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GLOBAL EXISTENCE OF WEAK SOLUTIONS FOR A
KELLER-SEGEL-FLUID MODEL WITH NONLINEAR
DIFFUSION

YUN-SUNG CHUNG, KYUNGKEUN KANG, AND JAEWOO KiM

ABSTRACT. We consider the Cauchy problem for a Keller-Segel-fluid mo-
del with degenerate diffusion for cell density, which is mathematically
formulated as a porus medium type of Keller-Segel equations coupled
to viscous incompressible fluid equations. We establish the global-in-
time existence of weak solutions and bounded weak solutions depending
on some conditions of parameters such as chemotactic sensitivity and
consumption rate of oxygen for certain range of diffusive exponents of
cell density in two and three dimensions.

1. Introduction

In this paper, we consider a mathematical model that is originated with
dynamics of swimming bacteria, so called Bacillus subtilis, which live in fluid
and consume oxygen. To be more precise, we study the Cauchy problem on the
coupled Keller-Segel-Navier-Stokes equations in R? x (0,7) with 0 < T' < oo
and d = 2, 3:

din-+u-Vn = Ao V- (\(enVe),
(1) Oc +u-Ve=Ac— k(c)n,
Opu+7(u-V)u+ Vp = Au—nVe, divu =0,

where n, ¢, v and p are the cell density, oxygen concentration, velocity field
and pressure of the fluid, respectively. Here 7 is a constant such that the
case that 7 = 1 corresponds to the Navier-Stokes equations and if 7 = 0,
the fluid equations becomes the Stokes system. Under our consideration, the
Navier-Stokes system is studied for two dimensions and the Stokes system is
considered for three dimensions. The functions y : R —+ R and x : R —
R represent the chemotactic sensitivity and consumption rate of oxygen. To
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describe the fluid motions, Boussinesq approximation is used to denote the
effect due to heavy bacteria. The time-independent function ¢ = ¢(z) denotes
the potential function produced by different physical mechanisms, e.g., the
gravitational force or centrifugal force. Thus, ¢(z) = ax, is one example of
gravity force, and ¢(z) = ¢(|z|) is an example of centrifugal force. In this
paper, we assume that ¢ is smooth in spatial variable, independent of time
variable and ||V | o (ra) < 00.

The chemotaxis-fluid system above has been proposed in [15] by Tuval et
al. for the case @ = 0 and numerical simulation of plumes was performed
in [2] in two dimensions. For the case x(c) = x, Lorz [10] showed the local
existence of solutions for the chemotaxis-Stokes system in two dimensional
bounded domain with the mixed boundary conditions and chemotaxis-Navier-
Stokes system in three dimensional bounded domain with boundary conditions
Oyn = 0yc = u = 0. One can refer to, for example, [3], [9], [17] and [1] for
further results in case that o = 0.

Our main purpose of this paper is to establish existence of weak and bounded
weak solutions for the system (1), when the equation of n is of porous medium
type, i.e., « > 0. In [4], Francesco, Lorz and Markowich showed the global
existence of a bounded solution to (1) on a bounded domain in R? with the
boundary conditions d,n'*® = d,c = u = 0, when « € (1/2,1]. Tao and
Winkler [13] extended the result to the case a > 0 on a bounded domain in R,
in case that the fluid equation is the Stokes system. In [9], Liu and Lorz proved
the global existence of a weak solution in R® when o = 1/3. Some special case,
ie, x =1 and k(c) = ¢, was studied in [14] and it was shown that if « > 1/7,
bounded weak solutions exist in R?, when fluid equation is the Stokes system.
Recently, Vorotnikov [16] proved existence of weak solutions in the case that a
bacterial growth term is added to (1).

Here we make some comments on Keller-Segel model of porus medium type,
which is given as

(2) ng = An't® — V. (xnVec), T¢ = Ac— Be+n,

where x is the sensitivity, 8 decay rate of ¢ and 7 is production rate of n.
The system (2) consists of a system of the dynamics of cell density n and
the concentration of chemical attractant substance c¢. In case that o = 0, we
refer to Patlak-Keller-Segel equation, which was suggested by Patlak [11] and
Keller-Segel [6, 7] and it has been extensively studied by many authors and we
do not list relevant references here. For the case of porus medium equation,
in [5] Ishida and Yokota showed that if & > 1/3, bounded weak solutions of
(2) exist in dimension three (more general type of equations were considered
in general domain in [5] and see also Sugiyama and Kunii [12] for the case of
parabolic-elliptic case).

As mentioned earlier, our aim is to obtain global existence of weak and
bounded weak solutions for the system (1). We start with defining the notion
of weak solutions.
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Definition 1.1. Let d =2 or 3, « > 0 and 0 < T < co. A triple (n,c,u) is
said to be a weak solution of the system (1) if the followings are satisfied:

(i) n and ¢ are non-negative functions and w is a vector function defined in
R¢ x (0,7) such that

n(l+ |z| + |logn|) € L®(0, T; LY(RY), Vn' =" € L2(0,T; L2(R%)),
ce L>(0,T; HY(RY) N L%(0, T; H*(RY)), ¢ L>®(R? x [0,T)),
u € L>(0,T; L*(RY)) N L*(0, T; H*(RY).

(ii) (n,c,u) satisfies the equation (1) in the sense of distributions, namely,

TL()(,O(',O)dZL',
d

T
/ / (—npi+Vnt - Vo+nu - Vo+nx(c)Ve - Vo) dzdt:/
0 JRd R

T
// (—cgot-i-Vc-V(p—i—cu-V(p—i—nﬁ(c)go)dxdt:/ cop(+,0)dx,
0 JR4 Rd

T
// (—u~1/)t+Vu~V1/Jf(T(u~V)u)~7,/)+nv¢~1/))d:cdt:/ ug - (-, 0)dx
0 JRrd R4

for all test functions ¢ € C5° (R? x [0,7)) and ¥ € C§° (R x [0,T),R?) with
V.= 0.

The chemotactic sensitivity x and consumption rate of oxygen s are L{Y.

functions defined on [0, 00) with the following hypothesis:
(A) k(-) >0 and £(0)=0.

We further assume additional hypotheses of the following in accordance with
the range of a > 0.

(B1) x € C! with x/(-) > 0.

(B2) x € C! with x/(+) > xo for some constant xo > 0.

(B3) k € Ct with /(+) > kg for some constant kg > 0.
Here we present two different types of assumptions on chemotatic sensitivity
and consumption rate x together with the range of o in dimension three. The
first one is related to weak solutions.

Assumption 1.2. Let d = 3. We assume that one of the following holds:
(i) a > 3 and x satisfies (B1).
(ii) a > ¢ and x satisfies (B2).
(ili)  <a <1 and k satisfies (B3).
(iv) o> ¢, x satisfies (B1) and & satisfies (B3).

[N NI

Another assumption is prepared for bounded weak solutions (see Definition
1.6).
Assumption 1.3. Let d = 3. We assume that one of the following holds:
(i) @ > 5 and x satisfies (B1).
(ii) a > & and x satisfies (B2).

NN
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(iii) 1 < a <1 and & satisfies (B3).
(iv) a > 1, y satisfy (B1) and & satisfy (B3).

Remark 1.4. We expect that the restriction, o < 1, can be removed in Assump-
tion 1.2(iii) and Assumption 1.3(iii). It is, however, unclear at this moment
and remains to be a future work.

The first main result of this paper is the existence of global-in-time weak
solution of the system (1) in spatial dimension three. More precisely, the result
reads as follows:

Theorem 1.5. Let d = 3 and 7 = 0. Suppose that k satisfies the hypothesis
(A) and the initial datum (no, co, uo) satisfies

(3) no(1+ |z| + [logno|) € LY (R?), ¢o € LR N HY(RY), up € H'(R?).

Assume further that Assumption 1.2 holds. Then, there exists a weak solution
(n,c,u) for the system (1). Moreover, if the initial mass |[noll 1 gay @s suffi-
ciently small, then the limiting case o = 1/3 or « = 1/6 can be included in the
hypothesis (i) ~ (iv) of Assumption 1.2.

Next we introduce another notion of weak solutions, so called bounded weak
solutions, which show a bit higher regularity of solutions compared to ones
defined in Definition 1.1. To be more precise, the notion of bounded weak
solutions is defined as follows:

Definition 1.6. Let d = 2,3, « > 0 and T > 0. A triple (n,c,u) is said to
be a bounded weak solution of the system (1) if (n,c,u) is a weak solution in
Definition 1.1 and furthermore satisfies the following: For any p € [1, 00] and
q € [2,00)
(i) n e L=(0,T; LP(RY)), Vnz" € L2(0,T; L2(RY)).
(i) c € L0, T;W24(R%)), ¢, € L9(0,T; LY(R?)).
(iil) uw € L>(0,T; WH(RY)), u, Au € L1(0,T; LY(RY)).

If the range of « in the hypothesis (i)~(iv) in Theorem 1.5 is a little restric-
tive and initial data are a bit more regular, we can construct bounded weak
solutions. More precisely, our second result reads as follows:

Theorem 1.7. Let d = 3, 7 = 0. Suppose that k satisfies the hypothesis (A)
and the initial datum (no, co, uo) satisfies (3) as well as

(4) ng € L®(RY), ¢o € WH(R?Y), wp e WHY(R?Y) ¢ < .

Assume further that Assumption 1.8 holds. Then, there exists a bounded weak
solution (n,c,u) for the system (1).

In Tables 1 and 2, we summarize our results in Theorem 1.5 and Theorem
1.7 regarding the range of o depending on the hypothesis (i) ~ (iv).

We remark that Tao and Winkler established existence of bounded weak
solutions in [14] in smoothly bounded convex domains for o« > 1/7 but as
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TABLE 1. Conditions for the existence of weak solutions (3D case)

K X’ X’ K’ a

(A) (B1) (B2) (B3)

O O O O

O O O X a> 3

@ @ X @

O O X X a> 1

O X x O t<a<l

O X X X unknown
QO : valid X : invalid

TABLE 2. Conditions for the existence of bounded weak solu-
tions (3D case)

K X X K’ «

(A) (B1) (B2) (B3)

O O O O

O O O X a> g

O O s o

®) O x x a>1

O X X O 1 <a<1

O X X X unknown
O : valid X : invalid

mentioned earlier, it is a kind of special case, namely x = 1 and x(¢) = ¢. In
our case x and k are a bit more general and we do not know whether or not
our restriction @ > 1/4 can be extended to 1/7.

So far, we have considered the three dimensional case. If the spatial domain
is two dimensional plane, then the fluid equations can be extended to the
Navier-Stokes equations, i.e. 7 = 1 and the existence of bounded weak solutions
can be proved under a weaker assumption on «. To be more precise, we obtain
the third main result:

Theorem 1.8. Letd = 2 and 7 = 1. Suppose that k satisfies the hypothesis (A)
and the initial datum (no,co,uo) satisfies (4) as well as (3). Assume further
that one of the following holds:

(i) x satisfies (B1) and o > 0.

(ii) & satisfies (B3) and 0 < a < 1.
Then, there exists a bounded weak solution (n,c,u) for the system (1). More-
over, if the initial mass [nol|p1(ray is sufficiently small, then the limiting case
a =0 can be included in the hypothesis (i) and (ii).

We remark that, as previously stated, global existence of bounded solution
was obtained in [13] regarding the case a > 0 on a bounded domain in R?, in
case that the fluid equation is the Stokes system. Compared to [13], our result
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is for the case of whole space with different assumptions on xy and k and, in
addition, we treat the case of the Navier-Stokes equations in R2.

This paper is organized as follows. In Section 2, some estimates of solutions
of an approximate system of (1) are given. Section 3 is devoted to present the
proofs of the main results.

2. Some estimates of solutions of a regularized system

Throughout this section, we study the solutions of the approximate problem
of (1) given by

Oty +up - Vng = A(ng + 0)'7 — V- (x(co)n,Vey,)
(5) Orco + up - Ve, = Acy — K(co)ng,
Ot + T(up - V)up + Vo, = Aup — 1oV, divu, =0,

in R4 x (0, T) with smooth initial data (ng,, co,, 1o,), where o € (0,1).

It is known that, due to the standard theory of existence and regularity
as done in [4] and [13], there exists a classical solution of the equation (5)
locally in time for each ¢ € (0,1). The main objective of this section is to
derive appropriate uniform estimates, independent of g, of the solutions. The
estimates are crucially used in Section 3 to extend the above local solution
to any given time interval (0,7) and to construct the weak solutions and the
bounded weak solutions of the equation (1).

We start with some notations. Let 2 be an open domain in R? with d = 2, 3.
For 1 < ¢ < oo, we denote by W¥4(Q) the usual Sobolev spaces, namely
Wha(Q) = {f € LYQ) : D*f € LY(Q),0 < |a| < k}. The set of g-th power
Lebesgue integrable functions on ) is denoted by L?(€2). In what follows, for
simplicity, [ - ||, denotes || || ,»(ga) for 1 < p < oo, unless there is any confusion

to be expected. We also denote by W4 (Q) dual space of Wéc’q(Q), where ¢
and ¢’ are Holder conjugates. The letter C = C(x,...,x) is used to represent
a generic constant, depending on *, ..., *, which may change from line to line.

2.1. Uniform estimates for weak solutions

In the following lemma, we give an estimate of solutions of (5) under the
hypothesis (A) and the Assumption 1.2. The estimate is used in Section 3 to
construct the weak solution of the equation (1). For the sake of simplicity,
throughout Section 2.1 ~ 2.3, we denote n,, ¢, and u, by n,c and u. Also, we
define functionals E(t) and D(t) as follows:

(6) E(t) == /Rd n(t) (logn(t) + 2(x)) dz + [ Ve(®) |3 + [w(®)[l3
and
(7) D(t) = | Vn(t) =" |3 + [IV2e(t)]3 + | Ve t) 13,

where (z) = (1+ [2[2)? and w:= V X u.
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Lemma 2.1. Letd=3,7=0 and T > 0 be given. Suppose that (n,c,u) is a
classical solution for the system (5),, 0 € (0,1) with the smooth initial datum
(0o Cops Uop) Satisfies the initial condition (3). Assume further that k satisfies
the hypothesis (A) and the Assumption 1.2 holds. Then, for any 0 < t < T,
E(t) and D(t) defined in (6)-(7) satisfy

d
(8) ﬁE(t) + D(t) < CE(t).
Moreover, it satisfies the following energy inequality

2 2
/ (n(|logn| + 2(z)) + [Vel + ﬁ) dx
- 2 2

o) )
14«
+ [ 19wl + 1905 s + Acladt < C,
0

with C = C(T, [|lcopl|=, [[{x)n0ellLr, IVeoollz2, [Im0g| I nogll[Lr, [[VollLe,
|¢llL). In addition, if the initial mass HnOQHLl(]Rd) is sufficiently small, then
the limiting case o = 1/3 or a = 1/6 can be included in the above hypothesis
(i) ~ (iv) of Assumption 1.2.

Proof. We first consider the case (i) in the Assumption 1.2. We observe, due to
maximum principle, that ||c|| (o, < llcoll o (gay, Where Qr = Rx[0,T). We
also note that the total mass of n is preserved, i.e., [[n(t)[ 11 (ga) = 70l 11 (Ra)-
Multiplying (5); with (1 4 logn) and integrating it parts, we have

d
— [ nlogndx + / Vlogn - V(n+ o) Tdx = / Vn - (x(c)Ve) dx.
dt R3 R3 R3
Since Vlogn - Vn = 4|Vn'/?|?, we have
/ Viegn - V(n+ o) dx = / Viogn- (1+ a)(n+ 0)*Vn dx
R3 R3
> / Viogn - (1+ a)n“Vn dx
R3

2

s
n
l1+ao

Thus we have

1+a

d 4
= | nlognde + — |
7 Rsnogn erl—i—a Vn 2

, < /R3 Vn - (x(c¢)Ve) dz

= f/ ny'(c) |Ve|* dz f/ nx(c)Ac dx.
R3 R3

Note that using Young’s inequality, we obtain

d 4 14a
(10) ﬁ/wnlogn+ TralvVe” 13 < sup(Ix(c)]) (eLllAcll3 + Cler)lInl]3) .
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where €; > 0 is a small number, which will be specified later. On the other
hands, since 6/(2+3a) < 2 via a > 1/3, it follows from the energy conservation
of n(x,t), Sobolev embedding and the Young’s inequality that

1+a

2 % 2+3a éigg a9
(1) [lnll3 < CllnllF [0 5 1575 < lnoll 3 (Clea) + 2l Va5 1),

where e > 0 is a small number depending on €;. Combining the above two
results, we conclude that

d 4
(12) E/Rznlogndx—i— H_—aHVn 212 < C+e|Ac)?+Cle) 62||Vn g 113

Multiplying (5)2 with —Ac and integrating gives

3 IVelB+ lacls = [

Ve V(u-Ve)dx + Acm( n dx

IN

— [ Ve-V(u-Ve)dx + sup(k / In||Acldz
R3

= (I)+ (II).

It follows from divergence free condition of u that
(13) (I) = 7/ > 0ic djc du; = / > cd;0ic By < Cel|w]|3 + €| V3¢5,
R3 = R3 <
2,] 2,
Using the same method to (II) as in (12), we observe that

d lia
(14) Z|IVel3+[1Ac]3 < Clea, e5)+Cea)|wllz+(ea+ea) [VEel5+es | Vn = 5,
where €3, €4 and €5 are small numbers to be specified later. Multiplying w with
the vorticity equations for v and integrating it by parts gives

(15) Hw||2 HIVwl3 < 1Vl oo g / [n[|Vew|d.

2dt

Following similar procedures for deriving the estimate (12), we note that

(16) ||WH2+ IVwl3 < Cles, er) + €| Vell3 + erl| V27 |3,

2 dt
where €5 and €7 are small numbers to be given later. Finally, in order to bound
[ nlogn in (12), multiply (5); by the function (z) = (1+ |z|?)!/2 and integrate
it. Then we have

d

— [ (z)ndx = / nu - V{x)dr Jr/ A(n+ o)t T (z)dx Jr/ V{z) -nx(c)Ve.
dt R3 R3 R3 R3

We estimate the second term, denote by J, in the righthand side. The inte-
grating by parts gives

17 = /R Aln+ 0)*(z)dz = —(a + 1) /R (n + 0)*Vn - V{z)da.
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In case that 0 < o < 1, using (n + 0)* < Cy(n’ + o°) for any ¢ > 0, we have

J=(a+ 1)a/RB (n+0)* 'nVn-Viz)dr + (1+a) /RS (n+ 0)“nA(x)dx

= (a+ 1)a/RS (nig)la n®Vn - V{z)dr + (1 4+ a) /RS(TLJF 0)*nA(z)dx
< C(a) </R n IV (2 >|dx+/RS(n1+°‘+n)A<z>dz>,

where we used that A(z) > 0. On the other hands, in case that o > 1, taking
integration by part to (17) for k — 1 times with k = [1 + «], we have

1+a 1+a

a+1

J(l)k< N )/Rs(nng)a_kHVnkV(x}d:c

+k; <‘” 1) /R (49" Al de

Hence, using Young’s inequality and A{zx) > 0, we obtain

J < Oa (/ |Vn!te + V||V (z |d:1:+/ (n'te +n)A<$>d$)

< ) (/ (|n5 vns® | + [t 905 ) |91
R3
+/ (ntte +n)A<:c>) .
R3
_ba
Since V{(z), A(zx) € L™ and k < 1+ «, via Hn||ﬁg < 0||2+“"“ Vn £
and Young’s inequality, we have
d
— [ {(z)ndz = / nu - V(z) —|—/ (n+ o) *Alx) + [ V(x) nx(c)Ve
dt Jgs R3 R3 R3
14a
(18) < C (14 Jul + [Vel3) + (Cles) + esl| Va5 3)

where €g is a small number to be specified later. We then obtain the following
estimate (see also [9] and [1]):

(19) / n|logn|dx S/ nlogndx+2/ (x)ndz + C.

R3 R3 R3
By adding (12), (14), (16) and (18) with the choices of sufficiently small
€1,...,€g > 0, the estimate (8) is achieved. Combining Gronwall’s inequal-

ity for (8) and the estimate (19), we obtain the energy inequality (9).
Suppose that o = 1/3. We have the following estimate:

14«

(20) [nl3 < Cllnll§ Inll§ < Cllnollf 7053,
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Using (20) instead of (11) and applying the same procedure what is used for
the case @ > 1/3, we obtain the following estimates for v = 1/3:

d 4 l4a 2 1ta
(21) %/Rsnlogndwr TralVe™ 13 < e[ V2ell3+Clen)lnolli [Vn =" |13,

d 2 lta
(22) ﬁl\VCHngACH%SC(€2)||WH§+(62+€3)|\AC||§+C(63)||no||fHVTL = |3,

1d 2 14a

(23) 57@lz + 1Vl < ea Vwlls + Clea)Inoll [ V=13,
(24)
d
— [ (x)ndx = / nu - V<x>d:c+/ A(n + g)1+°‘<z>dz+/ V{x) -nx(c)Ve
dt Jgs R3 R3 R3

< O+ Cles)|ull3 +es| Va3 + | Vel
(25) / n|logn|dx §/ nlogndm—i—Q/ (x)ndzx + C.

RS RS R3
Therefore, if ||ng||z: is sufficiently small, then by adding (21), (22), (23) and
(24), with sufficient choices of small €1, ..., e5 > 0, the estimate (8) is obtained

and so is the energy inequality (9). This completes the proof of the case (i).
Next we give the proof of the case (ii). Testing n® to (5); and integrating
it by parts, we note that
1 d
1+adt

H”MIZ + /3 Vn® - V(n+ o)tz = /3 Vnlte. (x(c)Ve) da.
RS RS

Since Vn® - Vn = (4a/(1 + )?)|Vn(1+9)/2|2 > 0, we have

Vn® - V(n+ o)t dx = Vn® - (14 a)(n+ 0)“Vn dz
RS RS

> Vvn® - (14 a)n*Vn dzx
R3

404(1 + a) an#
1+ 2«

2

2

Thus via Young’s inequality and the boundedness of ¢, we have

1 d 1+ 4a(1—|—a) 1420 o
- i Rt A | v 2
i I e R (e
(26) < Vn't® . x(c)Vedz
R3
1+2a o 1 9
< allVa 2|3 4 Cler)|In= Velfz,
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where €; is a small number to be specified later. Let M(e1) be a positive
constant satisfying that M (e1)xo > C(e1). It follows by multiplying (5); with
M (e1)(1 +logn) and using the integration by parts that

d 4M(€1) 14+a
EM(Q)/RSnlogndx—i—mHVn 2 |2

< M(ep) . Vn - (x(e)Ve) dz

= — M(e) /]RS nx'(c) |Ve|* dz — M(e;) /RS nx(c)Ac dz.

We then obtain via Young’s inequality that

d AM (e1)
—M 1 d
(27) dt (Q)A;nogn Tt

< M(ex)sup(|x(c)]) (e2ll Acll3 + Cle2)[Inll3)

for small €2 to be specified later. On the other hand, since a > 1/6, it follows
that 3/(1 + 3a) < 2 and so we have for any small € > 0,

lta 1
IV 27| + M(er)xolln? Ve3

9 146 3+6a
246 246
Inl3 < Clln)| 75 In)| 255,
146 3
(28) < Cllnol| T Va2 | 375

146

Tee 142a
< gl T (Cles) + esl| Va5 |3)

for small €3, which will be specified with respect to €; and €5 later. Combining
(27) and (28), we note that
d 4M(61> lta o 1 2
—M log nd —||Vn 2 M, 2V
g e [ mosnde t SO 4 Ml Vel
14+2a
< C+eM(a)l|Ac)3 + Cler, e2)es|[ V2 |5.

Similarly as in (14), we can see that

+a

d ita
(30) alWCII%HMCII%S0(65,66)+C(64)||w|\§+(64+65)HACII§+€GIIV7112 I3

for small €4, €5 and €g to be specified later. As similarly in (16), (18) and (19),
with the aid of (28) it follows that

1d o
B golwl3+ Vel < Cler,es) + erl| Veoll3 + s Vn ™= |3,
4 (x)ndx = / nu-Vzydz+ [ A+ o) (x)de+ [ V(z)-nx(c)Ve
dt R3 R3 R3 R3
(32) < C (1 July + 1Vell3) + (Cleo) + ol Va5 3)

(33) / n|10gn|dz§/ nlogndx+2/ (x)ndx + C
R3 R3 R3
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for small €7,eg and €9 to be specified later. Summing up all estimates with
sufficient choices of €1,...,e9 > 0, we obtain the estimate (8) and the energy
inequality (9). When ||ng||z: is sufficiently small, the limiting case o = 1/6
can be included. Since its verification is similar as in the case (i), the details
are omitted.

Next we consider the case (iii). Reminding o < 1 and testing (1 + logn) to
(5)1, we obtain

d o
a /. nlogndx+1—||VniH2

IN

V- (x(c)Ve) dx
R3

sup|x(c)|/ nlfTa|Vn1+Ta||Vc|dac

IN

IN

C/ )+ 61n2) |Vn1+Ta||Vc|dx
for small €; to be specified later. Therefore we note that

d 4 o
(34) R - Lia :
< C()[Vn ¥ 3+ Cler, )lIVeld + Cey IV "5 | + In# Vel3)

for small number €5 depending on ¢;. Integrating it by parts after multiplying
(5)1 with n® and applying the same procedures as in (26), we obtain that

a 4a(1—|—a) 142a
- iz 4 220y
1+2a
< es]|[Vn 2|3 + Cles) |2 Vel 3

for small e3 to be specified later. Multiplying (5)2 with —Ac and integrating it
by parts gives

2dt|\Vc||2+||AcH2 _ / Ve-(u-Ve)da— | e-V(nr(e)de = (1)+(11).

With the aid of divu = 0, the first term (I) is estimated as follows:
= —/ E dic Ojc Oyujdr < Cleq)||wl|3 + eal|Acl3
R3 <
0.

for small €4 to be specified later. On the other hand, for the second term (I7)
we compute

(II) < - /]RS K (e)n|Ve|*dx + /]RS k(0)|Ve||Vn|de = —(111) + (II2).

Keeping in mind that o < 1 and continuing to compute (I13), we obtain

2 —« o
(IL) = /}R Ale) o [V e[ Velde
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< sup |n(c)|/ (C’(es) + 6571%) |VnHTa||Vc|d:c
R3
14a lta 1
< Cles)esl|Vn 5" |3 + Cles, e6) | Vell} + Ces (V053 + ln? Ve 3)

for small €5 depending on €5. Summing up above estimates, we observe that

1d 1
5 7| Vell3 + 1 Acl3 + rollnz Ve
(36) < Clea) w3 + el Aclf3 + Cles)||Vel3

1ta 1
+ Cles) - (€5 4 €6)||Vn = |2+ C - e5]|nz Ve|3.

As in previous case, choosing sufficient small €1, ..., €, we can derive the esti-
mates (31), (32) and (33) and since computations are the same as before, we
skip the details. Adding up all estimates leads to energy inequality and thus
proof is completed. For the limiting case o = 1/6 with sufficiently small ||ng|| 71,
we also skip its details, because its verification is rather straightforward.

The case (iv) is a direct consequence of the cases (i) and (iii) and therefore,
we completes the proof. O

2.2. Uniform estimates for bounded weak solutions

In this subsection, we provide some uniform estimates of solutions to the
system (5) under the hypothesis (A) and the Assumption 1.3. The estimate is
used in Section 3 to construct the bounded weak solution of the equation (1).
To be more precise, our result is read as follows:

Lemma 2.2. Letd=3,7=0 and T > 0 be given. Suppose that (n,c,u) is a
classical solution for the system (5),, 0 € (0,1) with the smooth initial datum
(nop, Cogs Uop) Satisfies the initial condition (3) and (4). Assume further that
K satisfies the hypothesis (A) and the Assumption 1.3 holds. Then, for any
0<t<T

(37) n e L®(0,T; LP(RY)), 1<p< oo,

D

(38) Va2 € L2(0,T; L2(RY),  2<p< oo,

(39) c,u € L0, T; WH(RY)) N L9(0, T; W29(RY)), 2 <q< oo,

(40) ct,up € L0, T; LI(RY)), 2 < q < oo.

Proof. We first show that for each p > 1, there exists constant C(p,T) such
that [[n(t)[, < C(p,T) for all t € (0,T). We recall fOT |Vn 2|2 < oo from
Lemma 2.1. Multiplying (5); with n?~! (p > 1+ «) and integrating it by parts

implies that

1d —1
ol ||nH§ + /R3 VnP~1 .V (n + o)Pdr = pT . VvnP - (x(c)Ve) dx.
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Since VnP~1 - Vn = (4(p — 1)/p?)|VnP/2|2 > 0, we have

[ vn Vet tedo = [ 9wt (14 )+ 0 da
R3 R3

> / VnP~l (14 a)n®Vn du
R3

_4p-1(+a) HVn”T“ ?

(p+ a)? 2
Thus we have
1 d 4(p — 1)(1 + O[) pta o
Eallnlli+ IV = |3

(p+ )
(41) < /]R3 Vn? - x(c)Vedz

= - / nPx'(¢) |Ve|* dz — / nPx(c)Ac dx < Y/ n?|Ac|dz,

RS R3 RS
where Y := sup |x(c)|. Here we used that — [ n?x'(c) IVe|® dz in (41) is non-
positive. We take ro > 3 and put ¢ = 2r3/(3 — rj), where r§ € (1,2) is the
Holder conjugate of rg. Later, ro will be taken as 3(1 + 2a) or 3(1 + «). We
note that 1 < ¢ < 2. Via Sobolev imbedding inequality, we have

*
pry

1 -1 7P
[ 1o < | Acly g, < 1Ack, [ Il lnlly ]
(42) 8 t1

1 P 7
< [t il 17 - [ Iond13]
We note that for 0 < r < s < t < oo and for any f with f7, f° ¢ H!
S S T -

IV Fl2 < =5 IV IV 117"

where 6 € (0,1) satisfies s = rf + t(1 — 0). Applying the above interpolation
inequality, we obtain

P 1ta pta
(43) In 13 < € (195 13 + V057 113) |
where
JRE - S, _1_;’_&
pl{l+a) ' p+a p—1
44 C,=- .
w0 =i (50) ()

It is easy to see that {C}, : p > 0} is bounded. It follows from (41)~(44) and
Young’s inequality that

pa
(P + @)?

lta pta

[I1V 553 + | vn ™5 3]

1
/R | Adde < My Acl,nll + < -

where

1 1 1 1—¢ 99¢—1
po
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Thus we have
14+

d — e iTo
Sl < XpMp|| Aclz, lInllf + pl Ve = |3,

which implies
t
ol < [l + o] oo (Tonsy [ el

where C = fOT HVnHT&

’ . Hence we obtain

t
Inll < Cxexp (o, [ Iactltir ) + G
0

for some positive constants C1,C2 and C5 > 0. Suppose the assumption (ii),
(iii) or (iv) holds. For each case, it follows from Lemma 2.1 that

T 1+a T 142a
(45) L g [t < o
0 0

We put 79 = 3(1+ 2a) and we then note that £ = 2r§/(3—15) = (2+4a)/(1+
4¢). Tt remains to show

t
(46) /0 |ACD) | dr < 00, € [0,T].
We first consider the case 1/4 < o < 1/2. Since
4
<2 L*°(0,T; L°(R3
T da <2 ro<6 and wu€ (0,T; L°(R?)),

we obtain via mixed norm estimate of heat equation
’ ¢ ’ ¢ ¢
2
|ivsell, <on [ (ini, + - vel?,)

T iz e g 0 14
SMy [ 2 llg + Mz | Jullg Vel Con
(47) 0 0 6—70

T 142a ,, —2 T Y,
<My [ eI 0 [ ey,
0 0

6410

= My(I) + My(IT).

We set § = 4/(1 + 4a). Tt follows from Young’s inequality that there exists
Cs >0 (Cs =0 if and only if § = 2) such that

+2a

T
(I)g/ Cs+ | Vn' 2 || 2dt < co.
0

On the other hand, again by the mixed norm estimate of heat equation, we
have

T T
(I1) < M; / 1oy, + Mo / Vel
0 6+T0 0
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Due to (8) and (9), we note that
Ve e LY0,T; L*(R?)) N LY(0, T; L5(R?)),
n € LY0,T; L*(R)) N L*(0, T; L™ (R?)).

Therefore, we have (IT) < oco. Therefore (46) holds, which completes the proof
for the case 1/4 < a < 1/2.

For the case o > 1/2, we note that, from (45), we have
(48) n € L**29(0,T; L™ (R3)) C L*(0,T; L™ (R?)).

Considering the vorticity equations wy — Aw = =V x (nV¢), we can obtain LP
estimate for w. To be more precise,

L g o™ ot <61 f i1

< Collnllg ol |l o]

< CullnlZ ol e et ™ W

Thus we have
llwllzo™ 1 Z1@lne < Celinll7 Iwlie™,
which implies
Ll < Celinl?,
Thus it follows from (48) that
(49) u € L=(0,T; L=(R?)).

Hence, together with (49), we notice that

T T
/0 IAclf, < My / (e, + - Vell,)

T T
142a
SMQ/ |Vn'> 2+M3/ Julls || Vellf, < oo
0 0

Thus (46) is verified, which completes the proof for the case oo > 1/2.

Now, it remains to estimate for the case (i). We recall again due to result
of Lemma 2.1 that fo IVn' 2|2 < co. We put rg = 3(1 + ) and £ = (2 +
2a)/(1 4 2«). Following similar procedures for proof of the previous case, we

need to show only

(50) /0 ||AC(7')||£UdT < oo, te]0,T].

Since a > 1/2 and fOT [Vn'2*||2 < oo, we have
(51) n € L*T(0,T; L™ (R®)) C L*(0,T; L™(R?)).
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As proved earlier, LP estimate of vorticity w leads that
(52) u € L*(0,T; L>=(R?)).
Noting that 4/(1 + 2a) < 2 and using (52), we obtain

T T
/0 IAct, < My / (e, + - Vellt,)

T 4 T
142a — 5
SMz/ V2 [ +M3/ [l Vellr, < oo.
0 0

This deduce the boundness of LP-norm of n, for each p > 1. Now adapting the
well known Moser-Alikakos iteration procedure, (see, for example, [13], Lemma
4.1) we finally conclude the boundedness of L>-norm of n. Regularity of ¢
and u, i.e., (39) and (40), is direct consequence of mixed norm estimate of heat
equation and Stokes system. This completes the proof. [

2.3. Two dimensional case

To prove Theorem 1.8, we need to derive a uniform estimate of the solution
of the equation (1) in the two dimensional case. In this case, as mentioned
earlier, the Navier-Stokes equations are considered and we obtain the following
estimate.

Lemma 2.3. Letd=2,7=1 and T > 0 be given. Suppose that (n,c,u) is a
classical solution for the system (5),, o0 € (0,1) and the smooth initial datum
(nop, Cogs Uop) Satisfies the initial condition (3) and (4). Assume further that k
satisfies the hypothesis (A) and one of the following conditions holds:

(i) x satisfies (B1) and o > 0.

(ii) & satisfies (B3) and 0 < a < 1.
Then E(t) and D(t) defined in (6)-(7) satisfy

(53) 9 B(t) + D) < OB()

Moreover, it satisfies the following energy inequality

/RS <n(|10gn| Loy + ﬁ) do

2 2

1+a

T
(54) + / IVl + IV "5 |2, + | Ac]2adt < ©
0

with C = C(T, lcopllree, [[(x)noollLrs [Veooll2s [noollnnoolllLr, IV Lo,
|ollLee). Moreover, for any 0 <t <T

(55) n € L>(0,T; LP(RY)), 1<p< oo,

(56) Vn"T € L0, T; L3(RY),  2<p< oo,

(57) c,u € L0, T; WH(RY)) N L9(0, T; W29(RY)), 2<q< oo,
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(58) e up € L9(0,T5 LY(RY),  2<g< oo

Moreover, if the initial mass ||”09HL1(]Rd) 1s sufficiently small, then the limiting
case o = 0 can be included in the above hypothesis (i) and (ii).

Proof. In the case of two dimensions, almost all the procedures are similar
to those that were used to prove the cases (B1) or (B3) shown in the proof
of Lemma 2.1. Therefore, we just present main stream of proof and specify
some distinct points compared to three dimensional case, instead giving all the
details. In addition, we consider the only the case (i), since the other case (ii)
can be argued similarly.

Multiplying (5); with logn and following the same procedure as before, we
lead to the estimate (10). Here we recall so called Ladyzhenskaya inequality in
R? (see [8]):

(59) IFIE < ClFlAV ™57, 1< m < co.

With the aid of (59), we derive the following inequality in place of (11): instead
of using the interpolation inequality which have been used to derive (11), to
obtain the following alternative inequality

-1
2 Ind2 < Clnd 2|V 2 |Ii-0. s= 2~
[nllz = [lnz |y < Clln2 {5 V™37, )

Therefore, there exist sufficiently small €; > 0 and ez > 0 such that

d 4 1ta 1ta
(60) pr /]R3 nlogndx + H—aHVn T3 < Cy o +e1||Acl3 + 2] VR 2 I3
The estimates (14), (15), (18) and (19) are derived in the same manners as three
dimensional case, and thus we omit the details. Summing up the estimates,
we obtain (53) and (54). Multiplying (5); with n?~! (1 4+ a < p < oo) and
using integration by parts, we arrive at the estimate (41). We then estimate
the righthand side as follows (compare to (42)):

< CllAcl2lln |2 VRZ |2

[ wr1acds < laclz|al,
R2

< Ce ([Acl3lInl) + el Va2 |13,

1+a

where the inequality (59) is used. Via the fact that fOT [Vn 2|3 < oo and
similar procedure as in the proof of Lemma 2.2 with £ = ry = 2, we finally have

1+a

1d ita
samls < CrllAcl3lnl} + Col VR |3

for some C1,Cs > 0, independent of p. Since regularity of (n,c,u) can be
shown as the case of three dimensions, we omit the details. This completes the
proof. O
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3. Proofs of main theorems

In this section, we present proofs of our main results - Theorem 1.5, Theorem
1.7 and Theorem 1.8. Construction of weak and bounded weak solutions is
based on the uniform estimates established in the previous section. Since the
argument is rather standard, we just give the sketch of how our construction
goes, instead presenting all the details.

Proofs of Theorem 1.5, Theorem 1.7 and Theorem 1.8. First, we recall the
regularized system (5) with the initial data (ng,, co,e, %0,) Which are chosen as
smooth approximations of (ng, co, uo):

Nop = Wo ¥ Mo, Cop = Ypxco and ug, = Yy *Ug

where ¢, denotes the usual mollifier. The convergence of (ng,, Cop, to,) entails
that the estimates obtained in Lemma 2.1, Lemma 2.2 and Lemma 2.3 are
uniform, independent of g, precisely, the constant C in (9) and (54) can be
chosen independent of p. Likewise, there exists a constant C' such that for
2<qg< o0

ata
2

(61) el e 0,y x ) + ang

< C,
L2((0,T)x€)

(62) |‘CQHL00(01T;W1,Q(R'1)) + ||Cg||Lq(o,T;W2,q(]Rd)) + ||atCQHLq(O7T;Lq(]Rd)) <C,

(63) ”ugHLoc(o,T;Wl,q(]Rd)) + HUQ||LG(07T;W2,0(R(1)) + ||8tugHLq(01T;Lq(Rd)) <C.

According to the estimates we have derived, a bootstrap argument can extend
the local solution to any given time interval (0,7) (see e.g. [4] and [13], or
alternatively, [12] for more detail). Let k be any number with k > 2 + a. We
then show that d;n, and dynf are, independent of o, in L'(0,T; W~232(R%)),
where W~22(R%) is the dual space of W22(R?) (compare to [13]). Then via
Aubin-Lions Lemma, by passing to the limit, we have some weak limit (n, ¢, u),
which turns out to be a weak solution. Its verification is rather straightfor-
ward, and thus the details are skipped. It is also direct that (n,c,u) is a
bounded weak solution and satisfies the estimates (61)-(63). This completes the

proof. O
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