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A COUPLED KELLER-SEGEL-STOKES MODEL: GLOBAL
EXISTENCE FOR SMALL INITIAL DATA AND BLOW-UP DELAY*

ALEXANDER LORZ'

Abstract. We study a system consisting of the elliptic-parabolic Keller—Segel equations coupled
to Stokes equations by transport and gravitational forcing. We show global-in-time existence of
solutions for small initial mass in 2D. In 3D we establish global existence assuming that the initial
L3/2-norm is small. Moreover, we give numerical evidence that for this extension of the Keller—Segel
system in 2D, solutions exist with mass above 87, which is the critical mass for the system without
fluid.
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1. Motivation

The Keller—Segel system modelling chemotaxis is a very well studied model in
mathematical biology. In the following, we investigate a system consisting of the
elliptic-parabolic Keller—Segel equations coupled to Stokes equations:

u-Ve=Ac+n—ajc,
ng+u-Vn=An—-V-(xnVe),
asu+VP—nAu+nVe=0,
V-u=0.

(1.1)

Here ¢ denotes the concentration of a chemical, n a cell density, and u a fluid velocity
field described by Stokes equations. The fluid couples to n and ¢ through transport and
gravitational forcing modelled by V¢. The pressure P can be seen as the Lagrange
multiplier enforcing the incompressibility constraint. The chemical ¢ diffuses, it is
produced by the cells and it degrades. The cell density diffuses and it moves in the
direction of the chemical gradient. The constant a; >0 measures self-degradation of
the chemical and the constants as >0, >0 determine the evolution undergone by u.

The motivation for this model comes from experiments described in [21,30,33] for
the case of bacteria consuming the chemical. There the authors observed large-scale
convection patterns in a water drop sitting on a glass surface containing oxygen-
sensitive bacteria, oxygen diffusing into the drop through the fluid-air interface and
they proposed this model:

ct+u-Ve=Ac—nf(c),
ni+u-Vn=An—-V-(nx(c)Ve),
ur+u-Vu+VP—nAu+nVe=0,
V-u=0.

(1.2)

The idea behind this paper is to take these equations and change consumption of
the chemical to production i.e. make it the mathematically more interesting case of
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556 A COUPLED KELLER-SEGEL-STOKES MODEL

Keller—Segel chemotaxis. An example in biology could be E. coli which can swim and
excrete aspartate [1]. The ultimate aim is to study if and how fluid coupling changes
the blow-up behaviour.

Assuming a vanishing fluid velocity field u, we recover the elliptic-parabolic
Keller—Segel equations; see [31]. The problem of global existence vs. blow-up is
very well understood for the elliptic-parabolic Keller—Segel model

—Ac=
o (1.3)
on+V-(xnVe—Vn)=0,

in R2. [5] summarizes the results, i.e. there is a critical mass M,.;; such that if the
initial mass is below M,.;;, then there is global-in-time existence, and if the initial
mass above M,.;, then the solution blows up in finite time. On a bounded domain
Q C R? the analysis is more involved because boundary effects play an important role.
With zero Dirichlet boundary conditions for ¢ and corresponding no-flux conditions
on n, the results are the same as in full space; see [3]. For homogeneous Neumann
boundary conditions, the Keller-Segel system must be changed to

{Ac-n(n), (1.4)
on+V-(xnVe—Vn)=0,

because we need the right-hand side of the c-equation to have zero average. In this
case, there are several threshold values: if € is regular then solutions are global if
xM < 4m and may blow up above this threshold, either on the boundary or inside the
domain. For more information about this type of boundary conditions; see [22]. For
the parabolic-parabolic Keller-Segel model recent progress has been achieved in [10].
For more references on the general Keller—Segel system, the interested reader can refer
to recent work [4,5,10]. The Keller—Segel system in higher space dimensions has been
investigated in [13,14], and results for the system with nonlinear diffusion to prevent
blow-up can be found in [9,24]. Other ways to model prevention of overcrowding can
be found in [6,7,20]. Kinetic models for chemotaxis can be found in [12]. Numerics
for the Keller—Segel model have been performed in [17,29].

For the system (1.2) and related systems there is a local existence result [28].
Moreover, in [16] the authors proved global existence for a simplified version of (1.2)
with weak potential or small initial ¢. In [15], global existence of solutions to the
system (1.2) with nonlinear diffusion is shown. Furthermore, in [27] and [34], global
existence results without smallness assumptions are given. To our knowledge, these
are the only results on (1.2). However, attention has recently been focused on coupled
kinetic—fluid systems first introduced in [8] which have a similar mathematical flavor;
we also refer the reader to [11,19] for studies of the Vlasov-Fokker-Planck equation
coupled with the compressible or incompressible Navier-Stokes or Stokes equations,
where the main tool used to prove the global existence of weak solutions or hydrody-
namic limits is an existing entropy inequality.

For the Navier-Stokes and Stokes equations see [25,26] and references therein for
detailed mathematical theory.

The paper is structured as follows. In Section 2 we state the problem in detail
and give our results on global existence. In Section 3 we prove the global existence of
solutions to (1.1) in 2D for small mass in the following steps: obtaining an entropy,
using the regularizing effect, and passing to the limit. In Section 4, we give the main
technical differences to address the existence issues in 3D for (1.1). Finally, in Section
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5 we give numerical evidence that solutions to (1.1) exists for initial mass larger than
8m, but for even larger mass blow-up seems to occur. So the blow-up is delayed.

2. Preliminaries

We consider the system (1.1) in full space R? d=2,3. The system must be
supplied with initial data n(t=0,z)=mng(x), for az >0 also u(t=0,r) =ue(z). V¢ is
assumed to be in L>®(R?).

Following [5] we call a triple (¢,n,u) a weak solution to (1.1) if the following two
conditions hold:

(i) for every T >0, 0<t<T, n(t,z) >0, c(t,z) >0, v € R,

c€ L*(0,T; H*(RY));c(-,t) € H} (RY) for a.e. t, (2.1)
n(1+|z|+|lnn|) € L>=(0,T; LY (RY)), Vi/ne L*(0,T;L*(R?)), (2.2)
we L2(0,T; H*(RY)), ayu, € L*(0,T; L*(RY)); (2.3)
(ii) it is further required that for ty,1s,13 € C3°(R4,R) and ¥ € C°(RY RY) with
V=
V1/J1~ucdx:/ (=Vi1 -Ve+in—arihic) dx, (2.4)
R R4
d
T wgndaz / (Vipy-un—Vipy - Vn—x Ve -nVe) dz, (2.5)
d
d ~ -
a o ¢udm+/ (nw-Vu+w-nv¢>) dz =0, (2.6)
Vs -udzr=0. (2.7)
Rd

The main idea for showing existence is to first establish a bound on / nln(n) and
Rd
then use the regularizing effect to achieve LP-bounds.

Let us define
S(t)¢=/Rzn(t)|1n(n(t))|dx+HU(t)H? D= X||VV/nlf3 +n[Vul3. (2.8)
and L2(R?) for 1<g< oo as the closure of
{veCi®Y? | V-v=0} (2.9)

in L9(R?). Let us recall (see [18]) that each vector f € LY(R?) is uniquely decomposed
as

f=5Hh+VQ
with some fo€ LZ(R?), Q€ L (R?), VQ € L1(RY) and
V@I <Cliflly  and [ QlLa(sy) <ClIQllg,

where C' is independent of f and By is an open ball in R%. The mapping f — fo
defines a continuous projection P, from L7(R%)¢ onto L% (R?). Now we can define the
Stokes operator A,:=—P,;A and also the space

o0 dr\ e
Dg® = veLq(Q);v||q+</ ||t1_"Aqe_tA‘1v|f1t> <00 p.
0
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More information on the Stokes operator and this definition can be found in [18].
The following result holds for all a;,as >0. For simplicity, let us fix as =1.

THEOREM 2.1 (2D). Assume ng >0, x,n>0, uOEDgg’S, and

/ noln(ng) +mnolx| +nede < co. (2.10)
R2
There exists a Meyise >0 such that if

/ nodr < Megist, (211)
R2

then there is a global in time weak solution for (1.1) and we have an entropy inequality

t t
5(t)+/ Ddt’§C+Ct+C/ Edt', (2.12)
0 0

where £ and D are given in (2.8) and 0<t.
REMARK 2.2 (Justification of the assumption aq,as>0). Assuming a; >0 gives
/ ndr=a / cdx, and this together with a gradient bound achieved below enables
R2 R?

us to control a range of Li-norms of ¢ which we could not obtain in full space R? just
from the L2-bound on the gradient. The reason for ay =1 is similar: for the stationary
Stokes system in R? we only obtain a L?-gradient bound, which does not allow us to
control any L?-norm of u itself.

REMARK 2.3 (Reusing techniques from classical Keller—Segel). We recall that
the entropy for the classical Keller—Segel reads as

Exs ::/ nln(n)— Xnedz.
2 2

Already when calculating the time evolution of the second term, we see

d
T . %ncdmzx/Rz cOyn+noycdr

=X Vc-Vn—FKnVC-Vn—Fnatcdm.
RQ 2
But there is no way to handle the time derivative on c.

At least for a large viscosity 1 and sufficiently large mass, one would expect blow-
up because in this case u is small and the system is therefore close to the Keller-Segel
system. But regarding the additional terms in the computation of the second moment
of n:

d
— |x|2nd:17:4/ ndx+2/ :z:-und:z:JrQ/ nx-Vedz
dt Jpe R2 R2 R2

:4M+2/ x'und:erQ/ (u-Ve—Ac+arc)x-Vedr,
R? R?

already for / x-undz the regularity that we can obtain for « by using n in L' is not
R2
enough to estimate this term.
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3. Existence in R?
Here we prove Theorem 2.1: We will establish a-priori estimates. We first establish

d
positivity of n and ¢. In the expression for — / nln(n) the term / nu-Ve occurs.

dt

In order to bound it, we use an estimate of |Ve||2. We conclude this section by
employing a regularizing effect to pass to the limit.

3.1. Positivity. By some standard argument, e.g. a maximum principle, we
can show that for ng >0, we have n(z,t) >0 for almost all ¢; cf. [2]. The Equation
(1.1)5 leads to

d
— ndx=0.
dt Jp2

So the L!'-norm of n, also called its mass, is conserved.
Moreover, also by a maximum principle we obtain c¢(z,t) >0 for almost all ¢.
Therefore, the L'-norm of ¢ is also conserved:

arllefly=ln]lx-

3.2. ||V¢|l2 bound. Multiplying the Equation (1.1); by ¢ and using the
Gagliardo-Nirenberg inequality

1-1/q" 1/q"
lelly <CIvelly™ el

we obtain

/(cu'Vc)daH-HVcH%:/ nedr —ay|cl|3,
R2 R?2
1-1/q" 1/q 1 1-1
Vel < Inllgllely <ClinllgIVely™ " lellt/® <ClinllgIVelly el (3.1)

with 1/g+1/¢'=1 and 1<¢q,q<oc. Therefore it follows using the Gagliardo-
Nirenberg inequality for 1<¢<2,

1 174\ 2 2-2
Inllg=lIvnl, <C (I9vall, ™ Ivaly') = CIvvals > Iy, (32)
that

- ~1)/(2g—1 C
[Vell2 < C|ln||2/ 24 D¢ {7~/ 3 )Sw\

C 2-2 174\ %/ 2a=1) ~1)/(2¢—1
<=7 (IVVallE ™ Inl'?) {1/
a1

c 2q-2)/(2q—1 2g-1
WHV\/HHg DI | 4/, (3-3)

a

g/ G ] D47

3.3. Estimate of the L'-norm of nu-Ve.  Let us work on the term (u-Ve)n:
Using (3.3) with ¢=9/8 and the inequality

2/5 3/5
]l oo < Clull3*| D375,
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we arrive at

2/5 3/5 6/5 7/5
/}R Ju-Velndz < Jullso [ Vel 2llnllz < Cllull3 | D*ull3)51VV/ally n ]

Integrating over time and applying Holder’s inequality, we obtain

t
// |u-Velndzdt'
0 R2
t 1/5 t 1/5 ¢ 3/5 s
sc(/o u||§dt’) (/ D2u||§/2dt’) (/ ||Wﬁ||§dt’) Inl®.

Now we recall a regularity result for the Stokes equations:

THEOREM 3.1 (from [18]). Assume Q=R? or QCR? is a smooth bounded do-

main. Let 1<s,q<oo. Then for every fe L*((0,T);L%(Q)) and ug € D;_l/s’s there
exists a unique solution of the Stokes system

ug+VP—nAu=f,
V-u=0,

satisfying

t t t
[ i+ [ oy <c ([ 15 +luollyare )
0 0 0 1

Using this, we estimate the second term above (by means of (3.2)) as follows:

t t t
/ |D2u||§/2dt'30< / ||né/zdt#nuon;gg,g)gc [ v vaginizar+c. @
Therefore with
ab < C(8)a® +6b>/4,

we have

t t t
// |u-Vc|ndxdt’§C(6)/ ||uugdt'+5/ IVVal2dE +Clnouo).  (3.5)
0 JR2 0 0

3.4. nln(n) estimate. Now we have all the necessary tools to establish the
bound on /nln(n). Multiplying the Equation (1.1)s by In(n), integrating over R?,
integrating by parts, and using Equation (1.1); gives

_|Vn|2

d
— nln(n)d:z::/ ntln(n)dx:/ —— +xVn-Vedz
dt R2 R2 R2 n

2 2
:/ _|Vn| —XnAcdxz/ —m—xn(u-Vc—n—i—alc)dx. (3.6)
R2 n R2 n

Using the Gagliardo-Nirenberg inequality
I3 < Kllnll1[[Vv/nll3,
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and integrating over (0,t), gives
¢
[ )+ [ @ xkalo|vvalgar
R 0
t
S/ noln(no)dx—x/ / (u-Ve)ndzdt'. (3.7)
R2 0 Jre

Multiplying the Equation (1.1)3 with u and integrating over R? gives
1d

X0
§%||UH§+77I|VU||§ = —/Rz nV¢-udr <[|Volloo|[nllallull2 < 7\\V\/77H5+CIIUH§-

Integrating also this inequality over (0,¢), adding it to (3.7), and inserting (3.5), we
obtain

t t
/R n(t)n(n(0)) e+ u(0)|3 + / (4= XK |nlls — X&)V /a3t +n / IVul3de
t
< [ Ju(®ldr +Cno,uo). (3.
0

3.5. Moment control.  Since we work in full space Q=R?, we have to bound
Jgzn(t)In(n(t))dz from below. In order to do that, we have to control the behavior
of n as |z|— 400 similarly to [16]. To perform this task, we multiply (1.1)s by the
smooth function £ =4/1+|z|?, integrate and use (3.3) with ¢=3/2:

4 §ndz:/ nu~Vfdx+/ nAﬁdz—Fx/ nVe-Védx
dt R2 R2 R2 R2
< [l [ulloIVElloo + IRl [ AL ]loo + Il Vell2 V€ oo
<C|Jull3 1 D%ully)5 + CIVVallalnll [V v/aly 2 nlly* +C
3/2
<& [[ully| D*ull3)3 +6[|V Va3 +C(5). (3.9)

We used that ||VE|loo and ||A]|s are bounded. Integrating the inequality over (0,)
gives

t 1/2 t 1/2 t
En(t)de <o’ (/ ||u||§dt’) (/ ||D2u||§/2dt’> +5’/ |Vv/n|j3dt' +Ct.
R2 0 0 0

(3.10)
Moreover we have
1 1 1
nln| — | 1,<1dx < nln| — | lp-ccpdz+ [ nln—1,c.-cdx
R2 n - R2 n - R2 n -
S/ tnde+C [ n''?*1,c —cdx
R2 R2 -
<C+ | &ndx. (3.11)

R2

Combining (3.11), (3.10), and (3.4), it follows that

t t
—/ n(t)ln(n(t))]lngldxg%é/ ||V\/ﬁ||§dt’+C/ |ul2dt' +Ct+C.  (3.12)
R2 0 0



562 A COUPLED KELLER-SEGEL-STOKES MODEL

Since

/n|1n(n)\da:=/ nln(n)dw—Q/ nln(n)1, <1 dz,
R2 R2 R2

we obtain from (3.8) and (3.12) that
t t
[ n@me@lde +1u®l+ [ = xKinl-2x0)IVValiarn [ Va3

t
gc/ |u||3dt’ +C +Ct. (3.13)
0

Now let us define
4

Me:vis =0
t XK

Therefore if |ngll1 < Megist, we can choose 0 small enough, such that
A:=4—xK]|n|l1 —2x0 >0 and we obtain the entropy inequality (2.12)

t t
5(t)+/ Ddt’SC(no,uO)JrCtJrC/ gdt'.
0 0

REMARK 3.2. This is the same mass threshold that can be obtained for the elliptic-
parabolic Keller-Segel model with the methods from [23].

With the entropy inequality at hand, we have
1. n|ln(n)|€ L>((0,T),L*(R?)),
2. Vy/neL?((0,T)xR?),
3. n|z|€ L*((0,T), L' (R?)),
4. uw€ L>=((0,T),L*(R?))NL2((0,T), H' (R?)).
Moreover, we can prove the following lemmas:

LEMMA 3.3. Ace L?((0,T) x R?).

Proof. From the Equation (1.1);, we arrive at an estimate for Ac:

T T
/OIIAC(t)H%dtSA (lelloo I Vellz + lInllz +axlle]2)® dt

T
4/5 6/5
< / Cllully | D?ull 33 1Vel3+ IV Val3llnll +Cllell: [ Vell2dt.

Working on the first term, we have

- T 2/5 T 3/5
4/5 6/5 4/5 10/3
| el Nl el e < a2 ( / D2u||§/2dt> ( | el dt) .

As in (3.8), and using (3.3) with ¢=7/4, it follows that

3/2

T 2/5 T 3/5
<C||u||i§2@</0 ||v\/ﬁ||%dt+c<uo>> (/ |Wﬁ|§dt> :

T
/0 /5 D2 3 Ve 2t
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3.6. Regularizing effect.
THEOREM 3.4. Let t>0 and 1 <p<oo. With the hypothesis of Theorem 2.1, there
exists a constant C(t) not depending on ||nol|, such that

/ WPz <CH(1+E)P), Vo<t <t, (3.14)
]R2

i.e. the cell density n(-,t") belongs to LP for any positive time t'. The proof works
in the same way as in [10] and it uses the bound established in Lemma 3.3. For
completeness, we give a sketch of the proof in the appendix.

3.7. Passing to the limit. = We approximate the system by

us- Ve =Act+nc*pf —cf,

n§ +uc-Vne=Ant—V-(xnVce),
u§ + VP —nAu+ (nVe) x p =0,
V- -uc=0,

(3.15)

with a standard mollifier p¢ and mollified versions of ng, ug as initial data nf, ug. All
a-priori estimates still hold; e.g. Equation (3.6) becomes

d

— xn(u- Vet —nf*p+c)da.
dt Jr2

€2
neln(ne)dx:/ i

R2 ne

Here we can estimate

/Rzne(ﬂe*ff)dxﬁ e[l el ]l o[l = In<]13-
In (3.1), we can estimate instead

IVellz < ln pllgllellr < llncllq ol 1l

Similarly, the estimate for regularity of u still holds. To be able to pass to the limit,
we show sufficient compactness.

We proceed similarly to [4].

Bound on ||n€|2:  For every p<oo, we have n®e L>((4,T),LP(R?)) for any
d€(0,T) from Theorem 3.4.

Bound on ||[Vn|2:  We have

[V 2 < [Inlsl[Velle < Clinlls[[Actl3/2, (3.16)
and working on the second term we obtain
[AC I3/ <lull6[[Vesllz+ Inlls /2 + [l cl3/2-

Therefore n€Vc¢ is bounded in L*°((§,T),L?(R?)). Now

d
—/ |n€|2d33:—2/ |Vn€|2dac+2x/ ntVnt-Vcdr
dt R2 R2 R2

shows that 3:=||Vn€||L2((s,1)xr2) satisfies the estimate

2% = 2x|In V|| oo ((5,7), 2 (R2)) B < 2|0 oo ((5.7), 12 (R2)) -
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This implies that Vn is bounded in L?((6,T) x R?). We define
Vi={ve H (R?):|z|/*v € L*(R?)}. Since

/ U2SR—1/2/ /|Z‘|U2,
|z|>R R2

V embeds compactly in L?(R?). Moreover, the estimate

fomors(Loae) " (Loor)”

shows that n¢ is bounded in L?((8,T),V). Therefore, the Aubin-Lions lemma gives

a strongly convergent subsequence n°—n in L? ((6,7) x R?). Also from Theorem

3.4, we obtain enough regularity to make all terms in the definition of weak solutions
well-defined.

4. Existence in R?

c‘:’(t)::/ n3/?dz, 75(25)::)\’/ |Vn®/4 2 da. (4.1)
RS RS
THEOREM 4.1 (3D). Assume az=0, Q=R3, ng>0, x,n>0, and
/ ng/2+n()|x|+ngd:r<oo. (42)
R3

There exists a M’

exist

(Ilmoll1) >0 such that if
032 < M4t (4.3)

then there is a global in time weak solution for (1.1) and we have an entropy inequality
—E(t)+D(t) <0, (4.4)

where £ and D are given in (4.1).

In 3D, the critical norm for the Keller-Segel equations is L3/2; see [14]. Let us
apply the method from before and understand why it does not work in 3D: If we just
consider the case without the fluid we have

d 3/2 1 4 / 3/4)2
- < | = . — = .
dt/R3n dx 2K4x||n||3/2 3 R3|Vn |“dx

Details can be found in the calculations below. So for ||n]|3/2 small enough initially, we
have [[n(t)|[3/2 < ||noll3/2. With the non-stationary Stokes system, there is a additive
constant on the right-hand side that basically comes from the initial data of the fluid
(see the calculations in the 2D-case). So there can be linear growth of ||n3/2, which
will eventually destroy the smallness required.

Therefore we restrict ourselves to system (1.1) with ay=0.
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Proof of Theorem 4.1. Proof. We first establish an entropy. Multiplying the
Equation (1.1)s by n'/2, integrating over R?, and using the Equation (1.1); gives

d 3/2 / 1 3/4\2 1
—_ d — . ) v/ / YV 3/2.§7 d
t/sn T s 3| n | +2X n caxr

4 1
2/ —— |V = 202 Acda
s 3 2
4O 342 1 3/
= [ —=|Vn?**de—=xn**(u-Ve—n+aic)de. (4.5)
s 3 2
Now working on the equation for ¢ to obtain an estimate for ||Vez:

/ (cu-Vc)dx—i—HVcH%:/ nedr —aq||cl|3,
RS RS
IVell3 < linllosslicls-
Moreover, it follows with ||v||¢ < K1||Vv||2 that
IVella < Killnlls/s- (4.6)

The term n%/2(u-Ve) can  be estimated using |v|¢ <K1||[Vv|2 and
[Vulla < Ka||[D?ull6/s:
7% (- Vo) |1 < [1n*2||s[lull6]| Vella < K[ Va4 3Ky Kol D*ullg s K1 [[nlle5-

Now applying the regularity estimates for the stationary Stokes equation
| D?ull¢/5 < Ks|lnlls/5 (see [25,26]) and the Holder inequality ||n||§/5§||n||1||n|\3/2,
it follows

12 (u- Vo)l < KK K[V 4 3lnl1f s < KK Ks|[Va® 4B lnlli 0]l (4.7)

Using
/n5/2dx§K4/ (VR dz||nl|3)9, (4.8)
R3 R3
we obtain
d 3/2 4o sa2 L 3/
— | nfde=| —<|VnY*°—-xn/*(u-Ve—n+arc)de
dt Jps R 3 2
1 4
<[5t K KaKalnlxnlae 5| [ V0¥ Pas @9)
Now let us define
M! 5

exris n = .
)= 5 e T KRRl

Therefore if ||[ng||3/2 < M.y, we set N =12 — 2 (Ky+ K{ Ko Ks]|n||1)x||n[|3/2 >0 and
we obtain the entropy inequality (4.4)

d -~ -
ZEW+D(r)<o.

With the entropy inequality at hand, we obtain the following:

n is bounded in L%/2((0,T) xR?®) due to (4.8). Therefore, u is bounded in
L%/2((0,T);W?25/2(R%)) and c is bounded in L%/2((0,T);W?2>/2(R%)). As in the 2D
case, we can use a regularizing effect (for details see [14]) and pass to the limit. 0
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Fig. 5.1: Evolution of the density n with symmetric initial data and mass M =27.
Although the mass is larger than 8w, so without the fluid we expect blow-up, with
the fluid we see convergence to a steady state.

5. Numerics

Finally we would like to illustrate the behavior of the Keller-Segel-fluid system
with different numerical examples. In particular, we give evidence that above the
critical mass of 87 solutions still exist.

All computations have been implemented using the software package FreeFem++
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[35]. We would like to solve the following system:

u-Ve=Ac+n,
ng+u-Vn=An—V-(xnVe),
VP —-nAu+nVe=0,
V-u=0,

(5.1)

with zero Dirichlet boundary conditions for ¢ and w and corresponding mass-
preserving Neumann conditions for n. This system has the advantage that without
the fluid there is a mass threshold to separate global existence and finite-time blow-
up. This is quite different from (1.4), where e.g. all constant states are steady, i.e. for
constant initial ng there is always global existence independent of its mass. Moreover,
for (5.1) the existence result for small mass holds as for (1.1).

We solve system (5.1) in an iterative manner:

1. Solve the Stokes Equations (5.1)3 and (5.1)4 with a penalty method; cf. [32]
and the Solver Crout. We use a classical Taylor-Hood element technic, i.e.
the velocity w is approximated by P, finite elements, and the pressure P is
approximated by P; finite elements.

2. Approximate the chemoattractant ¢ by P» finite elements and solve Equation
(5.1); with UMFPACK.

3. Perform an implicit Euler finite difference approximation in time for Equation
(5.1)2, approximate the cell density n by P» finite elements and solve Equation
(5.1); with UMFPACK.

We start with a Gaussian as initial distribution
o (x,y) = Cmass exp[f5(l’ - 170)2 - 5(y - yO)z]'

The constant C),4s5 is chosen initially such that a desired mass in the computational
domain is obtained and we set x =1, n=1, V¢ =(0;10). The test geometry is a square
[0,1] % [0,1] with a mesh consisting of 2500 squares. In the first two examples, we use
the mass M =27 > 8.5m > 8m + 1.5 in the computational domain, i.e. above the critical
mass.

In the first example, we set dt=0.01 and choose a Gaussian with x¢o=1yy=0.5
as initial datum. We observe that the solution does not blow up, although the mass
is above the critical value of 87; cf. Figure 5.1. Moreover, we see that the solution
converges to a steady state. The density maximum moves downwards because of
gravity but stops since ¢ vanishes at the boundary. The distribution of the chemical
¢ is shown in Figure 5.2.

Now we investigate various quantities for ¢ =1, because this seems to be fairly close
to the steady state: Figure 5.3a shows the velocity of the fluid. So the fluid is con-
stantly transporting n and c. This is illustrated in Figures 5.3b — 5.3d. Figure 5.3b
represents the flux resulting from the chemotaxis / diffusion terms —(Vn—xnVe),
whereas Figure 5.3¢ shows the flux coming from the fluid contribution un. The total
flux —(Vn—xnVe—un) is given in Figure 5.3d. It should be noticed that the fluid
counteracts the chemotactic flux especially in the high concentration region. To high-
light the effect of the fluid, the O-level set of the scalar product of chemotactic flux
and the total flux is plotted, i.e. inside this region the fluid changes the chemotactic
flux vector by more than +90°.
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Fig. 5.2: Evolution of the concentration ¢ corresponding to Figure 5.1. Notice, the

order of magnitude of ¢ stays the same.
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Fig. 5.3: Fluid velocity field, chemotactic flux —(Vn—xnVe), fluid flux un and total
flux —(Vn—xnVe—un) at the steady state. To highlight the effect of the fluid, the
0-level set of the scalar product of chemotactic flux and the total flux is plotted in
Figure 5.3d, i.e. inside this region the fluid changes the chemotactic flux vector by
more than £90°. So it can be seen that the fluid has the strongest effect in the high
concentration region of n.
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Fig. 5.4: Evolution of the density n with non-symmetric initial data and mass M = 27.
For the same mass but different initial data we observe again blow-up prevention and
convergence to the same steady state.

Moreover, different initial configurations with the same mass seem to converge to
the same steady state; cf. Figure 5.4. This is illustrated by the second example with
dt=0.01 and 29 =0.8; yo=0.7.

These two results above are stable under mesh and time step refinement. More-
over, if we define

MA::|M—/Qn(t)\7

and take its maximum over the first 100 time step, which is less than 1077.

In a final step, for even larger mass M =40, we observe the development of very
high concentration, which might indicate blow-up; see Figure 5.5. Here we set dt=
0.005 and zg=1yo=0.5.

These first numerical results illustrate the interesting behavior of the Keller-Segel-
Fluid system and can be regarded as a starting point for further research. In particular
we would like to use numerical schemes, which are able to couple the Stokes equa-
tions with the chemotactial system and capture blow-up e.g. [29] or [17] (for schemes
designed to resolve the blow-up for the Keller-Segel system).
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Fig. 5.5: Evolution of the density n with symmetric initial data and mass M =40.
So for higher mass, we observe the formation of very high concentration that might
indicate blow-up. Notice that the pictures are taken at much smaller times compared
the plots shown before.

Appendix A. The proof for the regularizing effect is taken from [10]:
Proof of Theorem 3.4:  Since [p nln(n)(t)dx < C(1+t) we have

1
/RZ (n(l‘,t)—k‘)dl’-l-ﬁm/w (n(x,t) — k)4 In(n(z,t)) dx

1
< In(k) /]R2 n(z,t)(In(n(z,t)))+ dz. (A1)

This means that there exists a modulus of equi-integrability w(T,k), T >0, and k>0
such that

/ (n(z,t)—k)+ <w(T;k) and lim w(T;k)=0.
R2 k— o0

In this section we follow the by now classical idea to obtain L? bounds for n by using
the equi-integrability property (A.1).
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First step: ~ Multiplying the Equation (1.1) by (n—k)f__l and integrating over
R? gives

d

a _\P
p R2(n k)L dx
—1
— 4P |V(n—k:)i/2|2dx—(p—1)/ (n—k‘)ﬂAcdx—pk:/ (n—k)2" ' Acda.
P Jr2 R2 R2
(A.2)
Using the Galiardo-Nirenberg-Sobolev inequality for the second term
/ v4dx§C/ vide | |Vu|*de (A.3)
R2 R2 R2
leads to
/ (n—k)" Acdx
R2
1/2
< (/ (nk)’ipdx> | Acll
R2
1/2 1/2
<([w-wras) ([ vo-neas) .
R2 R2
2
<sc)ach [ (n-wtdes 2 [ V-0 (A.4)
R? R2

Moreover, by interpolation and the same Galiardo-Nirenberg-Sobolev inequality as
above, we have for p>3/2 that

/ (n—k)7 " Acdx
]RQ

1/2
<([L-wias) " acl,
]RZ

1/2
< (C(M,p)—I—/ (n—k)ipda:> |Ac|2
R?

-1
<COLp)acl+aacl [ -k do+Emr [ V@R Par. (A3
]R2 2

Using the estimate

/}R2(n—k)ﬂ+1dx:/w ((n—k)fﬂ)/zfdeC(/RQ

<C(p) (Az<n—k>i/21V<n—k>ﬁ/2\ dx)2

<c) [ =)o |

2
V(n— k)f*””‘ d:c)

p/2|?
V(n—Fk) ] dz, (A.6)
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and the fact that [;,(n—k); dz can be made small when choosing k large, we obtain
for p>2

i n—~KkP? de=(p— f; n—kP ™ de
it w0 (1= o) [

+0(1+||Ac||§)/ (n—k)? do+C||Ac|2+pk>M +C. (A7)
RQ

For fixed p, we choose k=Fk(p,T') sufficiently large such that

1
1- PCO)(T R <0. (A.8)

Using

/Rz(nfk)ﬁdzg </R2(nk)+dx>1/p (Az(nk)g+1dz>l_1/p
- (/R (n_k)+dm)1/p </R (”—k)i“dx>11/p’ (A.9)

we achieve the following differential inequality for Y, (¢), p>2 and 0 <t <T":

SX(0) < (o= DMV E5YP(0)+ 0 (14 AR Y1)+ C (14 [ Ach)F)

with f= ;z%'
Second step:  Using ODE theory, we obtain that

Y, (t) < C(T) —

<O(T) (A.10)

see [10] for details.
Third step:  Using P <2P(x — k)P for 2 > 2k, we observe that

/ npdx:/ npdx—l—/ n?dx
R2 {n<2k} {n>2k}

< (zk)P—1M+2P/

(n—k)Pdx < (2k)p_1M+2p/ (n—k)% dx.
{n>2k}

R2

Therefore together with (A.10), we obtain (3.14)
/ nPdx < CO(t)(1+t"17P), Vo<t <t (A.11)
R2

for p>2. For 1 <p< 2, the theorem holds by interpolation.

Appendix B. This publication is based on work supported by Award No. KUK-
11-007-43, made by King Abdullah University of Science and Technology (KAUST).
A. Lorz would like to thank K. Fellner, P. Markowich, T. Pedley, B. Perthame, and
M.-T. Wolfram for useful discussions. Moreover, A. Lorz acknowledges support from
the ANR Samovar (France).
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