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ABSTRACT. We are concerned with a two-phase flow system consisting of the
Vlasov-Fokker-Planck equation for particles coupled to the compressible Euler
equations for the fluid through the friction force. Global well-posedness of the
Cauchy problem is established in perturbation framework, and rates of conver-
gence of solutions toward equilibrium, which are algebraic in the whole space
and exponential on torus, are also obtained under some additional conditions
on initial data. The proof is based on the classical energy estimates.

1. Main result. Consider the Vlasov-Fokker-Planck equation with friction force

WF + &V, F =vVe[(€ —u)F + BV F], (1.1)
coupled with the compressible Euler equations
on+ Vg - (nu) =0, (1.2)
Oc(nu) + Vy(nu @ u) + Vz P = u/ (& —u)Fd¢. (1.3)
R3

Here, the unknowns are F = F(t,2,£) > 0 for t > 0,2 € Q,£ € R3, denoting the
density distribution function of particles in the phase space, and n = n(t,z) and
u = u(t,r) € R3 for t > 0,z € €, denoting respectively the mass density and
velocity field of the fluid. The spatial domain = R? or T3. Initial data

F(0,2,8) = Fo(x,€), n(0,2) =no(z), u(0,z)=up(z),

are given. In (1.3), P is the pressure function depending only on n with P’(-) > 0,
for instance, P(n) = c¢ynY with v > 1 and ¢, > 0. In (1.1) and (1.3), » >0, 3 >0
and p > 0 are generic physical constants.

It is obvious to see that system (1.1), (1.2), (1.3) admits a trivial steady state

F=Mp_ u.p) 1="Noo U= ls, (1.4)
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with poo > 0, Noo > 0 and sy = (Uoo1, Uso2, Usos) being constants, where for (p, v, 0)
the Maxwellian M, , o) denotes
p _le—vi?

M[p,v,e] = M[p,v,e] (€)= We

Moreover, it is also straightforward to verify that the coupled system admits the
following local dissipation identity

v F
h{—nE+ | Fln—— dg}
‘ {5# RS Mipoe e8]

v F
+vw-{ nE + P)u + gFlndg}
ﬂ:u( ) R3 M[Puﬁ“eevﬁ]

v 1 — W) FPde =
+5 | FloVer+ (- wFR =0,

LT " P(n)
E:§|u| +/ = dn.

where FE denotes

Hence it is natural to ask if the constant steady state (1.4) is stable for small
smooth perturbations. It will be seen later on that even though the compressible
Euler equations in general develop singularity in finite time, the coupling to the
Vlasov-Fokker-Planck equation through the friction force can assure that solutions
with small initial data are time-asymptotically stable. Thus, the friction term plays
a key role for the stability of the coupled system.

For the above purpose, let us reformulate the Cauchy problem in the framework
of perturbations. Without loss of generality and for brevity of presentation, we
suppose that all involving constants v, § and p are normalized to be one and we
also choose poo = neo = 1 and us = 0. Denote M = M[1,0,1]~ Set

F=M+MY/2f

so that the reformulated Cauchy problem reads

1
Of+& Vof +u-Vef = qu-&f —u-EM'? =L, (1.5)
on+(n+1)Vy-utu-Vyn=0, (1.6)
P’ 1 b—u—
Dt u-Vyut LT gy bZuzau L.7)
n+1 n+1

with initial data
F(0,2,6) = fo(a, &) = M~2(Fy = M), n(0,2) =no(x), u(0,2)=uo(x). (18)
Here, for simplicity of notations we have used n 4+ 1 to still replace n. L is the
linearized Fokker-Planck operator defined by
1 f

and a = a’,b = b/ depending on f are the moments of f defined by
o (ta) = [ Mt de b a) = [ () de

The main results of the paper, concerning the global well-posedness and conver-
gence rates for the above Cauchy problem on the coupled Vlassov-Fokker-Planck
equations with the compressible Euler equations, are stated as follows.



VLASOV-FOKKER-PLANCK-EULER SYSTEM 3

Theorem 1.1. Let Q = R3. Suppose that ||f0||L§(H§)+H(n0, uo) || is small enough

and Fy = M + M'?fy > 0. Then, the Cauchy problem (1.5), (1.6), (1.7), (1.8)
admits a unique global solution (f(t,x,£),n(t,z),u(t,x)) satisfying

feC([0,00); LE(H)), n,ue C([0,00); HY),
F=M+MY2f >0,
iglg(llf(t)lngmg) + 1, w)(®)l[s) < CllfollLzcmz) + (0, uo) [ 19)-

Moreover, if ||f0HL§(H3ﬂL;) + || (no, uo)||g3nrr s sufficiently small then

_3
IF Oz cazy + 1, w) ()l s < C(L+8)77,
for allt > 0.

Theorem 1.2. Let Q = T3. Suppose that Hf0||L§(Hg)—|—||(n0, uo)| g3 s small enough,
Fo=M+MY2fy >0, and

/ apdr =0, / ngdr =0, / [bo + (no + 1)ug] dx = 0. (1.9)
T3 T3 T3

Then, the Cauchy problem (1.5), (1.6), (1.7), (1.8) admits a unique global solution
(f(t,z,&),n(t,z),u(t,x)) satisfying
f € C([0,00); L¢(Hy)),  myu € C([0,00); HY),
F=M+MY2f >0,
jggekt(Hf(t)HLg(Hg) + [, W)l zs) < Cllfollzzarzy + 110, wo) L),

where A > 0 is a constant.

The background for the study of the coupled system under consideration is related
to the modelling of fluid-particle interactions, for instance, to describe the behaviour
of sprays, aerosols or more generically two phase flows where one phase (disperse)
can be considered as a suspension of particles onto the other one (dense) thought
as a fluid, cf. [1, 2, 3, 6, 17, 25].

Let us mention some previous mathematical work on the coupled kinetic-fluid
systems related to the paper. [20] obtained global existence and large time be-
havior of solutions to the Vlasov-Stokes system, where the fluid is assumed to be
viscous and incompressible and its velocity satisfies the Stokes equations with the
same friction force as in (1.3). When the motion of the fluid is described by the
incompressible Navier-Stokes equations, [15, 16] considered hydrodynamic limits
of the Vlasov-Navier-Stokes system in different regimes (see also the recent work
[18]), [10, 11, 13] dealt with similar singular perturbation problems, and [5] recently
gave a proof of global existence of weak solutions on the periodic domain. [22, 23]
provided a detailed study of the global existence and asymptotic analysis for the
coupled system of the Vlasov-Fokker-Planck equation with the compressible Navier-
Stokes equations in R3. [14] also proved global existence of classical solutions near
equilibrium for the incompressible model, and [7] obtained global existence and con-
vergence rates of solutions close to equilibrium when the fluid is modelled by the
incompressible Euler equations. The extension of [14] to the compressible fluid was
made by [9].

In the framework of the inviscid compressible flow under friction forces, existence
of smooth solutions for short time was proved in [4] when there is no Brownian effect
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in the kinetic equation, see also the recent work [24]. When the velocity diffusion
is considered, stability and asymptotic analysis were discussed in [§].

The goal of the paper is to extend the results in [7] for the incompressible Euler
equations to the compressible case. The main additional difficulty comes from the
appearance of the fluid density equation. We find that the coupled system in the
case when the fluid is compressible has the similar dissipative structure, and the
dissipation rate corresponding to the fluid density which is a hyperbolic component
can be recovered in a way as for the damped compressible Euler equations, cf. [21].
The key point in the proof of global existence, also used in [7], is based on the fact
that the local momentum component b/ (t,x) of f(t,x,&) behaves like an elliptic
equation with the remaining terms which involve either the microscopic part of
f(t,x, &) or the relaxation term b — w.

Through the paper C' denotes a positive (generally large) constant and A a pos-
itive (generally small) constant, where both C' and A may take different values in
different places. A ~ B means M < B < %A for a generic constant A > 0.

2. A priori estimate over the whole space. The main tool, initiated by [19]
and introduced in [12], is to decompose f(t, z,¢) as the sum of the fluid part Pf
and the particle part {I — P}f

ft2,8) =Pf+{I-P}f,
where the projection operator P is to be defined later on. Let o(¢) = 1 + [£]? and
denote | - |, by

1= [ IVEFQF + o)1) de £ = f€)

Il - |l stands for the spatial integration of | - |,. Notice that the operator L satisfies
that there is a constant A\g > 0 such that

- [ e daHT =P}, (21)

for f = f(£), where Pof = af M'/2. Moreover, define the velocity orthogonal
projection P : L7 — span{M'/?,(M'/?} by P = Py & Py with Pyf = b/ - ¢M'/2,
Therefore, Lf can be computed as

Lf=L{I-P}f+LPf=L{I—P}f—P\f,
which implies
— [ FLpde = Ml X- P + P

Now, we begin to make the global a priori estimates in the case of the whole
space 2 = R? under the assumption

JSup {Ilf(t)lng(Hg) + l(n, w)llms} <6, (2.2)

where 0 < ¢ < 1 is a generic constant small enough and (f(t, z, ), n(t, z), u(t, x)) is
the smooth solution to the Cauchy problem (1.5), (1.6), (1.7) and (1.8) on 0 <t < T
for T > 0.

Lemma 2.1. It holds that
d
67(||J‘||2 + Il + lull®) + AT = PYFIE + 1o — ul?)

1
2
< Cll(my ) (16 = ull® + Ve (@, b, w)|*) + Cllull = [{T = PYAIIZ, - (2:3)
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forall0<t<T.

Proof. Multiplying (1.5), (1.6), (1.7) by f, n and u respectively and then taking
integrations and the sum, one has

d
3 P+l + i)+ [ (LI-PYrpydas [ p-ufdo

nb—u) - u+au-u

:/Rsu-(%gf,ﬁdm—/m(u-ku)~udx—/RS e dx
+/RB {W—P’(U} Von - udz. (2.4)

n+1

The first and third terms on the right can be estimated as follows. As in [7], we
notice

(365 ) = ab+ (€S, {T-P}f) + (36 (T~ PLP).

Furthermore, by Holder and Sobolev inequalities as well as (2.2), it holds that

_ 2
/ u-(ab)dac—/ a udx:/ au-(b—u)dm—i—/ Mdm
R3 rs N+ 1 R3 rs n+1

< llallzellull 2 1o = wllz2 + 2llall o ] e || lul?[] s
< C|Vaallzalullm [1b = ullzz + Ol Vaal| 2llnll a2 | Voul 72
< Cll(m, ) (16 = ull® + [ Vo (a, w)]|?),

[ €Pr =Py de <€ [l @bl TPl da
< Clullz (e, el (1~ P}z,
< Clullms (19 (@, D) + T~ P} 7P,

1
[ (56 HT=PHR) da < Cllul =161 = P 7P
< OVl {1~ P12,
and

nb—u)-u
— [ MO e < Clallol — s e < Clulas (7ol + b = ]
R3 n —+ 1

Therefore, the first and third terms on the right of (2.4) are bounded by
Cll(m, w) [z (1o = wll* + |V, b, w)[|*) + Cllul |2 [{T — P}HfII5.

For the remaining terms, one also has

P(n+1
—/RS(u~Vgcu)~udx+/R3 [?EH-l)Pl(l) Van - ude

< Cllull s IVaull2llullzs + Cllnllzs [Ven| 2 [[ull o
< Cll(n, W)l [V (n, ) |7

Then, (2.3) follows by plugging all estimates above into (2.4) and applying (2.1),
and hence Lemma 2.1 is proved. O
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Lemma 2.2. It holds that

1d P’ 1
LLS o+ 1Y Doz 4 joguge)

1<[al<3 ntl
A D (0241 = PYfIZ + 1026 — w)|?)
1<]al<3
< Cli(a,b,m,uw)ll s (|Va(a,bn,w)|F: + Y [09{T=PYHf|2), (2.5)

1<]a|<3

forall0<t<T.
Proof. Applying 0% with 1 < |a| <3 to (1.5), (1.6) and (1.7), one has
(03 ) + € Va(05f) +u-Ve(03 f) = Ofu- EMY? — L7 f

1
= [0, u- Vel + 05 (Gu-€f), (26)
O (0gn) + (n+ 1)V, - Ogu+u - V,05n
= [0, nVy]u+ [-0%,u - Vyn, (2.7)
0 (05u) + u - V4 (05u) + ﬁvazn —9%(b—u)
oo | n(b—u)+au o L P(n+1)
= 05 [_n 1 ] + [0, (u- V)|u+ [-0, il Vin, (2.8)

where [-,] stands for [A,B] = AB — BA for two operators A and B. Further

multiplying (2.6), (2.7), (2.8) by 0%f, }z;t(ﬁr)é) 09n and 0%u, respectively and then

taking integration and the sum, it follows that

li P'(n+1)
2 dt n+1

4 / (Lo {1~ P}f,00f) du + / 00— )=+ I+ I, (29)
R3 R3

(o f1* + 1l opnl® + |05 ull®)

where Iy, Is, I3 denote
1
h= [ oz vafoendes [ @2Gu-ep.08s) do
R3 R3

B 1, [PP(n+1)] 40 12

P’(n+ 1) N . X
+/]R3 m{[*aﬂc,nvz.}u + [<0%,u - V,|n}d%n dz,

[ o T e, P D
B= [ =02 e Voo (o2 S0

+/ o [_n(b_“HW] - 9%udz.
R3

Van} - 0Sudx

n+1

Each term can be estimated as follows. Notice 1 < |a| < 3. For I3, as in [7, Lemma
2.3], it holds that

L < Cllull s (IVala, D)+ D 10T = PI2).

1<]a|<3
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For I, recalling (1.5) as well as (2.2), one has

sup |Oyn(t, z)| < ([[nllpe + )IVa - ullee + [Juf|Le [Vanl e < Cllullas,
0<t<T,z€R3

and hence it follows from Ho6lder and Sobolev inequalities that
I < Ol (n,u) || s |V (ny u) | B2
For I3, in a similar way, it holds that
Iy < Cll(a,b,n,0)|| s [V 2 (0, u) | 32

Plugging these estimates into (2.9), using (2.1) and then taking the sum over 1 <
la| <3, (2.5) follows and thus Lemma 2.2 is proved. O

To include ||V (a,b)||3;. into the energy dissipation rate, as in [7], we need to
study the following equations of a and b

da+Vy - b=0, (2.10)
Oibi + Op,a+ Y 00, Tij({T=PHf) = =b; + ui(1 + a), (2.11)
J
OLij({T—=P}f) + 02,bj + 0 ;bi — (wibj +uibi) =Ty (€ +7),  (2.12)
for 1 < 4,5 < 3, where I';; is the moment functional defined by T';;(g) = ((&&; —
1)M'/2, g), for any g = g(&), and ¢, r denote

t=—§- Vo {I-P}f+ L{I-P}f,
1
r= —u-VE{I—P}f—i-iuf{I—P}f.
See [7] for the derivation of (2.10), (2.11) and (2.12). Define a temporal functional
&o(t) by

&)= > Z/R 92 (Db + 02, 0:)0°T ({1 — P} f) da

lo<2 2j
-y / 9%adV, - bdz, (2.13)
jaf<2 7 &
The following lemma was proved in [7].

Lemma 2.3. It holds that

d
7 E0(t) + AV (@, b) 172 < CUKT = PH 7 g + llu = bll72)

+Culld {1720, D) Iz + IVaAT = PY 322, }- (2.14)
forall0<t<T.

Moreover, since b — u is dissipative, it is straightforward to derive from (1.6) and
(1.7) the dissipation rate of n(t,z).

Lemma 2.4. It holds that
d fo fe! feY 2
- > /RS@szn~8rud:c+)\ > IVL0en|
|| <2 | <2
< C(IVaullFz + 11 = ull32) + Cll(a, n, w)l[ s Va (1, w) |52, (2.15)
forall0<t<T.
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Proof. Let |a| < 2. By (1.7), one can compute
P'(1)||V05nl|?

= | V,0%n . 0%(—0u)dx + V$8§n~8§“{b_u}da:

R3 R3 n+1
P 1
+ V$8§n-8§{—u-ku— @ [ (n+1) —P’(l)} an} dx
R3 n+1 n+1
=1+ Is + Ig. (2.16)
For I4, by (1.5), one has
d
Iy =—— 3$Vxn-8§udx+/ 0y Vo0in - Ogudx
dt R3 R3
d
=—— [ 05Ven-0Sude+ [ O[(n+1)Vy-u+u-Vyn]0SV,  -udx
dt R3 R3
d
<o | 08V Ofude + 03 Ve - ull* + Cll(nw) 2 | V]
R3

For I5 and Ig, due to (2.2), it can be directly estimated by Cauchy-Schwarz inequal-
ity that

P'(1
i < T w00 1 O — e,
P'(1
1o < PO 9,02 4 0., ) a1V (. 0) .
Putting these estimates into (2.16) and then taking the sum over |a| < 2 gives
(2.15). Lemma 2.4 is proved. O

Proof of global existence: It is now immediate to obtain the global a priori estimates.
In fact, define the temporal energy functional

E(t) = I + I + lul?
o P(n+1 o o
Y oz + 1Y D gz 4 jacg?)

n+1
1<|e| <3

+r1E0 () + Ka Z / OSu - 0S¢V yndx, (2.17)
laj<2 /R
and the corresponding dissipation rate functional
D(t) = [Vala,b,n,w) |32 + 1o —ullFs + Y 105{T-PYf|2,  (2.18)
|| <3

where 0 < k1,ke < 1 are constants. Notice that since k; > 0 and ky > 0 are
sufficiently small, under the assumption (2.2), recalling (2.13), it holds that

EE) ~ IF DNz a5y + I, 0) (D)3,

uniformly for all 0 < ¢t < T. Moreover, by suitably choosing constants «; and ko
with 0 < k2 < K1 < 1, the sum of equations (2.3), (2.5), k1 x(2.14) and kg x(2.15)
gives

%5(@ L AD(t) < CIEV2(t) + EWD(1), (2.19)
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for all 0 < t < T. By (2.2), one has EY/2(t) + £(t) < C(6% + §). Thus, as long as
0 < § < 1 is small enough, the time integration of (2.19) yields

t
E() + )\/ D(s)ds < £(0), (2.20)
0
for all 0 <t < T. Besides, (2.2) can be justified by choosing

£(0) ~ ||f0||ig(Hg) + [[(no, o) I3

sufficiently small. For brevity, the proof for local existence of smooth solutions is
omitted. Then, the global existence of solutions follows by the obtained global a
priori estimates as well the continuity argument, and also (2.20) holds true for all
t>0. O

3. Time-decay of solutions. We deal with the time-decay of the obtained global
solutions under the additional assumption that L' norm of initial data is bounded.
First of all, we consider the following linearized Cauchy problem

Ohf+E&-Vuf —u-EMY2—Lf =5, (3.1)
om+Vy-u=0, .
du+ P (1)Veyn+u—>b=0, (3.3)

with initial data

f(0,2,8) = fo(z,§), n(0,2) =no(x), u(0,z)=uo(z). (3.4)
Here, for the later use in order to handle the velocity differentiation in the nonlinear
term, the source term S in the linearized Fokker-Planck equation takes the form of

1
where G = G(t,r,£) € R® and h = h(t, z,£) € R satisfy
PoG=0, Ph=0.

Let us introduce some notations for simplicity of presentation. Denote U(t) =
(f(t),n(t),u(t)) to be the solution to the Cauchy problem (3.1), (3.2), (3.3) and
(3.4), and denote Uy = (fo,n0,uo). Define A(t) to be the solution operator in the
case of S = (. Then, by Duhamel’s principle,

t
U(t) = A@)Uy + / At —s)(S(s),0,0)ds,
0
for allt > 0. Set Z, = LE(L;{) for ¢ > 1. Define norms || - [, || - ||z, by
O1en = N1 gy + Il + [y (Ullz, = 1£ll2, + Inllze + e,
and set £2 = H® when m = 0.
Lemma 3.1. Let 1 < ¢ < 2. For any o, o with o/ < o and m = |a — /|,

_3(l_ly_m o o
107 Aol 2 < C(L+) 2D F (|05 Ul z, + 05 Uolle2).  (35)

and

2

t t
ag/ At — $)(S(s),0,0) ds gc/ (1+t—s)3G—2)-m
0 L2 0

x {105 (G(s), 072 h(s))I17, + 105 (G(s), 0~/ *h(s)| 72} ds, (3.6)
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hold for all t > 0.

Proof. The proof is quite similar to the case of the incompressible Euler equations
given by [7, Theorem 3.1]. In fact, denote = to be the Fourier transform with respect
to space variable. Then, as for proving [7, Equations (49) and (50) in Theorem 3.1],
one has

1 ~ N N -~ —
O fI2z + P/(ORE + [al*) + AT = PHFIZ +[b—uf?)

2
< C(IGIZ; +llo™2hllZz). (3.7)
and
~ )\|]€‘2 — 9
t -
HREL(t) + T |k|2|(a,b)|

< C({T= P} + b= uP) + CUIGIZ: + o 2hl2,), (33)

where & (t) is defined by

~ ~ -~

1 L~ .
E(t) = TTE %:(zk‘ibj + ik | Ty ({T = P}f)) — m(a|zk ).

Here (-|-) means the complex inner product. The additional consideration only
occurs to gaining the dissipation of n. For that, one can compute from (3.2) and
(3.3) that

P'(1)|k[?[A)? = (ikn| — 0,4 + b — u)
= —0,(ikA[Q) + (ikR|T) + (ikR|b — w),
which further implies

RkAla) 1., |k
R ¢!
% T+ e T2 (1)

Now, as in (2.17), we define

~12 |k -al? 2
1_Hk|2|n\ §1+‘k|2+0\b—u| . (3.9)
1+ k2

where 0 < k3, k4 < 1 are constants. It is also immediate to verify from (3.7), (3.8)
and (3.9) that

E(t) = IFI72 + PRI + [al® + raéa (1) + ra

E(t) ~ ||f(t)||ig + A + [at)?,
and for 0 < kg € K3 K 1,

& )‘|k |2 & 1|12 —1/27 12
< .
OE(0)+ e 0 < CUCIE + o 2hl3y)
The conclusions of Lemma 3.1 directly follows from the above estimate, and the
detailed proof is omitted for brevity. O

Proof of rate of convergence: We can rewrite the nonlinear Cauchy problem (1.5),
(1.6), (1.7) and (1.8) as

U(t) = AUy + /O A(t — 8)(S(s), G1(s), Ga(5)) ds, (3.10)
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with
1
S:—u~V5f—§u-§f

1
= VG = o6 Gru-atM'?, G =—u{l-Po}f,
G1=-nV; -u—u-Vu,
P'(n+1)
n+1
To estimate |U(t)]|z2, we further rewrite (3.10) as
U(t) = Ju(t) + Jo(t) + Js(t) + Ja(t),

n(b—u) + au

— / —
P'(1)| Vun i

ng—u~V$n—[

with
Ji(t) = A(t)Uo,
Ta(t) = /0 At — 5)(S(5),0,0) ds,
J5(t) = /tA(ts)(wanl/Q,O,O)ds
0
Ta(t) = /0 A(t — 5)(0, G (5), Gals)) ds.
Define

Exo(t) = Os<ugt(1 + s)%é’(s).

One has that from (3.5),
[7:@lle2 < CL+8)H[To] 2z,

[ J5()ll 2 + [[Ja(®)] 2
t
< C/ 1+t —s) 71 (lu-atM?||L2nz, + [(G1, G2)(s)ll 1201 ds
0

t t .
go/ (1+t—s)—%5(s)dsgc/ (Lt =) H(1+s)FdsEn(t)
0 0
<CO(1+1) 1E,(1),
and from (3.6),

t
| ()2 < © / (14t~ 5) 2 ull— Po}flfany, ds

< c/tu Ft—s)HE(S)2ds < C(1+ )~ Ew (D2
Therefore, it follows that ’
U@ 72 < C+6)72{||Uol|Z2nz, + [Exc(8)]*}. (3.11)
On the other hand, recall that (2.19) implies
L)+ 2E(0) < U)o (3.12)
Then, by Gronwall’s inequality, (3.12) together with (3.11) give
E(t) < EO)e™ + C(1+1)H{|UolZnz, + [Ex ]},
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and hence
Eoo(t) < C{lIU0IZ2n 2, + [Ex()]?}-
Thus, since ||Upllz2nz, can be small enough, one has € (t) < C|Up||%2pz, for all
t > 0, that is,
E(t) < C(L+1)"2||VnlZenz,
This completes the proof of Theorem 1.1. O

4. Torus case. In this section we consider the spatial domain @ = T3. In such
case, we have the conservations of mass for both fluid and particles

; //

— F(t,z, &) dxdé =0,
dt TSXR?) ( )

d

a tx)de =
g Tan(,z) x =0,

and also the conservation of the total momentum

% U/m SACERS dxd§+As(nu)(t,x) dm] = 0.

This implies that under the assumption (1.9), it holds that

/11‘3 a(t,x)dr =0, /]1‘3 n(t,x)dr =0, /[[‘3 b(t, x)+(n(t,z)+Du(t,z)] de =0, (4.1)
for all t > 0.

Proof of Theorem 1.2: We only give the proof of the global a priori estimates. Let the
temporal energy functional £(t) and the corresponding dissipation rate functional
D(t) be defined in the same way as in (2.17) and (2.18) for the case of the whole
space = R3. The similar process by making the energy estimates leads to

%5(25) +AD(t) < C([(a,b,n,u)|| + [[(a, b, n, w)|?)

x| D IHE=PYOSfI5 + (@b w)lls | - (4.2)

lal<3

It remains to find out the zero-order dissipation of (a, b, n, u) by using the conserva-
tion laws (4.1) with the help of the Poincaré inequality. In fact, it is straightforward
to obtain

lallz < ClVaalzz,  |Inllzz < ClIVen| L2, (4.3)
and
[b+ull2 < b+ u+ nulrz + [[nu]| 2
< ClIVa(b+u+nu)lrz + |[uf Lo |n)l 2
< CIVa(b,u)llr2 + ClIVa(nu)|[r2 + Cllull 2| Vanl| 2
< OVa(b,u)llez + Cllulla2[Venllrz + Clinllp2||Vaul| 2. (4.4)
Define

Dr(t) = D(t) + rs([la®)]|* + [n(®)]I*) + w6l (b + u)(®)]|,
where 0 < k5, kg < 1 are constants. Notice

Dr(t) ~ Y [{T =P} fI5 + ll(a,b,m,u) | Fps, (4.5)

la|<3
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uniformly for all ¢ > 0. Moreover, by choosing 0 < kg < k5 < 1 suitably small, it
follows from (4.2) together with (4.3) and (4.4) that

%S(t) +ADr(t) < CIEV2(1) + £(0)]Dr(8),

which due to the fact that £(t) is small enough uniformly in time, implies

d
— < 0.
ZE(H) + ADr(t) < 0

Since £(t) < CDry(t) by (4.5), one has

d
- <
ZEW) +AE() <0,

for all ¢ > 0. This gives the exponential decay of £(t) ~ [|(f,n,u)(t)||3;s. The proof
of Theorem 1.2 is complete. O
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