is introduced in order to compensate for the difference between v and
the actual advection speed. The exponential decay is used to treat the terms which
occur as a consequence of the nonvanishing divergence of the advection velocity field.
The plots which are to follow show the evolution of a one-dimensional cross-section of
the test function from different perspectives; it is easily seen that the support moves
and shrinks with time and that the test function decays exponentially. The cutoff at
time T’ is not visible in the pictures.
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Galiano and Peletier [13] deal with a divergence-free advection term using an
idea which is close in spirit to our approach of test functions with shrinking support,
proving finite speed of support propagation for their equation; however, our test
functions additionally decay exponentially with time and move over time, thereby
enabling us to treat advection velocity fields with nonvanishing divergence and derive
results on support shrinkage.

Plugging in this test function in the energy estimate (7), for C*, C~ chosen large
enough but constant, property T5 of the test function ensures that

/ /Rd )2 de

is negative enough to dominate the possibly positive terms

T
/o /R 2 (u(1 — ua(u) — H(u)) Vy - Vipdadt
- /T H(u)Ay ?dzdt
0 Rd

since we know that v(1—v)a(v) < Cv3, H(v) < Cv3, and v3 < CA(u) (see Lemma 2.4
and Definition 2.3).
More precisely, using (7) and T5 we get the estimate

[ Awta e mie e [ [ 19 aowP as
§/ A(u(m,O))w2($,O)dac—/ / A(u)2¢v - Vipdx

(18) - / /R )20 dedx—C*/ /R W2 Mogo| V)| da
- /0 /}R . 20 H (u) V7 - Vipdwdt — / » H(u)Ay p?dxdt

+/0T/Rd 2Yu(1l — w)a(u)Vry - dexdt+e/ / V2|V Pdadt

for any 7" > 0 and having chosen C~ large enough we obtain, by the condition on
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—Ay (see (13)),

T
A(u(z, ) (x, T)dx + 6/0 IV (a(u))|® dadt

R4 R

T
< [ Atu(, 0)62(, 0)dz — / / A(w)200 - Vipda

Rd

—Cc* / ]RdA ()29 Mgy | Vih|da — / / 2 H (u) V7 - Vipdadt

/ /Rd?‘/’“ (1 —u)a(u)Vy - v¢da;dt+e/ / V2|V 2dadt .

Since |H (u) — 3u®| < Cu* and thus |H(u) — 2A(u)| < Cu* and since |u(1 — u)a(u) —
3A(u)| < Cu* (see Definition 2.3) we have for any 7' > 0

T
A(u(z, T))? (2, T)dx + € / v (a(w)y)|? dadt

R4

< [ Afu(w, 0)¢(,0) dx+e/ /]R V2 V|2 dadt

Rd

T
+ / A (u) (2Vy — 2v) - Vapdadt
0o Jra

T T
— C’*/ A(u)2¢ Moo | VY |dz + C/ / Yut| V|| Vap|dzdt .
0 R4 0 Rd

Since u? < C(a(u))? we obtain, for C* chosen large enough but constant, by the
condition on |Vy — v| (see (12))

T
A(u(z, T))? (z, T)dz + € /0 v (a(u))|? dedt

Rd

(19) < [ A, 0)¢(z,0) dx+e/ /R V2| V[2dadt

]Rd
2
+c/0 /]R ba(w)?| V|| V|dadt .

A sharper estimate holds in case of vanishing v:

T
A(u(z, )2 (@, T)dz + € / IV (aup)P dad

Rd

(20) < [ Az, 0)¢*@,0 dx—f—e/ / V2 Vp[2dadt |
R4 R4

This estimate can be derived directly from (18) by choosing C~, C* sufficiently large

and utilizing the fact that |H (u)| + |u(1 — w)a(u)] < CA(u).

The estimates (19) and (20) in conjunction with the Gagliardo—Nirenberg inter-
polation inequality yield the desired estimates. Let us recall the Gagliardo—Nirenberg
interpolation inequality (for proofs see [12], [20], [21], [9]).

THEOREM 2.14. Suppose 0 < q < p, 1 <7 < oo. Let Q = R%. Foru € L9 with
Du € L™ we have the estimate

llullz» < Cl|Dul|g - [Jul 77
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with

1:9<1—§>+(1—9)1.

p r q

Using the Gagliardo—Nirenberg inequality on a(u)y, p =2, 7 =2, and ¢ = %, we
get 0 = #‘id and

/Rd a(u)?¢?de < C (/R IV (a(u))|? dx>0 : (/R a(u)gwgdx)

Integrating with respect to t and using Jensen’s inequality yields

(21) /OT /Rd a(u)*y*dedt

. 0
1-0 2 . 23
<CT (/(; /Rd [V (a(u)y)] da:dt) tes[%%] </Rd a(u)2 dx)

We now are in position to prove inequality (11).

Let r, := R— ¢ and R, := R — 7. Note that by the conditions on £ and n, we
have (see the conditions following (11)) R’ <r, < R, < R.

We make use of two test functions 1/3, 1& from our class of test functions defined in
(15). The parameters are chosen as follows: we use r, and % (respectively, %
and R,) as the small and large radius—i.e., in place of r and R—as parameters in the
definition of ¢ (respectively, 1). The other parameters of the test functions Ty, p, U,
Mgy, Myi, are chosen to be the same for both 1/3 and 1& The constants M4, and
My;, as well as ¢ are taken over from the conditions following (11); we furthermore
require Ty + p < T', where T is taken over from the conditions following (11).

Set

4(1-9)
3

1(1-9)
-3

U:= U Bpr(zo +tv) x {t} .
te[0,T]

As a consequence of the conditions following (11), the conditions (12), (13) are satisfied
for this choice of U. Using r, < R, < R we have by property T3

supp1/;(., t) C BRQ—C*Madvt(xO + tﬁ) C BR(ZIJ() + tﬁ)
and

(22) supp (., t) C B%,C*Madut(% +t0) C Bgr(zo + tv)

which together with T +p < T imply supp @[NJ C U, supp @[AJ C U. This proves condition
(14) for both ¢ and ).

It remains to check conditions (16) and (17). Recall that ¢4 in the conditions
following (11) is still to be determined. We set

- i (L 102
Cp = ININ 20*7 C* .

As C* and C~ depend only on d, c4 also only depends on d.

Knowing that Tt + p < T, the conditions (16) and (17) are now a consequence of

the conditions following (11): We have Ty + p < T < CAJ\(;:;@ = Xf;‘z < C*’]F\;adu by
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the conditions following (11) and by (23). Thus (16) is satisfied as both
C* Mgy - (Tf + ,u) < T4

and
Tq + Rq
2
hold. Condition (17) is checked similarly: we have Ty + pu < T < A;;‘w and therefore
Ty + p < z257— by (23).
By property T4 and (22) we obtain that for ¢t < T}

C*Myqw - (Tf + /L) <

1 . )
(., t) > 5 on B%fc*Madvt(xO + t7) D supp ¥(.,t) .

Using this assertion as well as ~a% (v) < Cv® < CA(v) (see Definition 2.3 and Lemma
2.4) and (19), replacing ¢ by ¢ we obtain from (21) for any 7" < T’

/ /Rd V2 dxdt
< CFt (/T/ V(a(
0 Jrd
<oTtt </T/ \Y a(u)ﬂ)‘zdxdt>0- sup ( Au )w2dx) o
0 Jrd R

t€[0,T)
<oTtt <€1 A(u(z,0))?(z,0)dx + C/ / V2|V |2dx
R4 Rd

+c/ / IV |a(u |V1/)|1/)dxdt>

- ( [ Alue.0)i%(@.0) da:+C’e/ /R V|V dudt

4(1-0)

+C//|wa 2|9 da

u)iﬁ)‘ dxdt) © sup (/Rd a(u)g@ﬁzdx)

t€[0,T]

We deduce by the properties T3, T4, and T'6 of our test functions

T
/ / a(u)?dxdt
0 JBp,_c*m, g, t(@o+tv)
~ 4—460
B Ra_ a 2
< (Bl [ A 0)as
(Ra - Ta)T € Br, (EO)
T
+/ / a(u)?dxdt
0 JBr,—c*Mm, 4, t(ToFtv)
Ma v +
st |
€ Br,—c*m

4—06

=
a(u)?dz
t ($0+tv)

adv
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since |Vv| < |v| + Myay (see (12)). We have R, < R <
following (11)); thus

T
/ / a(u)?dxdt
0 JBr,_c*m,y,t(@o+tv)

10 220 _ 2
T (Fa = 7a) / A(u(z, 0))da
€ Br, (z0)

. ‘ .
YA (see the conditions

—_ (Ra _ /"'a) 87329
~ 1-0
T 3
+ 2/ / a(u)2dxdt>
0 JBr,—c*m,y,t(Tot+tv)
Letting T 1 T, this implies by (9) and (10) as well as R’ < r,
716 4—349
Gr(R—rq) < 0768729
(Ro —14) 3
| e (R, — R (R, — R’)*G*d/ A(u(.,0)) dz
Brq(wo)
%
+ G'T (R - Ra))
T1-6 416 ie
S 0768% . (Gil(Ra — RI)8+dS(R) + GT(R - Ra)) 3
(Ro —1a) 3

from which inequality (11) follows by noting that % = 8 + d, recalling that r, =

R—-¢&, R, = R —n, and setting C'4 := C. This finishes the proof of Lemma 2.10.
Lemma 2.11 is proven in a similar way; using inequality (20) in place of (19) and
performing the same steps, we obtain

T
/ / a(u)?dzdt
0 JB,._c*n,y,,(To)

710 4-40 Ry
O (Jor) [ Aoy
(R—r)"= € Br(z0)

T
(25) + / / a(u)zdxdt>
0 JBr_c*m,,,t(@o)

without any additional restriction on R of the form R <
the lines of the proof of Lemma 2.10.

4—0
3

w7 We then follow

2.5. Proof of the main results. In order to cast the results from the previous
sections into a more usable form, we need to take a closer look at the advection
velocity V. ~ is uniquely determined by the equation —A~y + v = w. This is a
linear elliptic equation with constant coefficients and thus can be solved by taking
the convolution of u with the corresponding fundamental solution. Recall that the
fundamental solution is defined to be the distribution solving —Ae + e = ¢ with §
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denoting Dirac’s distribution. In this case, e is given by the Bessel potential

z|?

0 o—t—"g¢
B(z) = ld/ c dt
)z Jo

(4w ts

(see [6]). The following two estimates on the Bessel potential are well known and
can be derived using the above representation formula for the Bessel potential by
differentiating under the integral sign and using standard estimates.

LEMMA 2.15. We have |VB(z)| < C|x|_d+1e_%,

[z]

LEMMA 2.16. We have |B(z)| < Cl|z|?>~%e™s in the case d > 2; in the case
d = 2, we obtain |B(x)| < C|1+|log |a:|||ef%. In the case d = 1, it holds that |B(z)| <
Ce= 5.

Notice that for 1 < p < d;f2 we have B € LP; for 1 < p < ﬁ, it holds that
VB e LP.

We now show continuity of the gradient of the chemoattractant concentration.
Note that this continuity property can also be derived using standard techniques
from regularity theory.

LEMMA 2.17. We have Vv € C°(I;C°).

Proof. We know u € C°(I; L?(K)) for all bounded K. Since u € L>(I; L*°), we
have u € C°(I; LP(Bg)) for any p > 2 since convergence in L9 and boundedness in
L> imply convergence in any LP with ¢ < p < oco.

Using v(z,t) = (B(.) * u(.,t))(x), choose 1 < 8 small enough such that B, VB €
LP, and q > 2, where % + % =1+ L. Splitting u into two parts, one supported in
Bpg and one supported in R?\ By, and applying Young’s inequality for convolutions,
we have

(2, 1) — Az, )] = / By)(ulz — y,1) — u(z — y.¢) dy

< BONzs@allul ) = ul ) Le(Ba()
+ B L1 rayBr) (luls )l + [Jul, )] L=)

and since B € L', first choosing R large and then [t — ¢| small, we see |y(z,t) —

y(z,t')| — 0 as t’ — ¢ uniformly in # € K and t € I, the latter since [ is compact.
It remains to show |y(z,t) —~vy(z',t)| — 0 as 2’ — x uniformly in z € K and ¢t € I.
We compute for |z — 2’| < R by writing B(x) = B(x)X|z|<2r + B(Z)X|z|>2r
|")/($, t) - V(xla t)'
< NBOI e Banop el + 2,1) = ul. + 2, )| La(B2r (0)
+IBOIzr @\ Bar(2)) - 2lullze -
The second term can be made arbitrarily small by choosing R large. The result follows

since we have (recall ¢ > 2)

[u(. +x,t) —u(. 4+ 2", )||La(Ban(a)

- / (. + 2,8) —u(.+ 2, 8)|7 da
Bagr(z)

a=2 2
< Cllull & [fu(. +z,t) —u(. + 2, t)||z2(B2R(I))
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and since the set B := {v € L*(Bsg()) : v(.) = u(.,t) for some t € I} is compact in
L? because it is the image of the continuous mapping [0, 1] — L*(Bsgr(z)), t — u(., t).
It thus follows that lim, o sup,cp [|v(y +.) = v()||L2(Bog(z)) = 0 uniformly in v € B
(see, e.g., [24]).

A similar calculation for V< yields the corresponding result for V+; here the
representation Vy = VB x u is used and the estimates for VB (namely, VB € L” and
VB € LY) are employed. [

LEMMA 2.18. We have v € L*>®(I; L™) and Vv € L>®(I; L*>) as well as Ay €
Le°(I; L), with some uniform bound depending only on the spatial dimension d.

Proof. The first two estimates are an immediate consequence of v = B x u and
Young’s inequality; the last estimate follows since v € L(I; H?(K)) for any K CC R¢
by elliptic regularity and since Ay =~y —u € L. d

We are now ready to show a result on finite propagation.

LEMMA 2.19. Set S := [o, A(uo(x)) dx. Fiz xo € RY, 2o ¢ suppug. Assume
R < dist(zq,suppug). We then have u(x,t) =0 for all z € Br (o) and all

¢ < min CR% c cR
- Sz max(sup(—Av),0)’ sup [V

for some constant ¢ > 0 depending only on d. The second term is to be read as oo
in the case sup —A~ < 0, which corresponds to a noncompressive advection velocity

field.
2R

Proof. The assertion follows directly from Corollary 2.12: we set R’ := =* and

use the upper bounds for |V~| and —A~ from the previous lemma as Mg, and Mgy;,.
The estimate

S = _nt (r - §R> N < /B " A(%(-)))

B (1730) () e ([ aean)

holds because fBr(ro) A(uo(.)) = 0 for r < R. We therefore obtain suppu(.,t) N
Bzp c-m, t(xo) = 0 for all t subject to the assumptions of the lemma. If additionally

-1
3

W=

t < m holds, i.e., t < MCZU for ¢ a constant which is chosen small enough
(depending only on d), we therefore obtain supp u(.,¢) N B%R(xo) = 0. 0

THEOREM 2.20. Let u, v be a weak solution of (1), (2) with initial data ug € L?,
where 0 < ug < 1.

Suppose

(26) supp uo N Br, (o) =0 .
Then there exists a constant ¢ > 0 depending only on d such that

supp u(.,t;) N B%(xo) =0

for any
d+6
. cR;* cRq cRq
f1 < min 5 s dt3 7+ sup |V
elluol[7: €75 | max(sup(—Ay), 0)[ 5 [uol|F® SHP IV



1604 JULIAN FISCHER

Proof. For
d+6
, cR,? cRy cRy
e 57 a2 g2y @ sup [V
elluollZ: €78 | max(sup(—Ay), 0)] 75 [uol | 17

c

= max(sup(—A~),0)

the assertion is immediate from the previous lemma. Note that for all ¢ > 0, we have
S = [Au(.,t) de < [u(.,t) de = ||ug||L:.

If m is smaller, we iterate the estimate from the previous lemma, as
the previous lemma only allows advancing in time by m. To this aim,

choose R so as to satisfy

s celfuoll}
27 =
&) B = axoup(—A9),0)
and set
. c cR
2 t = mi .
(28) i <max(sup(—A’y), 0)’ sup |V’y|>

Note that R and ¢ have been chosen in such a way that

~ d+6

cR 3 c

max(sup(—A~),0)

1
6||“0||21

and therefore

i‘ . CR% c CR
= min , 7 .
€||U0||§1 max(sup(—A~),0)’ sup | V7|

Note also that R < Ry. We now apply the previous lemma to all balls of the form
Bpy(z) with 2 € R? subject to the condition B (x) Nsuppug = (). The parameters in
the previous lemma are chosen as follo~ws: we set R:= R, t :=t, and use T in place
of 9. The lemma now yields supp u(.,t) N B%z () = 0, due to our choice of ¢ and due
to the estimate S = [ A(u(.)) < |Juo||z1. Note that £ and R are independent of .

Thus, if initially suppug N Bg, (z0) = (), we obtain supp u(.,#) N BR1—§ (xo) =0,
since for any x € By _(z0) we have By(x) Nsupp ug = () and, therefore, for any = €
By, _g(wo) application of the lemma was possible, yielding supp u(., )N B§ () =10
for any = € By, _ (o).

We intend to iterate this procedure, repeating the argument starting at times ¢,

2t, ... (and regarding the solution u as a solution with initial data u(., ), u(.,2t),...).
For the kth step of the iteration, we assume that

(29) By _ (-ni (w0) Nsuppu(., (k— 1)) =0 .

We then show that this implies by the previous lemma that

By, wa(zo) Nsuppu(., ki) =0 .
1—73
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Note that for k = 1, the assumption (29) required for the step is precisely the assump-
tion (26) of our theorem; moreover, for k > 1 the result of step k — 1 yields exactly
the assumption (29) necessary for step k.

In the kth step, we apply the previous lemma to all balls of the form By (x) with
r e B R UG£DR (x0); the parameters of the previous lemma are chosen as follows: we

use u(., (k — 1)f) in place of up and  in place of z¢ and set R := R as well as t := {.
If applicable the previous lemma implies supp u(., kt) N B (z) = () for any choice of
2 ~
z € B, enr(®o); it is then immediate that B, .z (x0) Nsuppu(., kt) = 0.
—G+DR 3
It remains to verify the conditions of the previous lemma. As by assumption (29)
we have B, o_nr (w0) Nsuppu(., (k —1)t) = 0, for any x € B, sna (o) it holds
1= -

that supp u(., (k — 1)) N Bg(z) = 0. Thus, the condition on the support of the initial
data in the previous lemma is satisfied; it remains to verify the conditions on ¢. By
our choice of R (see (27)), application of the previous lemma with ¢t =  was in fact
possible since ||u(., (k — 1)f)||z1 = ||uo||z1 which implies

~ d+6 -
t = min T ¢ ci
ellul., (k — 1)f)|[3, max(sup(=A7),0)" sup|V|

46 -
< min cR s c cR
- eS3  max(sup(—Av),0) " sup V7|

by S = [ A(u(., (k—1)t)) dz < |
We can perform K = |

., (k=1)?)||z1. Thus our induction step is complete.

— | iteration steps: after K steps, we still know

that suppu(., Kt) N B, &

suppu(., Kt) N Br, (xg) = 0.
2 ~

We have by our choice of R (see (27))

(x9) = 0 holds which implies by our choice of K that

{%RlJ S cRy max(sup(—A"y),O)ﬁ
s R
2 (elluoll3)

Each iteration allows advancing in time by one time step f. Recalling (28), we see
that supp(u(.,t1)) N By g, (z0) = ( for all

Y
t <t {i—lJ
51
. c cR c¢Ry max(sup(—A~), O)d%ﬁ
> min ; : 3
max(sup(—A~),0)’ sup |V~ (GHUOH%)TFG

cRy chy
1
¢+o max(sup(—A~), O)Z_igHUonJfG sup [V

= min

This finishes the proof of our assertion. d
COROLLARY 2.21. Letu, v be a weak solution of (1), (2) with initial data ug € L*,
where 0 < ug < 1.
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Suppose supp ug C Bpr,(x1). Then there exists a constant C > 0 depending only
on d such that suppu(.,t) C Bg)(z1) for

1
R(t) := Ry + Cess||ug|| 1t 75
3 d+3 A
+C (sup [Vv| + €@+ | max(sup(—A~), 0)| &+6 ||u0||ZTG) t.
Proof. This corollary is derived applying the previous theorem to all balls of
the form B, s, |—Rr,(z0), where 2o ¢ Bpg,(71) is arbitrary. Note that suppug N
Blgy—z,|-Ro(20) = 0 for any such ball; thus, the previous theorem applies with o and

Ry :=|zo — x1| — Ry, giving supp u(.,t) N Blag—s,1-ry (T0) = 0 for any ¢t < t1 = t1(x0).
2
This especially implies zg ¢ supp u(.,t) for ¢t < t1(zg), where t1(z0) is given by

d+6
— — Ry
t1 = min (C(|x0 x1| T 0) -
€lluol| ;.
c(|zo — 21| — Ro) c(|zo — 1] —R0)>
1 :
7% | max(sup(—Aq), 0)[ 75 ||uo| [T S IV

Solving for |zg — z1| — Ro we see that we have z¢ ¢ supp u(., t) for all ¢ subject to the
condition

1
20 — 1] — Ro > C max [e%mnuonzm%w,
3 d+3 -1
tsup |V, 6‘“’6|maX(Sup(—A"/)7O)|d+5||u0||ZTGt‘| .
We therefore have supp u(.,t) C Bg(z1) for
1
R(t) = Ro + C'max [edienuon oo yats,

1
<sup|V7| + ediﬁlmaX(Sup(—Av),O)I%Ilwllﬁe> t] :

This implies the corollary. O

We see that at some point a transition takes place between the short-time behavior
of the front which is like t@+s and the large-time behavior which is like ¢t. The
occurrence of two different propagation rates is due to the different scaling behavior
of the degenerate diffusion term and the advection term.

Remark 2.22. The quantitative bound on support propagation given in the
previous theorem is presumably not optimal for large times. Our results do not
depend on the particular structure of the advection velocity; only boundedness of the
advection velocity field and boundedness of its divergence are required for our result.
Taking into account the particular structure of the advection term in the chemotaxis
model, one may hope to obtain improved bounds on asymptotic support propagation
rates. This amounts to deriving a better estimate for the terms involving V-~ - Vi in
formula (7). However this is beyond the scope of this paper.
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Fi1G. 1. The situation of Theorem 2.23: We have a cone (blue) with azis —V~(x0,0) and apex
xo which only touches the support of ug (gray); therefore for any point x on the axis of the cone
there exists a ball centered on it with radius proportional to |z —zo| which has an empty intersection
with the support of ug. Several such balls are depicted (red). The vector Vy(xo,0) is drawn in green
and originates at xo.

A sufficient criterion for the appearance of a waiting time and even support shrink-
ing can also be derived from Lemma 2.10.

THEOREM 2.23. Let u, v be a weak solution of (1), (2) with initial data ug € L*,
where 0 < ug < 1.

Given a point xg € dsuppug with Vy(xo,0) # 0, assume that there exists a
neighborhood U of xg and a cone B with vertex xo and axis —NV~(xo,0) such that
(UN B)Nsuppug = 0. Suppose in addition

(30) lim 1“_3][ Aug(z))dz =0 .
r—0 BT(IO)

Then there exist T* > 0 and ¢ > 0 such that for any 0 < t < T* we have supp u(.,t) N
Bct (xo) = @

The situation of Theorem 2.23 is illustrated in Figure 1.

Proof. Note that the conditions of the theorem imply that there exists a constant
a > 0 and a neighborhood U of zy such that for all points © € U N {xg — 7V~y(x0,0) :
T > 0} we have

(31) Boa|wo—a|(x) Nsuppug =0 .

The value of @ > 0 depends on the opening of the cone and tends to zero as the
opening of the cone tends to zero; a cannot exceed %
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Setting v := V~v(x0,0), the general idea is that for small 7 > 0 the balls
Bsa|(zo—7v)—m0|(To — Tv) have empty intersection with suppuo and near xo and for
small times the function u gets advected approximately with speed v = V+y(z,0);
therefore at time 7 we may hope to obtain a (smaller) ball around xy which has empty
intersection with supp u(., 7).

Fix z¢ and «; from now on, a may be treated as a constant. Choose ¢y > 0 small
such that

1
2 < 1 _
(32) ¢o < min <cs, 20*) a|Vy(zo,0)|

holds true, where the constants c¢g, C* are the constants in Lemma 2.10. Select § > 0
such that for |z — zo| < 6 and [t| < ¢ we have

(33) V(1) = Vy(20,0)] < co -

This is possible by Lemma 2.17. Decreasing § if necessary, we can ensure that § <
For the reader’s convenience, we recapitulate Lemma 2.10.
LEMMA 2.10. Suppose that there exist positive constants Maq,, Myiw, R, R, s,
and a constant vector v € R? such that the following conditions are satisfied:
(Hl) 0<R/<R§m;
(H2) |Vy —v| < Magy for all (z,t) such that |x — xo] < R+ |v|s and t < 's;
(H3) Ay > —My;, for all (x,t) such that |z — x| < R+ |v|s and t < s;
(H4) S(R) < 0.
Then there exist positive universal constants cg, C* (i.e., constants depending only
on d) such that the following holds:

u(.,t) =0 on Br—c+m, ,t(x0 + tv)

for any

=

. cs  csk —4 _ pn—d—8 -1 -
te [O, min (s, Mo Mg cse 3 (G5(0)(R—R) + ¢ 'S(R))

For 7 > 0 with 7 < 7y (where 79 will be specified in (34) below), set z :=
2o —TV7y(x0,0) and let r := |z —xo|. We now seek to apply Lemma 2.10 to balls with
center x and R := %, R = ar, M4, := cg. Note that = and r depend on 7.

For My;, we use the universal upper bound on —A~ from Lemma 2.18. Condition
(H3) is immediate by our choice of Mg;, (as this bound holds globally, it does not
matter that we have not yet chosen s).

Set
. cs ) )
34 To := min (5,—,—,—) .
(34) Maip” 4|v]” dafv|
Since we have chosen § so as to satisfy ¢ < m, using Maqy = co, R = %, R =
ar = arlv|, and 7 < 79 < %‘U' condition (H1) is seen to hold.

We set s in Lemma 2.10 to equal 7.

Recall that we have ¢ = V~(x0,0) and Myq, = co. Our choice of 75 in (34)
ensures that |v|s = |v|7p < g which implies Bg(zo + tv) C BsTa(xo) for t < s. Thus
by (33) we see that condition (H2) is satisfied.
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It remains to check (H4). This is straightforward using (10) and noting that
Byr(z) Nsuppug = 0 and [ A(uo(.)) dz < oo.

We would like to set t = 7 in Lemma 2.10: this being possible, we would obtain
u(.,7) = 0 on By v (20,0)|r—C*cor (¥ + UT) and by our choice of ¢o (see (32)) and our
definition of z and ¥ (see just below the recapitulation of Lemma 2.10) we would have

B 6/9~(20,0)|7 (£0) C Ba|9x(a0,0)[r—Crcor (T +TV) .

It remains to show that it is possible to set ¢ = 7 in Lemma 2.10 for any 7 <
min(7, 1), where 71 > 0 is a constant depending on the solution v and on xg and
a which is to be selected below (see (40) below); then the assertion of the lemma is
proven for T := min(7g, 7).

By our choice of ¢y (see (32)), x, 7, Maay, and d (see (33)) the inequality 7 <
705‘”'23(“70)‘ = G205 = Q8ar — Ifjﬁ; is satisfied.

Additionally we have T < 75— for any 7 < 79 by our choice of 7o (see (34)).
It remains to show that

(35) 7 < ese 3 (Gr(0)(R - R)™8 + e 1S(R)) ™

for any 7 < min(7p, 71). Recall that we have chosen s = 7y in Lemma 2.10.

We can estimate for T =7 < 19 < ol

wl=

ol

e 3 (G (0)(R — R)~%8 4+ € 'S(R))

> ces G (06798 e sup (7 — R’)_G_d/
FE(R';R] B

where we have used that R’ = ar = afv|r < § = & (see (34)). Furthermore

_1
3

€

ol

(GTO(O)é_d_8+6_1 sup (7 — R~ /B ) )A(u(.,()))da:)

7e(R';R)

— 3 <GTO 06798+t sup (7 — R/)fﬁid/ Au(., 0))d$> ’

FE(2R';R,

ol

where we have made use of the fact that Bag/ (z) Nsuppug = @ which holds by (31)
since R’ = ar = a|x — xo|. Therefore we have the estimate

=

3 (Gry(0)(R— R84+ ¢ 'S(R))~

Wl

> ce 3 G (00798 e sup f‘ﬁ_d/
FE(2R/;R] B

as 2R’ < 7 implies R’ < 37, i.e., 37 < (F — R') < 7.
Recall that |z —xo| =7 = % see the definitions just below the recapitulation of
Lemma 2.10); it follows that Bj(x) C Bite(x9) in case 7 > R’. Thus

Wl

€

ol

(Gr(0)(R—R)"" 8+ 'S(R)

wl=

> e G (0)07% 8 e sup f_ﬁ_d/ A(u(.,0))dx
fG(QR,;R] BH_QT_‘(IQ)
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We therefore obtain
(36)

4 (G (0)(R — R)~% 4 e 1S(R))

> e (GTO (O sup fﬁG*d/ A(u(., O))dx) ,
FE(2(a+1)r; 2 R] Bi(zo)

ol

where we have performed a change of variables, made use of the fact R’ = ar, and
have treated o as a constant.
Fix ¢3 > 0 so small that

(37) c1¢9 2 | Vy(20,0)| > 1

for some constant ¢; > 0 which is to be determined and which depends only on d and
on «. Choose ry small such that

(38) sup FﬁB*d/ A(u(.,0))dx < ¢ .
7€ (0;71) By (xo)

This is possible by our assumption (30). Now select ro small such that

(39) sup f_ﬁ_d/ A(u(.,0))dz < cory®
B;(:Eo)

Felr; 2L R]

We now let 71 be the largest constant satisfying both

(40) "< min(ry, r2)
- |v]
and
(41) Gry (0067976 < ¢y (Ju]m) 2

Note that this choice implies that for 7 < 7y the inequality r = |v|7 < min(ry,79) is
satisfied.
Let us estimate using (36)

1
3

€

Wl

(G (0)(R—R)™ 5+ ¢ 'S(R))

> e <GTO (0)67478 41 sup fﬁG*d/ A(u(.,0))dx
Br(wo)

7E€(2(a+1)r;r]

1
3

+e ! sup f‘ﬁ_d/ A(u(.,0))dx
B;(:Eo)

7€lry; 2 R]

>ce s Grp(0)67478 f 7173 sup f_g_d/ A(u(.,0))dx
7€(2(a+1)r;r1] B (o)

3

+e ! sup f*G*d/ A(u(., 0))dx> ,
B;(wo)

Fe[r; %L R]
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where again we have treated « as a constant. This yields using r < min(ry,r2) (see
(40)) and (38), (39)

ol

0)(R—R)" %+ 1S(R))
(GTO (0)57‘178 +e 3, + 6717"2_362)_%
(GTO (O)(S_d_8 + e_lr_?’cz)_% .

Thus, for 7 < 71 we obtain by (41) and (|v|r) ™2 < Ju| 3773 =3

wl=

3 (Gry (0) (R~ R) ™+ T1S(R))
> cey 1 = cc; * |V (w0, 0)| -

If we take c; to equal the product of the ¢ in the last expression and cg, by our choice
of ¢o (see (37)) the condition (35)

TS Cse_% (GTO(O)(R - R/)_d_g + 6_1S(R))_%

is satisfied. This finishes our proof. |
Remark 2.24. The proof of the theorem shows that the condition

lim inf 7’*3*d/A(u0(az)) dr < co
r—0
for some co > 0 small would suffice; however, co depends on many quantities, including
the opening of the cone in the theorem. We have therefore chosen to state the theorem
in the above form.

Remark 2.25. Essentially, the theorem says that the condition

lim T'_S_d/ A(u) de =0
By (o)

r—0

implies that locally at x( the diffusive spreading of the support of u initially has zero
speed. Since the advective transport has locally almost constant speed (since V7 is
continuous), it is the advective transport which initially dictates the local behavior of
the interface dsupp u(., t).

Remark 2.26. The condition in the theorem involving the cone is especially
fulfilled if x¢ lies at the boundary of a C! manifold with boundary, V~(x¢) points into
the manifold (i.e., the dot product with the outward unit normal vector is negative),
and supp ug is locally contained in this manifold.

Let us use the abbreviation supp, ug := Conv(supp ug) for the convex hull of the
support of ug. By suppug we mean the closure of the set of all Lebesgue points of ug
for which ug > 0.

LEMMA 2.27. For xg ¢ (supp,uo)°, either the half-line given by xo+ AV~y(x0,0),
A > 0, has nonzero intersection with (supp,uo)® or ug = 0. Thus by convexity of
supp, uo, for xg € dsupp, ug we have xo+AVy(zo,0) € (supp,ug)°® for all sufficiently
small A > 0 and all nonvanishing ug.

Proof. We have

V(0. 0) = (VB % o) (o) = / VB(zo — y)uo(y)dy -
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The closure of the set of vectors w with the property that the half-line starting in x(
with direction w meets supp, uo is a closed convex cone! C. With VB(z) pointing in
direction —z, we see that for a.e. y with uo(y) > 0 the vector VB(xo — y) points from
xo towards y and thus VB(zo —y) € C. Vy(zo,0) being a positive linear combination
of such vectors, we have Vy(x¢,0) € C.

Additionally, we see that V~v(xg,0) cannot lie at the boundary of the cone: let
b € 9C; since the cone is convex, we have a vector a, with (d—b)-ap > 0 for alld € C,
where equality can only hold if d € 9C. Since VB(z¢—y) € C° for y € (supp, uo)° and
thus (VB(zo —y) — b) - ap > 0 for a.e. y (since Jsupp, uo has zero Lebesgue measure;
see the last paragraph of the proof), we have ((VBxug)(zo) —b [uo dz) - ap > 0
which implies V7(z0,0) # [uo dz-b. Since b € dC was arbitrary, we conclude
V~(x0,0) ¢ 9C.

If the half-line starting in 2o with direction Vv(x,0) would only touch supp, ug,
we would obtain a contradiction since this would imply that we would have Vv(zg,0) €
O0C': for some vectors w in the neighborhood of Vv(zg), the half-lines starting in xg
with direction w would fail to meet supp, ug as the latter set is convex. As we have
excluded the possibility that Vy(zo,0) € 9C, the half-line starting in z¢ with direc-
tion V~(zp,0) necessarily has to meet the interior of supp,ug. As xg € dsupp, uo,
the assertion of the lemma follows using the fact that supp, uo is convex.

In the course of the proof we have used that the boundary of the convex set
supp, uo has vanishing Lebesgue measure. This property is easily established: if
supp, up does not contain any interior point, it is contained in a hyperplane and thus
ugp = 0 a.e. If it does contain an interior point x, the property follows easily by
integrating X o supp, v, USing spherical coordinates centered around z and noting that
any half-line starting in = meets 0C' in at most one point. O

Putting these results together, we obtain the following corollary.

COROLLARY 2.28. Let u, v be a weak solution of (1), (2) with initial data ug € L',
where 0 < ug < 1.

Suppose xo € O Conv(supp ug); then in the case

lim 7“*3][ A(ug(x))dz =0
Br(wo)

r—0

the support of u shrinks immediately near xo; more precisely there exist T* > 0, ¢ > 0
such that for every 0 <t < T* we have supp u(.,t) N Bet(xo) = 0.

Proof. This is immediate from the previous theorems, since we may choose a
hyperplane running through x¢ and tangent to supp, uo; by Lemma 2.27 and convexity
of supp,. ug, —V7(z0,0) points away from supp,. . d

3. Concluding remarks and possible extensions. We have obtained a suf-
ficient condition for advection-induced support shrinking in a degenerate chemotaxis
model; as a by-product, we have shown finite speed of support propagation for the
model.

Our methods can be adapted to the case of the degenerate charge-transport model
by Diaz, Galiano, and Jiingel [10], resulting in a new sufficient criterion for support
shrinking. The calculations are mainly analogous to the ones presented above.

Our method can be applied to the subcritical Keller—Segel model

(42) up = Au™ + div(uV(V xu)) ,

Here, by “cone” we mean a set C with the property that v € C implies Av € C for all A > 0.
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with @ =R?, V(2) := —cqlz[>~%, d > 1, m > 2—2 again yielding sufficient conditions
for initial backward motion of the free boundary. Note that solutions to this model are
bounded in the case of bounded initial data; see, e.g., [19] and the references therein.
More precisely, using our approach we could prove the following theorems.
THEOREM. Let u be a weak solution of (42) with initial data ug € L' N L.
Suppose that ug has finite second moment. Let xg € R, (VV % ug)(xq) # 0.
Assume that there exists a neighborhood U of xg and a cone B with vertex xy and
azis (VV *ug)(xo) such that (BNU) Nsuppug = 0. Suppose furthermore that

(43) lim 2+ :j][ uldr =0 .
By (zo0)

r—0

Then there exist T* > 0 and ¢ > 0 such that supp u(.,t)NBe(zo) = 0 for 0 <t < T*.
As the interaction between bacteria again is only attractive, we obtain the corol-
lary below.
COROLLARY. Let u be a weak solution of (42) with initial data ug € L* N L.
Assume that ug has finite second moment. Suppose xy € 9 Conv(supp ug); then in the
case

m—3
lim r72+mf1][ uyde =0,
r—0 Br(wo)

the support of u shrinks immediately near xo; more precisely there exist T* > 0, ¢ > 0
such that for every 0 < t < T™* we have supp u(.,t) N Ber(xo) = 0.

Remark. Recall that in the case of vanishing advection, the condition ensuring
the existence of a waiting time phenomenon is

. _og__4_
lim r~2 m—l][ "z < 0o
r—0 BT(IO)

which again is a stronger condition than the one stated above.

In case of bounded initial data, Kim and Yao [19] have proven the following
theorem on finite speed of propagation.

THEOREM. Let u be a weak solution of (42) with bounded and compactly supported
initial data ug. If suppu(.,t) C Br(0) holds for somet > 0, then suppu(.,t+ h) C
BR+Ch% (0) holds for any h € (0,1), where C' depends on m, d, ug.

However, the constant C' depends on the L* norm of ug and blows up as the L™
norm of the initial data blows up.

Kim and Yao have also proven an L*° regularization theorem for solutions of the
subcritical Keller—Segel model (Theorem 1.6b in [19]). For every T' > 0 their result in
particular yields a bound on fOT ||u(.,t)||§m(Rd) dt for some S(d,m) > 1, the bound
only depending on d, m, T, and ||ug||r:-

Using this regularization theorem and our method, we can prove finite speed of
propagation also in the case of unbounded initial data. Note that in order to do so, in
the analogue of Lemma 2.11 we must allow for time dependent My;, and M,q4,. Using
the fact that the equation A(V *u) = u and the estimate ||VV xu||p < C(d)||u||p= +
C(d)||w||zr hold, by the L regularization theorem we see that Mg;, and M4, at least
are known to belong to L?([0, T]) for every T > 0 for some 3(d, m) > 1. For the proof
of the analogue of Lemma 2.11 we now need to change our test functions slightly by
replacing the terms C* M q4,,t and —C~ My;,t in formula (15) by C* fg M aan(T) d and

-C~ fot M4 () dr, respectively. It is easily verified that then conditions analogous
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to the properties T1 to T6 are satisfied by our test function. Our method now applies
with minor modifications. We therefore obtain the following theorem.

THEOREM. Let d > 3. Let u be a weak solution of (42) with initial data ug €
L' N LP for some p > 1. Assume that ug has finite second moment. Suppose that
the weak solution u has been constructed as a limit of solutions us with regularized
initial data ps * ug. Assume that there exist some o € R? and Ry > 0 such that
Bp,(zo) Nsuppug = (). Then there exists a continuous nonincreasing function R :
[0,00) = [0, Ro] with R(0) = Ry and Brg)(xo) Nsuppu(.,t) = 0 for any t € [0, c0).
The function R depends only on d, m, ||ug||r1, p, and Ryg.

If additionally we have suppuy C Bg, (0), then there exists a continuous nonde-
creasing function R : [0,00) — (0,00) with R(0) = Ry and suppu(.,t) C Biy1)(0) for
every t > 0.

Note that the L*° regularization theorem due to Kim and Yao allows for the
construction of a weak solution (in a sufficiently weak sense) for initial data ug €
L'N LP with finite second moment by considering solutions us with initial data ps*ug
and passing to the limit § — 0 (along some subsequence).

We see that in contrast to the result by Kim and Yao, our finite speed of prop-
agation result also applies to unbounded initial data; we can even deal with certain
initial data for which all superlevel sets are dense in some open set, as we only require
uo € L' N LP for some p > 1. Kim and Yao need to assume boundedness of the initial
data since the supersolutions which they use for comparison are bounded.
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