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Abstract

We are concerned with the global well-posedness of a two-phase flow system arising
in the modelling of fluid-particle interactions. This system consists of the Vlasov-
Fokker-Planck equation for the dispersed phase (particles) coupled to the incom-
pressible Euler equations modelling a dense phase (fluid) through the friction forcing.
Global existence of classical solutions to the Cauchy problem in the whole space is
established when initial data is a small smooth perturbation of a constant equilibrium
state, and moreover an algebraic rate of convergence of solutions toward equilibrium
is obtained under additional conditions on initial data. The proof is based on the
macro-micro decomposition and Kawashima’s hyperbolic-parabolic dissipation argu-
ment. This result is generalized to the periodic case, when particles are in the torus,
improving the rate of convergence to exponential.

1 Introduction

Fluid-particle interaction systems have been proposed to describe the behavior 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. In many of these
applications, the assumption that particles are solid non-deformable spheres suspended on
the fluid leads to simplified but meaningful models [2]. This kind of systems have been
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used in sedimentation of solid grain by external forces [1], for fuel-droplets in combustion
theory [28] and biosprays in medicine [3, 22] for instance.

The particles behavior is obtained wvia the evolution of the statistical distribution of
particles in phase space, where the only forces taken into account on particles are the
friction forces due to the fluid and an stochastic term of fluctuations around the fluid
velocity. This kinetic modelling of the particle phase, as in [6, 4, 7], leads to the Vlasov-
Fokker-Planck equation coupled with some fluid equation with a friction term due to
the action/reaction principle. Here, we will model the fluid by the incompressible Euler
system. The resulting system reads as

O F +& -V, F=V¢- ((§—u)F +VF), (1.1)

Ve -u=0, (1.2)

Ou+u-Vyu+ Vyp = / (& —u)F dg, (1.3)
R3

with
F(O,Z’,f) - FO(£7€)7 U(O,Z') - UO('Z')

Here, the unknowns are F' = F(t,z,£) > 0 for t > 0,2 € R? ¢ € R3, denoting the
density distribution function of particles in the phase space, and u = u(t,z) € R3 and
p =p(t,z) € R for t > 0,2 € R3, denoting respectively the velocity field and pressure of
the fluid. Initial data Fy = Fy(w, &) and ug = ug(x) for x € R3, £ € R? are given with the
compatible condition

V- up(z) =0. (1.4)

The above system describes the motion of the interactive particle and fluid subject to a
mutual friction forcing proportional to the relative velocity & — wu; see [28, 6]. In what
follows, we shall call (1.1), (1.2) and (1.3) by the Vlasov-Euler-Fokker-Planck system
(VEFP for simplicity).

Previous work related to the mathematical analysis of coupled kinetic-fluid systems in
the sense above can be traced back to [17] where global existence and large time behavior
of solutions to the Vlasov-Stokes system was obtained. In [17], the fluid is assumed to be
viscous and incompressible and its velocity satisfies the Stokes equations with the same
friction forcing as in (1.3). When the motion of the fluid is described by the incompressible
Navier-Stokes equations, [14, 15] considered hydrodynamic limits of the Vlasov-Navier-
Stokes system in different regimes, [9, 12, 8] dealt with similar singular perturbation
problems, and [5] recently gave a proof of global existence of weak solutions on the periodic
domain. [21, 20] 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, and [13] also proved global existence of classical solutions near
equilibrium for the incompressible model. 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 in the kinetic equation, and stability and asymptotic
analysis were discussed in [7] when the velocity diffusion is considered.

The goal of this paper is to prove the global existence of classical solutions to the
Cauchy problem of the VEFP system for initial data which is a small perturbation around
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the following spatially homogeneous steady states F'= M, v =0, P =0, where

1
932 eXp (—15‘2/2) )

M= ME©) =

which has been normalized to have zero bulk velocity and unit density and temperature.
Compared with some existing results, although the fluid is inviscid, solutions close to
equilibrium are shown to be asymptotically stable under smooth perturbations. From the
later proof, this essentially results from the coupling term friction forcing through which
the dissipation of the momentum component of the kinetic distribution can be transferred
to the damped fluid velocity field. For the above purpose, let us reformulate the Cauchy
problem in the framework of perturbations. Set

F =M+ M2y,

so that the reformulated Cauchy problem reads

Ouf +& Vaf +u-Vef — su-&f —u-EMY2 =Lf, (15)
Ve u=0, (1.6)
Ou+u-Vyu+ Vep+u(l+a) =0, (1.7)
with initial data
F0.2,6) = folx,§) = M7V (Fy = M), u(0,) = up(x), (1.8)
where L is the linearized Fokker-Planck operator defined by

1 f
L = Ve [09 (77)|

and a = af,b = b/ depending on f are the moments of f defined by

of (t.2) = / MY2f(t €y de, b (t,x) = / EMV2f(tx,6)de. (19)
R3 R3

Theorem 1.1. Let (1.4) and Fy = M~+M"2fy > 0 hold. Suppose that HfOHLg(Hg)+||UO||H3

is small enough. Then, the Cauchy problem (1.5)-(1.7) and (1.8) admits a unique global
classical solution (f(t,z,€),u(t,z)) satisfying

fe€°([0,00); LE(H)), ue €°(0,00); H?),
F=M+M7"2f>o0,
3313(\|f<t)||Lg<Hg) + [u®)lus) < Clfollzqa) + lluollus)-

Moreover, for any given € > 0 which is close to zero, if HfOHLg(H'fCﬂL}C) + Jluollgsqpe ts

sufficiently small, the solution (f,u) enjoys the time-decay:

_s
1F ) lLzqaz) + lu@llgz < C(1+ )73 (I folluzmany + luollgzars) (1.10)

for any t > 0, where C. depends only on € and Cs may blow up as € tends to zero.
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The main novelty we develop in this paper is the use of a refined energy method
to take advantage of the damping of the velocity field in the Euler equation due to the
kinetic part. This is the reason why we do not need a viscosity term in the fluid equation
compared to [13], see remark 3.1 at the end of Section 3. Energy methods have been used
for collisional kinetic equations [16, 10] and for other nonlinearly coupled Fokker-Planck
equations and systems as in [19, 11]. The rest of this paper is organized as follows. In the
next section, we start by giving an elementary observation for computing the dissipation
of the linearized Fokker-Planck operator on the basis of a macro-micro decomposition, and
also we introduce some notations used in the later proof. The global existence and rate
of convergence of solutions are respectively obtained in the end of Section 2 and Section
3. We adapt our proof to the periodic in space case in Section 4 and eventually give a few
technical lemmas in Section 5.

2 Global existence

In what follows, our analysis is based on the reformulated Cauchy problem (1.5)-(1.8). To
obtain the global existence, the most important point is to obtain the uniform-in-time a
priori estimates. Then, we will construct an approximation scheme allowing use to show
short-time existence of the smooth solutions for which the a priori estimates become real
estimates, and finally we will show that due to the uniform-in-time estimates, we can
extend the solutions to all times. We now first introduce some notations and set some
basic properties of the operators involved.

2.1 Preliminaries

Let v(€) = 1 + [£]? and denote | - |, by

o = [ [9ea@)P +OlaOF] de. = alc)

The operator L satisfies that there is a positive constant Ag > 0 such that
— [ o = xol{T = Polg:

for any g = g(§), where Pog = a9 M /2 Generally, u or b are not integrable in time-space.
To control them in a smart way, an idea from the recent paper [1 1] can be employed. Let us
define the velocity orthogonal projection P : Lg — Span{ M2, & M2 ¢, MY? e5M1/?}
by
P:=Py+ Py,
Pog := aIM'/?,
Pig:=b7 - ¢MY2.

Decompose Lg as
Lg=L{I-P}g+LPg=L{I-P}g— Pyg. (2.1)
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Notice that since L is self-adjoint,

(-L{I - P}g,9) = (—{I - P}g,Lg) = (—{I - P}g,L{I - P}g — P1g)
= (—L{I-P}g,{I - P}g) > A{I - P}g[. (2.2)
Therefore,
(—Lg,g) > Xo[{I—P}glZ + [t¥]*. (2.3)

We introduce some conventions for later use. C' denotes some positive (generally large)
constant and \ denotes some positive (generally small) constant, where both C' and A may
take different values in different places. In addition, A ~ B means MA < B < /\%A for

a generic constant \; > 0. For an integrable function ¢ : R?* — R, its Fourier transform
g = Fg is defined by

G(k) = Fa(k) = /

3
, e ko) de, x-k=: ijk‘j,
R :

7j=1

for k € R3. For simplicity, we use || - || to denote L? norm over L2 or Li,g if no confusion
arises. We use (-, -) to denote the inner product over the Hilbert space Lg, ie.

(0. = [ a@ne)de. g.helt

Define
lgll? = / / (Veg(e, O + v(©)lgla, €)2] dede, g = gla,©).
R3xR3

For ¢ > 1, we also define

2/q 1/2
Z, = L3(LY) = LR LI(RY)), H9|!Zq=< /R 3 ( /R 3 m(z,@\qu) dg) .

For brevity, we introduce norms ||(-,-)||3m, [|(,-)||z, with the integer m > 0 and ¢ > 1 by
I ) e = 1 Iz + lllims 1CFw)llz, = 111z, + lull,

for f = f(z,€¢) and v = u(x), and we set £2 = H° as usual. Finally, for a multiple index
a= (a1, , ), we denote 9% = 0y = 051052053, The length of a is |a = ay +- -+ .
For simplicity, we also use 0; to denote 0., for each i = 1,2, 3.

2.2 Uniform-in-time a prior: estimates

In this subsection, let us assume that (1.5)-(1.8) admits a solution (f,u) with enough
regularity and fast decaying at infinity over [0,7] with 7" > 0. We begin with a technical
lemma useful in the subsequent estimates.
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Lemma 2.1. There exist positive constants C, such as for any f,g € H3(R3) and any
multi-index v € N® verifying 1 < |y| < 3 we have

| fll ) < ClIVafllhiga IV Ihga), (24)
”f9”H2(R3) < C”f”HZ(R3)”VﬂchHz(R3)7 (2.5)
||8;c/(f9)”L2(R3) < C||fo||H2(R3)HVmQHHQ(W)- (2.6)

Proof. We start with (2.4). For all R > 0, decomposing the frequency space in {|k < R}
and {|k| > R} we have by Holder’s inequality

" A 1 N
|f(k)|dk < 4m | R||kf |1 2ms) + _Hk2f|’L2(R3)
s R

Choosing R = ||k%f Hi/ng Ik f ||£21 (/];3 and applying then the inverse Fourier transform

concludes the proof of (2 4)

Now for (2.5), using Leibnitz formula, it is enough to bound the following terms 9%~ f9%g,
where o« and 3 are multi-indices verifying |a| < 2 and < «, (meaning 3; < «; for all
i€ [1,3]). We use (2.4) and Sobolev’s embeddings, in the two following cases

e |5 <1and

Haa_ﬁfaﬁg”LZ(RB) < ”8a_ﬁfHL2(R3)”859”L°"(R3) < C”f”HQ(R3)”VIQHHZ(R3)7

* f=aand ||faa9”L2(R3) < ||f||L°°(R3)||8a9HL2(R3) < C||f||H2(R3)||V:v9”H2(R3)-

For the last inequality, let us work in Fourier variable again. We denote by |v| = v1+7v2+73
and for all k = (k1, k2, k3) € R3, k7 := k" kJ*kj®. We have by Young’s inequality (|y| # 0):

k] < " |‘/€ M + ]k: ,Ivl + 2 \k3w

Hence, we have for all k£ and 7 in R?
3
k<> {1
i=1

for some constant C'. Hence :

1

3
= {2i(f,9)(k) + ®i(g, F)(K)},
i=1
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where the last obvious notation is justified by a change of variable. We now observe that
up to a constant || f||;1(rs) and || f[|ec(rs) are equal. In our case they are both finite by
(2.4), hence by Hélder’s inequality

B:(g. )2 (k) <HfHL1/ e = 1 () Pl 2P iy,

which implies integrating on k£ and by symmetry that,

@i (g, f)”LZ(R3) +[®(g, f)HLZ(RB) < ”JEHLl(H@)HklﬂgHLz(Riﬁ) + ”@”Ll(RB)HkPIJEHL%RB),

to conclude
. 3
1KY f % §ll2zs) < D Z{ngm e I Fllz ey + 111t o IR 1812 oy

After applying inverse Fourier transform and using (2.4), (2.6) is proved. O

The first step is to produce energy estimates for obtaining the dissipation of the kinetic
equation on the basis of the coercivity property (2.3) of —L.

Lemma 2.2. For smooth solutions of the system (1.5)-(1.7), we have

1d
5 7 I+ 11ell®) + Ao l{T = PYFIZ + flu — bIJ”
< Cllully2l{T = P} + Cllully lw = blJ* + Cllullg | Va(a, )| (2.7)

for any 0 <t <T and any T > 0 with C and Ay not depending on T.

Proof. By using (1.6) and (2.1), the direct energy integration of (1.5) and (1.7) and then
their summation give

1d

5 I+ )+ [ (LT~ PY7. f) do =

= /R3 %u &f, fyde — /R3 alu|? dz. (2.8)

Using the macro-micro decomposition f = Pf + {I — P} f, one can compute

(€. 1) = (€& IPfP*) +2(Pf AL - P}f) + (&, {1 - P}f[*),
and further (¢, |Pf|?) = 2ab. We deduce

[ gu-ernde= [ au?ao

:_/ au-(u—b)dw—l—/ u- (EPfAL-P}f)dx
R3 R3

1 u - — 2 X

45 [ u G HI= Py a
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Then, using Young’s, Sobolev’s and Cauchy-Schwarz’s inequalities,

/ lu &f, f)dx —/ alu|* dzx
R3 2 R3
< llallpsllullpsllu = bllgz + Cllullys(/(a; b)[[Ls[{I = P} £
+C|lullre [{T = P}f|I7
< C([Vullyr + [[ullg) KT = Y + Cllully lu — b1}
+O [l IV (@, b)|[3 2.

By plugging the last inequality into (2.8), then (2.7) follows due to (2.2). O

Lemma 2.3. For smooth solutions of the system (1.5)-(1.7), we have

d
S S IR 1%l + Ao S (HT PO A + 07w — b))

1<]al<3 1<]a|<3
a r|2 2
<C|Vaullg2( Y IKT=PY*f[} + [Vala,b,u = b)|I52), (2.9)
1<]a|<3
for any 0 <t <T and any T > 0 with C and Ay not depending on T.

Proof. Take o with 1 < |a| < 3. The energy integration of a-order for (1.5) and (1.7) and
their summation give

1d

5 101+ 107 ul) + [ (~Lom{T =P 1.0 ) do + 0% (u = b)F

— [ o var o fyde s [ (0°en). o) ds
R3 R3

4
— [ 0%u-Vyu)-  0%dr — 0%(ua) - 0%udx = Z I;, (2.10)
RS RS i—1

where [A, B] means the commutator AB— B A for two operators, and I; (1 < i < 4) denote
the corresponding terms on the r.h.s. of the above equation. We easily get the bounds

L= / (0°[u- Vef), 0 f) do = / (0% [uf], Ved® f) dz < 07 (uf)|| - [Ved™ F]|
R3 R3

=g [ @een.o = [ @lun.cor e < 310l - Jeov I,
Iy =— [ 0%ua)- - 0%udx < ||0%(ua)| - ||0%u].
R3

Since 1 < |a| < 3 we may use inequality (2.6) of Lemma 2.1 successively to obtain :
I < O Vaullg2 IV fllzae) Ve £l

I < ClVulle [V fllzae) 1€0° 71,
Iy < ClVaully2l|Vaall g2 |0%u].-
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Due to (1.6), I3 is computed by
I3 = — Z Cg‘/ (09 Pu - V0 u) - 0%udx < CHVJCUH%{QHGO‘UH, (2.11)
B<a R3
where the final inequality follows that for g < «,
10%ul|L2[|Vaulle]| 0% ul 2 (18] = 0)
/ (0% u - V,0%u) - 9%uda < S 10°Pullys]|V20 ull s |0%ull 2 (18] = 1)
R3
0% 7l V20 ullp2|0%ull2 (18] = 2)

and Sobolev inequalities were further used. Putting estimates on I; (1 < ¢ < 4) into (2.10)
and taking summation over 1 < |a| < 3, then (2.9) follows. O

Corollary 2.1. For smooth solutions of the system (1.5)-(1.7), it holds that

1d
v (1“1 + 0°ull®) + Ao Y (KT =P} fII2 + [0%(u — b)[1*)
lo|<3 la|<3
< Cllullgs | Y (IKT=P}*fIZ + 10 (w = b)I*) + [ Va(a, b) |72 (2.12)

lal<3
for any 0 <t <T and any T > 0 with C and Ay not depending on T.

The goal of the second step in the energy estimates is to obtain the energy dissipation
rate | Vy(a,b) “12{2 For this purpose, we shall firstly derive the following coupled hyperbolic-
parabolic system satisfied by a and b which are coefficient functions of P f:

Da+Vy-b=0, (2.13)

Orbs + Bha+ > O T;({I—P}f) = —b; +us(1 + a), (2.14)
J

0ibj + 0jb; — (uib; + ujb;) = =0 L'y j({I — P} f) + Ty (€ + 1), (2.15)

for 1 < i,j < 3, where I';; is the moment functional defined by T';;(g) = (&€& —1) M2, g),
for any g = g(£), and ¢, r denote

{=—¢-V,{I-Plg+L{I- P}y,

r=—u-Ve{l - Plg+ %u'i{I—P}g-

In fact, it is straightforward to get (2.13) and (2.14) by multiplying (1.5) by M/? and
&M'Y? (1 <i < 3) and then taking velocity integration over R®. To obtain (2.15), let us
rewrite (1.5) as

Z?tPf—l—f-VfoJru-Vng—%u-fPf—u-fMl/erPlf:—8t{I—P}f+€+r,
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and then apply I';; to it so that (2.15) follows, where (2.13) was also used. Define a
temporal functional & (f(t)) by

= 33 [ 70 + 000 (1 Py do

lo| <2 ij

— Z/ 9%ad*V, - bdzr, (2.16)

|| <2

The following lemma is in the same spirit of Kawashima’s hyperbolic-parabolic dissipation
estimates [18]. At the level of linearization, it corresponds to the estimate (3.7) which we
shall prove later.

Lemma 2.4. For smooth solutions of the system (1.5)-(1.7), it holds that

d
—Eo(f()) + A Va(a,b)[fe < CHI ~ P}ing(H:;) +Jlu = bllf2)

dt
Ol IV, D)% + 19241 = P | (2.17)

for any 0 <t <T and any T > 0 with C and X\ not depending on T'.
Proof. Take a with |a| < 2. Notice

7107 (@1b; + 03I = 2V, 0|2 + 2|1V, - 9|2 (2.18)
ij
On the other hand, it follows from (2.15) that
> 0%(0ib; + 05001

ij
_Z 0%(0ib; + 0;5:)0°[(wib; + usbi) — Oy ({1 = PHf) + Ty (¢ + 7)] d
Z | 0%(0ib; + 05b1)0°Ti;({T — Pf) da

+ Z 80‘ 9;01b; + 0;0,b;)0°T;({1 — P} f) dz

+Z 0% (ibs + 05b1)0%|(ib; + ujbi) + Tij (€ + 7)) da (2.19)

Using (2.14) to replace the time derivative of b, one has

Z aa 0;0tbj + 0;0;b;)0°Ti;({I — P} f) dx
= _9 Z 0%0:b;0%0;Ti;({I —P}f)dx
. R3

=2 Z /]Ra 9%[0ia + Z OmLim({I =P} f) — (ui — b;) — w;a]0%0;T;({I — P} f) da
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Hence, using Young’s inequality and inequality (2.5) of Lemma 2.1 one gets :
> | 0%(0idub; + 0;0,00)0°Ti; ({1 — P} f) da
— JR3
ij
< el|Vaallf + Cel VAL = PYfllEa g2y + Cllu = Bllie + [lul=lVaallge),

where 0 < € < 1 is arbitrary to be chosen later. The final term on the r.h.s. of (2.19) is
estimated by

Z/ 0% (013 + 0300)0 (b + wbs) + Tis(0+ )]z < 3 3 0% (b + y0)”
— 3

ij
+C Y (10 (wibs + ubi)[I* + |0°T 55 (O)|* + |0°T i (r)[1*)-
]
Using again (2.5) it further holds that
D 0% (uibj +ubi) | < Clu @ bl[fz < Cllullfiz | Vablie,
]
and since the moment functional appearing in I';; can absorb any velocity derivative and
any velocity weight we have also

Z Haarm ”2 <COI{I- P}fHLz(H3
Zuaarw (I < Cllullfe VoI = P}z 2,

Putting all the above estimates into (2.19) and then taking summation over |a| < 2, due
o (2.18) one has

— Z Z/ 0%(9:bj + 9;0:)0°T ({1 — P} f) dz + 2| Vb ||%2 + 2[| Vo - b4

\a|<2 ij
< ellVaalfe + CellVa{I = PYfF202) + Cllu = blige + 1T = P}/ 202y
Ol (1 Vaa. D)l + 1VaAT = PH 22, (2.20)

On the other hand, take again a with |a| < 2 and calculate

107V a2 = Z / 0°900°0sa dx
— JR3
_Z | 0°0,a0°[=0ibi + (w; = bi) — Z Ty ({1 — P}f) + wa] dx

Z/Rgaaaaaab da:—i—Z/ %0, 0,a0°b, dz
+ zl: /]R3 8O‘aiaao‘[(ui — bz) — z]: OjFij({I — P}f) + uia] dr.
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So finally, we get

d
le' 2 _ o BNgaYe" i 9. ap
|0V zal|* = pr % /RS(? ad*V, - bdx + EZ /RSE? 0;0;a0%b; dx

+ Z/ 8“8,@8“[(% — bz) — Z 8JF”({I — P}f) + UZ'CL] dx. (221)
; JR3 j

Here, 0,a can be replaced by the mass conservation law (2.13) so as to obtain

> | 0°0:0,00%bidw = — | 0°0,a0°V, - bdx = |0V, - b]|*.
— JR3 R3

The last term is estimated by
Z 8“8 a@o‘ |: bl) — Z OjFij({I — P}f) + u;a| dx
J
1 (63
< S IVad%al* + C(lu = bl + | Va{T — P}fIILz(Hz +lullfe [ Veallfe),

where we used (2.5) another time. Then, after taking summation over |a| < 2, it follows
from (2.21) that

(0% (0% 1
- Z 000"V, - bdr + §|yvxaug2
\ <2
< Ve - bH}iz +C(|lu— bl + [ Ve{I - P}f”ig(Hg) + [Julf2 I Vaallf2)- (2:22)

Now adding (2.20) to (2.22), we get :

d 1
S0 + 2T+ 192 e + |5 ] 192

< C(HT = P} By, + llu = bl)

+ Cllullfe 1920, BlIfe + Vo {X =PIz 2.

Hence, (2.17) follows after taking ¢ = % for instance. O

Combining estimates obtained in the above two steps, one can finish the proof of
uniform-in-time a priori estimates as follows. Define a total temporal energy functional
E(f,u) and corresponding dissipation rate D(f,u) by

E(f(1),ult)) = I(f (), w®) |3 + m1&o(f (1)), (2.23)
D(f(t),u(t)) = D> (10T =PI + 0% (w = b)) + [ Vala bu)Fe,  (2:24)

o <3
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where k1 > 0 is a small constant to be chosen later. For the sake of clarity, let us introduce
further notation:

K(fw) = 3 {IHE =PI £I2 + 0% (u = )|} + | Vala, )32

| <3

so that we can rewrite (2.12) as

1d
< CllullgsK(f,u) < CllullsK(f,u) + roK(fu),  (2:25)
for a small constant ko to be fixed later. Obviously we have || - HLg(Lg) < |-, and

|+ llg2 < I [[gz hence (2.17) implies

d
—E(F ) + AlVa(a, )l < C [K(f,w) = [IVala,0)lli] + CllullgsK(fu). (2.26)
Finally, by adding 2x(2.25) to k1 x(2.26) we obtain

LECF0), u(t)) + min(2h — Cra, VK, w) < 25K (Fu) + Ol K (7 ),

so picking first x1 and then o small enough we have E(f(t),u(t)) ~ ||(f(t),u(t))|3, and

d
%5(f(t),U(t)) + AK(f,u) < CllullzsK(f,u). (2.27)
Now notice
IVaulfe < 2 Va(u = b) 7 + 2 VabllFe < 2K(f,w),

and D(f,u) = K(f,u) + HVmuH?{Q, so that by adding /{3||un\|12{2 to both sides in (2.27)
with k3 small enough we have

d

SO, u(t) + rsD(f(1), ul?)) < Cllu(®) 5D (f (), ult)), (2.28)

for any 0 < ¢ < T and any T > 0 with C and 3 not depending on 7', which is the desired
uniform-in-time estimate for the global existence.

2.3 Approximating Scheme & Global Existence

We are now going to prove first the existence of local regular solutions for which all
the previous computations will be rigorous. These estimates will allow us to prove
that the solution is in fact global at the end of this subsection. Let us introduce X =
whee (o, T); H*(R?)) N L ([0, T); H*(R?)) and
feL®(0,TLEH))) NE}, N, al bl € X
St =4 (f,u,p) ueXNe([0,T] x R?)
Ve u=0,f>0, peg°0,T];H(R?))
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Let us consider the iterative Cauchy problem, initialized by (u®, FO) = (ug, M + M2 fy):

atFn—l—l + f . Van—l—l — Vﬁ . (an—H + VSFTL+1) . ,Yn[un *T”] . Vgﬁla
Fo o= M+ M2 [« (MV(E — )],

Ve -u"t =0,

Oput U Vpu T 4 Vpt Tt = /RS (& —u"THF™ dg,

u"TH0) = ug,  F"TH0) = M + MY (p % fo)y",

where 4™ is some tensorial cut-off function +"(z,§) := 6 (%) 0 <%) = o"u", 0 being a
smooth function with support in the unit ball and 7"(x) and p"(x, &) are standard molli-
fiers. In particular, (v")n, (6™)n, (4™), are bounded in the Schwartz class . (R3). Con-

sidering u} := u" x 7" and f]' := f™ x p", it reads in terms of perturbations as:

1
Buf" 4 €V 4 mn Vel — §’ynuf T A MY = LT (2.20)

Ve -u"t =0, (2.30)
atun—i-l 4. qun-l-l + prn-‘rl + un+1(1 + a") =", (231)
u"tH0) = wo,  f"TH0) = (pux fo)V", (2.32)

Lemma 2.5. There exists 59 > 0 and Ty > 0 such as for ||(fo,uo)||ns < do, the previous
sequence (f™,u™) is well-defined and bounded in L>°([0,To}; H?). (u™) is furthermore

bounded in W ([0, Tol; H2(R3)) .

Proof. Some parts of the proof have been placed in the Appendix for the sake of clarity.
Let us verify by induction that there exist, for all n, global classical solutions to the system
(2.29)-(2.32), all belonging to St (but the kinetic part is not necessarily positive at this
stage). Take (f™, u",p") € St (except the positivity condition). The existence of f"*! ¢
Lg(Hi) is a direct consequence of Lemma 5.5 in Appendix and then af "H,bf e Xis
straightforward. As for «"*! and p"*!, Lemma 5.3 of the Appendix applies directly. Since
all the equations are verified strongly and given the regularity of the solution, we are now
able to compute several estimates in a rigorous way. As done in (2.10) but including this
time the case a = 0, the energy integration of a-order (2.29), (2.30) and (2.31), and their



Global Classical Solutions to VEFP System 15

summation give

1d
5%(”80‘]0”4-1“2 + Haaun—i-1|’2) +/ (—Laafn+1jaafn+l> dr + Haaun—HH2
R3

Il,n IZ,n

A

== [ @ o [Vt - prven]| oy de - [ onwrtan) 0t do
R3 R3
I3,n I4,n

A

_ 8o¢(un . vmun-i-l) . aaun—i-l dr + 1/ <aa(7nuf . fff),aafn+1> dr
R3 2 R3

+ [ %" - 0%u™ T da + / O* MY L 9% (0 (z)) dE du.
R3 R3 X R3
Using (2.3) we hence have
1d

5%(“8“]0714-1“2 + Haaun—HHQ) + )\()”{I — P}aafn—i-lH,% + Haaun—i-1”2 + ”8abn+1H2

4
<Y Lipt | 0% 0% da + / 620" | 0% o] | daz,
i—1 R3 R3
and since for any function g(z, &), ||Pgll,, ||[p7]] and ||aY] are all smaller than C||g|| for some

constant C, o™ is bounded in . (R?) and [|0°u?|| < ||0“u™| for all 8 € N3, we deduce

1d

S 10 F 2 4 9% )+ gl £ 2 4 9%

4

<D T+ OO P 4 [u" [ + 107712 + 0% £ ).
i=1

Now for I ,,, I1,, put (if necessary use integration by parts) operators V¢ and &- on frtt
(except for the term f]'V¢u™) and apply Young to obtain

/. m, nn af n,n n n A  rn
ul,n‘ +’I2,n‘+u4,n’ Sc”a (7 u*f*)Hz—i_CHa (U Uy 'f-k VEN )“2_’_?0”8 f +1H12/
+ C”aa(un+1an)”2 + ”8aun+1”2.

Since (Y")n, (6™), and (u™), are all bounded in .7(R?), and ||0%¢.|| < ||0%g]| for any
convolution operation and any (3, we have, using Lemma 2.1,

Ao
il Vol Ul < O Bl gy + S0 £
+ C{l + an|’ig(Hg)}”un+l”?{3

Finally I3, is equal to zero whenever o = 0, so that we can use directly what we have
done in (2.11) (notice that the term [u" - V0% *1]-9%u"+! in the expansion is still zero)
and get

T3] < Cll”[lggs |u" [
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We have finally, summing over «

d n n : o LN o, M
SN w2 + min(ho,2) 3 {10772+ 0nun 2

dt
<3
< G+ 1w ) I ™ DR + Co(+ 1" ) [F) 1 u™) -

Denote

Ant) = (" u) s,
Bu(t) = Y {1072 + oum 12

o] <3
We have obviously 4,(t) < B,(t) and furthermore from the previous inequality
t t
A (1) + A / Boi1(s)ds < Apsr (0) + Cy / (14 An(s)) Ap i1 (s)ds

0 0

t
+ Cg/ (14 An(s))An(s)ds, (2.33)

0

where A,,11(0) = ||(fo,u0)ll3,5 is independent, of n. Define successively

K:=Ci/\, & :=K/3,

1 K — 26 0
20, 2C,K(1 + K) '

Tp := min {
Let us prove the following property by induction on n: if ||(fo, uo)|lns < do, then:

[P(p) : M, := sup Ay(t) < K}
te[0,To)

holds for all p € N. P(0) is obviously satisfied, let us suppose P(n) is true. We have then
by (2.33), for t € [0, Tp):

t
An+1(t) + )\/ Bryi1(s)ds < 69 + C1ToMy 41 + C1To My Myyq + CoTo M, (1 + M,,)
0
<o+ C1ToMps+1 + C1LToK My 44 + CQTQK(l + K)
since C1 K = ), for t € [0, Ty, we have also

t
An+1(t) + )\/ [Bn+1(8) - An-i—l(s)] ds < do + CToMn+1 + C(Mn + Mn2)T0 ’
0

and noting that Bj,+1(s) — A,41(s) > 0, we conclude

My 11 < 6o+ CiToMyyq + CoK (1 4+ K)Ty,
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and since 2C17Ty < 1, we have:
M1 <200 + 2C2K(1 + K)T() <K,

because of the definition of Tj.
Finally the bound of (u") in W1’°°<[O,T0];H2(R3)) is a direct consequence of the

previous bound, using the fluid equation, after applying the Leray projection (see the
appendix section for the precise definition) to get rid of the pressure function. O

Lemma 2.6. There exists a subsequence (u”™),, strongly converging in L ([0, Tol; H%OC(R?’))
to an element of €°([0, Tp); H*(R?)).

Proof. Consider, an exhaustive family of increasing balls centered in 0, of radius m € N*:
(Bym)m. Given m, the injection H?(B,,) — H?(B,,) is compact. We know from Lemma

2.5 that (u™),, is bounded in Wl’oo<[0,T0];H2(Bm)> and L ([0, Tp]; H*(B,,)), hence the

family (u™),, is equicontinuous in ¢ <[0, Tol; HQ(Bm)) and pointwisely (in time) relatively
compact. We may hence apply Ascoli’s theorem to obtain the convergence of a subsequence
in ¢ ([0, Tol; H2(Bm)) . We also extract to have almost everywhere convergence. Since the

previous extractions are countable, we may extract diagonally a subsequence following the
exhaustive sequence of balls. In such a way, for a fixed ball B,,, the sequence (still) denoted

(u™),, converges to some u™ in ¢"° ([0, Tol; H2(Bm)> . All the functions are continuous hence

all the u™ are equal in their domain of definition and we may define pointwisely a limit
function u on B,, as the common value of all the (u*)g>,, on this ball, for all m € N*. By
construction u € %0([O,T l; Hz(Bm)) for all m and the sequence of corresponding norms
is bounded: u € ‘50([0,TO];H2(R3)). Since the sequence is exhaustive, we have strong
convergence in L ([0, Ty]; H . (R?)). O

Lemma 2.7. There exists 51 > 0 such as if ||(fo,uo)||ns < 01 then the Cauchy problem
(1.5)-(1.7) with initial data verifying (1.8) has a unique global and classical solution defined
on Ry, belonging to (f,u,p) € Sy for all t > 0.

Proof. With ||(fo,uo)|lz < o, by Lemma 2.5 we now that (f",u"™) is (up to a subse-
quence) weakly-x convergent in L°°([0, Tp]; H?) and so is (u™) in Wl’oo([O,To];HQ(]R?’)).
Let us note (f,u) the limit. Together with the strong convergence given by Lemma 2.6
we can pass to the limit and prove that (f,u) is a weak solution of (1.5)-(1.7) and (1.8).
Using Lemma 5.2 of the appendix we obtain that u is in fact a strong regular solution.
Using then the uniqueness of solutions for the Vlasov-Fokker-Planck [23], we finally have
that f is also regular and strong solution of the equation. Until now we have just obtained
local solution on some interval [0,7p] but since it is regular we may use all the a priori
estimates that we performed earlier. In particular, we have (2.28), i.e.

d

—E(F(0),u(®) + rsD(f (1), u(®)) < Cllu(®)|FD(f (1), u(t)),
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with C and k3 independent of T. Now, define

€ = min{d, \/m}v

and let initial data (fo,ug) be small enough such that

5(]00,“0) <oy = ﬁ

Denote
A(f,u,p) € Sy verifying (1.5) — (1.7) and (1.8) on [0, ¢]

and sup E(f(s),u(s)) <e
0<s<t

T, =supqtecRy

Note first that the uniqueness on any interval is a direct consequence of the previous
estimates since the solutions are regular, therefore in what follow (f(¢), u(t)) is well-defined.
Since ||(fo, uo)||#s < €/2 < dp, it follows from the previous study that T, is well-defined
(since &(-) and || - || are equivalent). Furthermore by definition of e, E(f(t),u(t)) is a
decreasing function of time on [0, 7}[: the right hand side term of (2.28) can be absorbed
due to .
Cllu(®)lfs < CIF@®), u®)Fp < O < 73

hence, for t € [0,T4[, E(f(t),u(t)) < e/2. Let us check that if Ty < oo, then by local
existence our solution is in fact defined at least on some interval [0, T, + n]. Indeed, the
time of existence Tp is granted as soon as the initial data is in the ball B(0, &) of H?3,
which is the case for (f(t),u(t)) for t < T,. Then, one could take the couple (f(t),u(t)) (¢
sufficiently close to T, ) as admissible initial condition and obtain local existence from ¢ to
some t + Ty > T,. Pasting this extension with the previous solution defined on [0, 7,], we
get some (at least) weak solution on the whole interval [0, T, + n]. We may then use the
positive fundamental solution of the Fokker-Planck equation with a field given in [23] to
have all the regularity that we need. We are in position to use the previous result since
the only assumption required in [23] is to have a field in L ([0, 7]; W"*°(R?)), and this
is still the case here, even after the “pasting operation”. In that way we can prove first
that the kinetic part f is regular in time and positive, then we treat the fluid equation as
before to finally extend the global strong solution on [0, 7} + 1] by uniqueness.

By continuity E(f(T%), u(Ty)) < /2 so that E(f(t), u(t)) remains strictly less than £ on
some interval [T, T, 4+ ']. This contradicts the definition of T, which is therefore infinite.
This shows the global-in-time existence in our main Theorem 1.1. O

Corollary 2.2. Take §1 as in Lemma 2.7 and (fo,uo) verifying ||(fo,uo)|3z < 61. Then
the unique solution to the system (1.5)-(1.8) verifies

d

E (@), u() + AD(f(2), ult) <0,

for some fized constant X > 0. In particular the energy E(f(t),u(t)) is a non-increasing
function.



Global Classical Solutions to VEFP System 19

3 Rate of convergence

In order to study the time-decay of solutions obtained in last section, we firstly consider
the linearized Cauchy problem

Of+E& - Vof —u-eMY? =Lf + Sy,
Ve -u=0,

(3.1)
O+ Vap+ (u—b) =0,

fli=o = fo, uli=0 = uo.

Here, the non-homogeneous source Sy takes the form
1
SfZVg'G—gf'G—i-h,

for G = (G;), G; = Gi(t,z,&) € R, (1 <i<3)and h = h(t,z,£) € R, where it is supposed
that
PyG;=0(1<i<3), Ph=0

for all t > 0 and = € R3. We first note that this coupled linearized problem is well-posed
in £2.

Proposition 3.1. There is a well-defined linear semigroup By : L2 — L2, t > 0, such
that for any given (fo,uo) € L2 with V,-ug = 0, then Ey(fo,uo) is the unique distributional
solution to (3.1) with Sy = 0. Moreover, for any given (fo,uo) € L% with V4 -ug = 0, the
unique distributional solution to (3.1) satisfies

t

(F(8), ult)) = Ex(fo, uo) + /O E,_.(S;(s),0) ds. (32)

Proof. The well-posedness part follows the same guidelines as in the local existence the-
orem in the previous section but simpler due to its linearity. We do not repeat here the
whole argument, but one needs to define smooth approximations by regularizing the ini-
tial data and splitting the coupling term as in the system (2.29)-(2.32). The passing to
the limit is trivial in this case, moreover the solutions are strong for initial smooth com-
pactly supported data. Due to standard regularization procedures, it is enough to show
the propagation of the £?-norm for smooth compactly supported initial data. Taking
(f(t),u(t)) = Ee(f§, uf), a direct computation shows

d
SO+ 1)+ [ (TP ) do =P = 0,

DO | =

implying
1B (55 uo)ll 2 < 1(f5:uo)l 2
for all t > 0 and all ¢ > 0. Passing to the limit in the regularization parameter e leads

trivially to the stated propagation. Finally, the variation-of-constants formula (3.2) for
problem (3.1) is again direct by approximation procedures. O
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We can now show the following uniform estimates on solutions of (3.1).

Theorem 3.1. Let 1 < q < 2 and (fo,up) € L2 with V, -uy = 0. For any o, with
o <aandm=|a—d|,

10°Ea(fo, uo)ll 2 < C(L+ 1)~ (|07 (fo, uo)l| 2, + 0% (fo, o)l c2), (3.3)

and

< C/ (1+4t—s)"20am (3.4)

x ([0 (G(s), v 2h(s)) 1%, + 10%(G(s), v~ h(s))IIf2)ds

hold for t > 0, where C is a positive constant depending only on m,q and

3 /1 1 +m
am =5\y 2) " 2

Proof. By Fourier transforming (3.1) in z, one has

t
‘PL/EtA&( ds
0

~ ~ 1 ~ =
Of +if-kf—u-eMYV? = Lf+Ve-G=3¢-G+h,
ik -u =0, (3.5)
Oy +ikp+ 1 —b=0.

By taking the inner product of the first equation in (3.5) with the conjugate of f and
integrating in &, its real part gives

1.~ ~ ~ ~ -
30UFIE + Re [ (~T{T = PYFUT— P dg + oF - Re @l
~ 1. ~ - ~ -
~Re [ (Ve G- 3¢ GHI-P}f)ds +Re [ (TP} e
R3 R3
where we used the observation
Vg-G—%ﬂGJ_RangP

due to PoG = 0. Then, the coercivity of —L, integration by parts in £ and Cauchy-Schwarz
inequality further imply

1.~ Yy~ - . o
SOFITz + 2T = PH + (b — Re(alp) < C(IGIP + [lv~"/*h]1).

Similarly, from the last two equations in (3.5) we infer ;|| + [4]> — Re(b|i) = 0, that
together in the previous estimate shows

1.~ R PPt N o
SO FIIZz + [82) + NI =Y + i = b < CUIGIP + [ 2h)). - (3.6)
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Next, we consider the estimates on a,b. Since PSy = 0, then similar to get (2.13)-
(2.15), corresponding to the system (3.1), one has
8tCL + Vx b= 0,
Orbi + O+ > _ 0T ({I—P}f) =u; — by,

j
0ibj + 0jb; = =0 T';({1 — P} f) + Ty (€ + Sy),

where ¢ still denotes
0=—-¢ -V, {I-P}f+L{I-P}f.
Taking the Fourier transform in x gives
da +ik b =0,

Oyb; + ki + Y ik;Ti ({1 — PYf) = @ — b,
J
ikib; +ikjb; = =0 L'y;({1 — P}f) + Ty (€ + Sy).

By using the same proof as in Lemma 2.4, we conclude that there exist A > 0 and C' > 0
such that

ORe{ D (ikib+ik;b|Ti; ({I — PYF)) — (@lik - D)} + Ak[>([al* + [b]?)
]
< O((1+ RP)IT = PYIZ, + [ =) + CUIGI® + v/ %h?).
By setting

51(f)_#

oo~ ~ |
BEENE %:(lkibj +ik;bi|Di;({I = P}f)) — W(ahk -b),
it follows that

A Al

O, Re£1(f)+m\(ﬁf, W) < C(H{I—P}ﬂﬁg+\ﬁ—5!2)+C(H@HZ+HV‘”QEHZ)- (3.7)

Now, given t > 0 and k € R3, define the functional Ey:(f, u) by
Er(£,1) = (1F7 + [a®) + raRe &1()

for a small constant k4 > 0 to be chosen later. Firstly, let k4 > 0 be small enough such
that Ex(f, @) ~ || f||3, + [al* since
¢

(DI < C(UIFIZ; + )

holds for all t+ > 0 and k € R?. By making x4 > 0 further small enough, the linear
combination 2X(3.6) + k4 x(3.7) gives

Alk[?

e @B D < CUCI + v #h),

0 Ex(f.0) + M({I - P}f[2 +[a - b?) +
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which also implies

A|k[?

B Ex(f, @) < CIGI + llv="/h|?).
It follows from Gronwall’s inequality that

-~ RILTP AR gy Lo 2
Er(F.a) < € TP ER(fo o) + / TR I (G2 + v 2h(s)]?) ds
0

As in [18] or [11, Theorem 3.1], the further k-integration yields the desired time-decay
estimates (3.3) and (3.4) by setting homogeneous source Sy = 0 and zero initial data
(fo,up) = 0, respectively. O

We now need two technical lemmas for the later proof.

Lemma 3.1. Given any 0 < 31 # 1 and [y > 1,
¢
/ (14t —5) (1 +s)P2ds < C(1 4 t)” mintPrbe}
0

for all t > 0.
Proof. Denote
t
J(t):/ (L4t—8) (1 +5) % ds.
0

Let us divide the time integral into two parts s € (0,¢/2) and s € (t/2,t), then it is easy
to check that

£\ P t/2 +\ P2t
J(t) < <1+—> / (14 s) P2 ds+ <1+—> / (14+t—s)ds
2 0 2 t/2

£\ P t/2 £\ P2 t/2
= <1+—> / (1+s)"P2ds + <1+—> / (1+s)Prds.
2 0 2 0

If 3y > 1, we use that (1 +s)™%, i = 1,2, are integrable on (0,00) to conclude. If
0 < 31 < 1, we again use that (1 + s)772 is integrable in (0, 00) to infer

t
/ (1+t—s) Q1 +s)Pds<C [(1 + )P (1t
0

yielding the desired estimate. O

Lemma 3.2. Let v > 1 and g1,g0 € €°(Ry,R;) with g1(0) = 0. For A € R, define
Ba={y e "R, Ry) | y < A+ gi(A)y + g2(A)y?, y(0) < A}. Then, there exists a
constant Ag € (0, min{ Ay, As}) such that for any 0 < A < A,

y € By = supy(t) < 2A.
>0
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Proof. One can fix Ap € (0,min{A;, As}) such that

sup [gl(A) +gg(A)(2A)“’_1] < %
0<A<Ag

due to v > 1 and assumptions on functions g;(-), i = 1,2. Take 0 < A < Ay. Define

t, = sup {t > 0 such that sup y(t) < 2A} .
0<s<t

Notice t, > 0 since y(0) < A and y(¢) is continuous. We claim ¢, = oco. Otherwise, ¢, > 0
is finite. Thus, from the definition of ¢, y(t,) = 24 and y(t) < 2A for any 0 < ¢ < t,.
The latter implies that for 0 <t < t,,

y(t) < A+ g1(A)y(t) + g2(A)fy@)] < A+ S [91(4) + g2(A)(24)" ] ()

which by the choice of Ag, further gives

1
su t) <
o ) S T 0 (A) + (@A)
0<A<Ag

A§2A<2A.

This is a contradiction to y(t,) = 2A. Therefore, t, = oo follows. O

Proof of the rate of convergence part in the main Theorem 1.1: By definition
of & in (2.16), we have

Eo(f(t)) < C(IVabllfiz + I{T = P} flF2 + llallfe),

which implies the following by the definitions of E(f(t),u(t)) and D(f(t),u(t)) in (2.23)
and (2.24)
E(f(t),u(®) < CUHI = PYHflfs + llalfs + 1615 + llullfe)
< C(D(f(),ult)) + [1(£(2), ult))|Z2).

From Corollary 2.2, we have the existence of A such as

d

ZEU @), u(®) + AD(f(2), ult)) <0,

so that we finally infer the existence of A and C such as

d

ZEU @), u®) + AE(f @), u(t) < CIFE),u®)) ]z

Gronwall’s inequality gives

E(f(t),u(t) < e ME(fo, uo) +C/O e ATI(f(s), uls)) | Zads. (3.8)
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Next, we use the mild form of the system (1.5)-(1.7) to estimate the above zero-order
energy. Indeed, the system (1.5)-(1.7) can written as

(F(8), u(t)) = Ex(for uo) + /0 Ey_(S/(s), Su(s))ds,

where )
Sf:—u'ng—iwff, Sy =—P{u-V,u+au}.

Here, P is the Leray projector given in (5.1) in the Appendix. One can decompose Sy as
1 1
Sy =—u- Vel = Po}f = gu-EGI-Po}f —u-VePof — su-EPof
1
=V G- §£-G+u-a£M1/2,

with G =: —u{I — Po}f. So, (f(t),u(t)) can be rewritten as the sum of three terms

t

(f(t),u(t)) = E(fo, uo) +/0 Ei (Ve - G(s) — %g - G(s),0)ds

t t
- / B s(u-atMY?0)ds + / E; (0, ~P{u-Vyu+au})ds
0 0
= I (t) + Io(t) + I3(t) + Ls(t).

By applying (3.3) to I;(t) and I3(t), one has

_3
()2 < CA+ )77 (fo, uo)ll 2,2,

and
t \ t s

15 < © / (L4t —s)u- atMY2| 500 ds < C / (14— 5y 3E(f(s), uls)) ds,
0 0

where Holder and Sobolev inequalities were used. For I5(t), since PoG = 0, one can apply
(3.4) to it to compute

L2 < C /0 (14t = 5)~ 3 [ufT = Po} I, padls
e /0 (14t — 8) 3 [E(f (s), u(s))ds.

where again Holder and Sobolev inequalities were used. Now, for any given 0 < ¢ < %
using (3.3) with ¢ = 3/(3 — 2¢), we deduce

t .
[ 14(t)|| p2 < C/ (1+4+t— s)_%%H]P’{u -Vau+au} || aqp2 ds.
0
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Using the Calderon-Zygmund Theorem for Riesz transforms [26], the Leray projection
operator in (5.1) is continuous on LY for all 1 < ¢ < co, and thus there exists C. such that

IP{u- Vyu+ au}||paqrz < Cellu- Vau+ aullpaqpz < Cellu - Vau + aul|piq2
where interpolation inequality was used. We remark finally that
- Vo + aull s e < CE(F,u),
and thus .
[Ha()l 22 < Ce/ (14— 5)"T7°E(f(5), u(s)) ds.
Therefore, it holds i

4
(), w7 <2 I14(8) 7
1=1

< O+ 8 (o) [Byge + C /0 (L4t — 8) 3 ECf (), uls)ds
t 3 2
+C [/0 1+ S)_Zﬁ(f(s),u(s))ds]

2

e [/Ota bt s)_iﬁg(f(s),u(s))ds} . (3.9)

Define 5
Exo(t) = sup (1 +5)272E(f(s),u(s)). (3.10)

0<s<t

Fix a constant § < 1/3 close enough to 1/3. Using (3.10) and that E(f(¢),u(t)) and Ex(t)
are non-increasing in time, we get

/0 (1+t— s)‘%JrEE(f(s),u(s)) ds
= [t =9 ) e ). ) ds

IN

t
NS5 [ (18— )14 ) 2G5 g
0
Since 0 < 1/3 is close to 1/3, we deduce from Lemma 3.1 that
t
/ (1+t—5)"TE(f(s),u(s)) ds < C(1+ )T (D] TV [E(fo, u)] G2,
0

Let us also remark that the third term in the r.h.s. of (3.9) is also trivially estimated by
the above quantity. Similarly, using Lemma 3.1 it holds that

[ t= 9 e, u)Pds < O Uow) [ (14157 H0+9)7F s

< CEL(E(fo, uo) (1 + )52,
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Thus, one has from (3.9) that

1) uE)IEe < C-(+ 67342 (fo, w0) 13,2

+ E(fo, 10)Ec(t) + [E(for u0) PO € ()25},

Plugging this into the r.h.s. of (3.8), multiplying the resulting inequality by (1 + 25)%_26
and using again Lemma 3.1 replacing e *t=5) by (14t —s5)~" with B > % — 2¢ and the

fact that £ (t) is non-increasing in time, we conclude

(140 2E(F (1), u(t)) < Ce{ | o w13, 0 + € w0)Ec (1)
+ [E (o, o) PEO e (1)}

for any ¢t > 0, which implies that

Eol(t) < CAI|(for uo)lI%, ez + E(for u0)Exo(t) + [E(fo, uo) PG [En ()2 D).

Since ||(f0,u0)\|22mH3 and E(fo,ug) ~ ||(f0,u0)\|${3 are small enough and 1 < 2(3 +0) < 2,
then

y(t) < A[1+y(t)] + 05_2(5_6)A2(%—5>y(t)2

for all t > 0, with y(t) = Ex(t) and A = C’€||(f0,u0)\|?zmﬁg. A direct application of
Lemma 3.2 implies

Eoo(t) < 24 = 2C:||(fo, uo) 1%, s

holds uniformly in time. Recalling the definition (3.10) of Ex(t), (1.10) follows and the
proof of Theorem 1.1 is completed. O

Remark 3.1. [Adding Viscosity] The same theorem applies directly by adding viscosity
to the system (1.1)-(1.3). More precisely, if we consider the Navier-Stokes-Vlasov-Fokker-
Planck system as in [13]:

O F +& -V, F =V ((§—u)F +VeF),
Ve-u=0,

Gtu+U~qu+pr:ququ/ (§ —u)Fdg,
RS

where the constant p > 0 is the viscosity of the fluid, then all estimates in Sections 2 and
3 can be made independently on p > 0. Therefore, Theorem 1.1 holds for the Navier-
Stokes-Vlasov-Fokker-Planck system for any pu > 0. Moreover, the constructed solutions
in Theorem 1.1 are their weak limits as p — 0.
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4 The periodic case

In this section, we are concerned with the case when the spatial domain is periodic.
Precisely, consider the Cauchy problem over the Torus T?:

OF +& -V, F =V ((§—u)F +VeF),
Vi u=0,
atu+u-un+Vmp:/ (E—wFdé, t>0,zeTeeR?

R3
with F(0,z,&) = Fo(z,€), w(0,2) = ug(z), x € T3¢ € R3. Here, V, - ug = 0. Similarly
as before, set F(t,z,£) = M + Ml/zf(t,x,g) to obtain

1
Of +& Vaf +u-Vef —qu-&f —u-EM'? =Lf,
Ve -u=0, (4.1)
Ou+u-Vyu+ Vep+u(l+a) =0,
with initial data
f(07x7§) = fO(x7§) = M_1/2(F0 - M)7 u(O,a;) = UQ(-Z') (42)
Here, the moment functions a, b are defined in (1.9).

Theorem 4.1. Let V, -ug =0 and Fy = M + M2 fy > 0. Assume that
||foHL§(R3;Hg(T3)) + lluollus(rsy is small enough and

/ apdr =0, / (ug + by) dx = 0.
T3 T3

Then, the Cauchy problem (4.1)-(4.2) admits a unique global solution (f(t,x,&),u(t,x))
satisfying
f € €°(0,00); LE(R* HA(T?))), u € ([0, 00); H(T?)),
F=M+MY2f >0,

1F Oz sms ey + lu@)llgs sy < Ce_)\t(HfO||L§(R3;H§(T3)) + lluollgs(rs))

for any t >0, where C' > 0 and A > 0 are some constants.

Proof. Let us only sketch the proof of uniform-in-time a priori estimates as follows. First
of all, the estimate (2.12) in Corollary 2.1 can be modified for the periodic case as

d
%% (1“1 + 0°ull®) + Ao Y (KT = P}O*fII2 + [0%(u — b)[1*)
lo|<3 la|<3
< Cllullgs | Y (IKT=P}£IZ + 10%(w = b)I%) + [l(a, b)5s | - (4.3)

o <3



28 J.A. Carrillo, R.-J. Duan and A. Moussa

This is obtained by changing the estimates whenever pure Sobolev inequalities were used
by adding the zero-order terms in the energy. For instance, in the end of proof of Lemma
2.2, we rewrite that bound by

[ gu e rao= [ afao

< llaflpsllullysllu = bllpz + Cllullysll(a; b)[|ps [{T = P} f]]
+Hullie [{T = P}f17
< Cllullg2l{I = PYHIZ + Cllullg llw = blIE2 + Cllull|l(a, 0) |-

Analogously, it is done for the proof of Lemma 2.3. In a similar way, the estimate (2.17)
in Lemma 2.4 can be modified for the torus case as

d
—Eo(f (1)) + AVa(a,b)[|f <CHI - P}f\lig(Hg) + Jlu—bllf)

dt
+ Cllulls 1@, )1 + IVa{T = PHf o ], (44)

where & (f(t)) is the same as in (2.16), with R3 replaced by T®. Now, we also define
E(f(t),u(t)) in the same way as in (2.23). Therefore, for properly chosen 1 > 0 in (2.23),
from (4.3) and (4.4), one has E(f(t), u(t)) ~ [[(f,u)||7s and

d

S (F(@),u(t) + AD(f(t), u(?))

Cllullys + lulfe) | D IHT=PIOFIZ + llu = blFs + (@ D) Fs |, (4.5)

o] <3

where D(f(t),u(t)) is the same as in (2.24). Using the conservation laws in the case of

Torus p p
E/Tgad:E:O, pr T3(u—|—b)a€x=0

/ada::O, /(u—i—b)da::o
T3 T3

hold for any ¢ > 0 since they hold initially by the assumptions in Theorem 4.1. Thus,
from the Poincaré inequality, one has

due to the system (4.1),

lallLz < ClIVzalli2, |lu+bll2 < C|Va(u+b)|p2.
It further holds that

[ullpz + [1bllz < C(flu+bl[p2 + [lu —bl|2)
< C([Va(u+0)lp2 + [lu—bll2)
<C

IV (b, u)ll2 + [lu = bllp.2)-



Global Classical Solutions to VEFP System 29

Applying the above estimates to the inequality (4.5), one has

%S(f(t)M(t)) +ADr(f (), u(t)) < Cllullys + ullfs)Dr(f(t), u(t)) (4.6)
with the definition

D']T(f(t)vu(t)) = D(f(t)7u(t)) + H(CL, bﬂu)H}%?

Therefore, using the similar proof as in the case of R3, the global existence of solu-
tions to the Cauchy problem (4.1)-(4.2) stated as in Theorem 4.1 follows. Finally, since
E(f(t),u(t)) is small enough uniformly in time, (4.6) gives

d

ZEF(0),u(t) + MDr(f (1), u(t)) < 0.

Noticing E(f(t),u(t)) < CDr(f(t),u(t)) in the torus case, it follows

d

ZE (1), u() +AE(F (1), u(t)) <.

This implies the exponential decay of E(f(t), u(t)) ~ [[(f(t),u(t))|3,s in time. O

5 Appendix

In the sequel (-,-) will denote the distribution bracket of 2'(R?)? over Z(R3)3. Let us
introduce the sets

V= {p € 2(]0, T[xR?)?|div,(p) = 0},

A:={he 20, T[xR*?|p eV = (hy)=0}.
Here and in the sequel, for clearness, we add a superscript in vector fields to show the
dimension of their ranges. Consider X = W5 ([0, 7]; H*(R?)3) nL*°([0, T]; H*(R?)?) and
Y =:= Wh>([0, T]; H*(R?)) N L>([0, T]; H*(R?)). Then,

IT: X3 x Y — L*°([0, T]; H*(R?))
(v,w,s,7) — O +w-Vzv+o(r+1)—s,

is a well-defined map since:

1. by Rademacher’s theorem v is a.e. differentiable, o, € L°°([0, T]; H*(R?)?) and we
have the corresponding integration formula.

2. H?(R3) is stable by product, hence all the other terms belong to L> ([0, 7; H*(R?)3).

In the sequel P is the Leray projector on the closed space of L?(R3)3 formed by the
divergence-free functions. Recall its definition via Fourier transform

Y%

P(v) := F~! <@ - ka) : (5.1)
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From now on we will only consider elements (v,w,s,r) of X? x Y, with v and w
divergence-free vector flows. In such conditions we will say that v is a weak solution of
the system

Oww+P{w-Vyv+o(r+1)—s} =0 (5.2)
div,(v) = 0, (5.3)

if and only if II(v,w, s,7) € A, which is equivalent to satisfy (5.2)—(5.3) a.e. as elements of
L2(R3)3. We will say that v is a strong solution of (5.2)—(5.3) when v is €1 ([0, Tp] x R?)3
and verifies the equalities for all (t,z) €]0, T[xR3. We may now state the first result

Lemma 5.1. 1. Ifv € €°([0,T]; H*(R®)) is a weak solution of (5.2)~(5.3) then it is
a strong solution.

2. For every strong solution there exists a real valued function q € ‘50([0, TY; Hg(Rf’Oc)g)
such that the following equation holds pointwisely in 10, T[xR3:

v+ w-Vyv+o(r+1)+Vuq=s,
Proof.

1. P clearly maps continuously H?(R?)? into itself. Since H?*(R®) is a topological al-
gebra, the assumptions made on v,w,s and r insure us that w - V,v 4+ rv — s lies
in (50([0,T];H2(R3)3). Thus, dyv is continuous in time with value in H2(R3)? —
%O (R3)3. Furthermore, v is continuous in time with values in H3(R3) < ¢! (R?)3.
Eventually v € €1([0,T] x R?)3 and since it verifies the weak form of the equation,
it verifies it pointwisely.

2. In this case II(v,w, s,7) € €° ([0, T]; H2(R3)3) NA, so we may directly use Lemma 5.4
below to get the existence of ¢ € €°(]0, T[; H*(R} .)?) such as II(v,w,s,r) = V,q,
first as distributions and then as functions since both are continuous. So we have

for (t,z) €]0, T[xR3 that dyv +w - Vv +v(r + 1) + Veq = s.
U

Weak and strong solutions finally becomes one by the following lemma.
Lemma 5.2. Any weak solution v of (5.2)~(5.3) is in €°([0,T]; H*(R?)?).

Proof. We refer to [27], p.364, Proposition 1.4 for a complete proof (in a more general
framework), we will only give the main steps here. By interpolation v € %€ (I ; H3(R3)3)
(weak topology). So one just need to prove that [[v(t)|[gsgs)s is continuous. For that
apply a mollifier p,, on the equation and use the usual estimates (using the divergence-free
property of w) to obtain

to
[ *v(t2)H12{3(R3)3 — [lon *U(tl)”%{S(RB)B < C/t ”U(T)”%{S(R-%)-%dT + C(ta —t1),
1

for some constant C' independent of n. Hv(t)”%{g is hence Lipschitz continuous and the
lemma is proved. O
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Lemma 5.3. Given vy € H3; (R3)3, there exists a strong global solution to (5.2)(5.3)
verifying v(0) = vg.

Proof. By the two previous lemmas we just need to build a weak solution. Consider the
Banach space H3; (R?)3, closure of V in H*(R?)3. The Leray projector is again a continuous
endomorphism of H3, (R?)3. Consider a sequence (py,),, of mollifiers (in space). Then, the
Cauchy problem

v, + ]P’{pn * (W Valpn *xvp]] +vp(r+1) — s} =0, (5.4)
'Un(o) = 0, (55)

has clearly a unique, global, strong solution on [0,7]. Indeed, since we have

l[on * [w - Valpn * Un]] ”H3(]R3)3 < ”pn”Ll(R3)3 ”w”H3(R3)3 [Vapn * Un”H3(]R3)3
< lpnller @sys lwllzs @sys | Vapnllir @sys lvnllms @s)s
we see that the problem is just solving an affine ordinary differential equation
On(t) = An(t)vn(t) + P(s),

for some continuous linear map of continuous operators A, (¢) which is known to have
global solutions. The rest of the proof is close to what is done in [27] (p.360-363, theorem
1.2) but a bit simpler (linear), let us sketch briefly what will happen :

o The sequence (v™),, is bounded in L ([0, Tp); H;, (R)3).
Since the weak derivatives 0% commutes with the strong one d; and with the operator
PP which is continuous from H3, (R?)3 to itself and self-adjoint, usual estimates (using
the divergence-free property of w) infer

t
19Ol asys < Il oy + 4o | 19"l asyed

for some constant Ay independent of n. Gronwall’s lemma then insures that (vy,),
is bounded in the desired space and the associated weak—* convergence (of a subse-
quence) follows from Banach-Alaoglu’s theorem.

e The sequence (v"),, is bounded in W'>°([0, Tp); H*(R?)3).
The previous item and the equation itself give us an estimate in € ([0, To); HA, (R?)3 ) ,
which as previously gives weak— compactness in W ([0, Tp]; H?(R?)?).

o The limit is solution.
The strong equations (5.4)—(5.5) implies clearly for all n € N*, II(v,,w,r,s) € A,
which is kept at the limit n — oo.

O

The following lemma proves the classical existence of the pressure in our simple case,
see [24] for related results.
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Lemma 5.4. Let h € €°([0, T}; H*(R®)®) N A. Then there exists ¢ € €°(]0, T[; H3(R} .))
such as h = Vq.

Proof. Consider first the case where g € L?(R®)? verifies (g, ¢) = 0 for all divergence-free
function ¢, and let us prove g = V,q for some L (R3) scalar function. A straightforward
density argument implies P(g) = 0 and hence by the definition of P (5.1)

k-9
g = —k7
|k[?
k-g
so one just need to prove that ﬁ € F(LE .(R?)) (in the tempered sense). But we have
g-k _g-Fk g-k 11/10 3 | 1 2(m3
Iz = W]lﬂf\gl + W]l\kpl e L"/1O(R?) + L2(RY),

where we used the Holder inequality and the integrability of |k| — [k|~2%/ g]l\k|§1 in R3.
Now L2(R%) = F(L*(R?)) by isometry and L''/10(R3) ¢ F(L"(R?)) by Riesz-Thorin’s
interpolation. So we indeed get the existence of ¢ € L'(R3) ¢ L%OC(R?’) such as g = Vq
and since the previous inclusions are continuous we have the estimate, for some constant

C
||QHL1200(R3) < Cligllizsys-

Now take h as in the lemma and ¢ € 2(R?)3, with div(¢) = 0. ¢ is not really an admissible
test function for h € A since it does not depend on time. But,

U(t) = h(t,z) - o(x)dz
RS
is a continuous function of ¢ € [0, 77, since h € ¥°([0,T]; L*(R®)?). And since h € A, we
get by Fubini’s theorem that ¥ = 0 in 2/(]0,T), hence ¥(¢t) = 0 for all ¢t € [0,7].
We can hence apply the previous study with g := h(t) to obtain the existence of
q(t) € LE (R?), for all t € [0,T], such as h(t) = V,q(t). Furthermore ¢ depends linearly

loc
on h, so for s,t € [0,7] we have

la(t) — a()liz, ey < ClR(E) — h(5)llp2qusys.

and since h € €°([0,7]; H*(R?)3) we eventually have g € €°([0, T]; H3(R} ). O
Lemma 5.5. Consider the Fokker-Planck equation
OF +&- Vo FF =V (EF) — AcF = A, (5.6)

F(07x7§) - F()(JZ,&),

where A € L([0,T]; €°°(R* x R%)) N ‘5&,75 and Fy — M € €°°(R3 x R3) are both com-
pactly supported in space and velocity. Then the Cauchy problem (5.6)—(5.7) has a unique
classical solution belonging to €*([0,T]; €°(R® x R3)). For eachty > 0, M~Y2(F - M) €
¢ ([to, T); -7 (R x R®)), and furthermore M~Y2(F — M) belongs to L ([0, T7; Lg(Hi))
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Proof. By following directly the computations made in [25] (same notations), we first
describe the characteristics

Dy(x,€) = [Xe(2,8), Xp(2,8)] = [v + (1 — "), &e7 ).

We have then (see [25]) an explicit formula describing the solution F of (5.6)—(5.7)

F(t,®i(x,€)) = € H(t) * Fo(x,€) +/0 SUIH(t — ) % A(s)] (@s(x, ) ds,

where the convolutions are acting on both variables x and &. Of course since M solves the
homogenous equation, we have also :

(F = M)(t, ®:(x,€)) = ™ H(t) x (Fy — M)(x, &)

+ / S H(t — ) A(s)) (@2, £)) ds, (5.8)
0

The function H is the fundamental solution of some partial differential equations with
constant (in space and velocity) coefficients and in our case it takes the form (directly
taken from [25] again)

v(t) || 24N |62+ p(t) (x-€
oxp (- M

H(t,z,€) = 2m)3 (4N (t) — N2(t))3/2 )
where
At)=t+2(1—¢') + %(ezt —1), v(t)= %(62’e 1), u(t) =(1— e

A straightforward computation gives the ellipticity condition
Av(N(t) — p2(t) = (e — D)[(e" + 1)2t +4(1 — €")] > 0,

so that (5.8) is clearly defined. For to > 0, F belongs to € ([to,T];-(R® x R?)) is
a consequence of (5.8), as noticed in [25] (our source term is smooth and compactly
supported). To prove that it is still the case for M —1/2F given (5.8), it is clearly sufficient
to prove that

o G (ta, &) exp | e [H(t) x (Fy - M)](2,€) € 6°(to, T); 7 (RS x BY)),
o By (t2,6) = exp [ e [H(t — 5) % A(3)] (@5(2,)) € F°([to, T); 7 (R® x BY)),
for t > s.
The fundamental solution can also be written in a simpler form

H(t7 z, E) = K(t)e_a(t)|m|2e—ﬁ(t)\i\Qe—'y(t)mvg’
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so that for all t > 0, z,7,&,¢ € R3
H(t,x —y,6— () = K(t)e—a(t)lr|2—ﬁ(t)\E\Q—a(t)\y|2—6(t)|€‘l2e2a(t)r'y626(15)&'@‘e—“/(t)(r—y)'(ﬁ—é),

and hence for any multi-indices ¢, p € N3, we deduce
af:agH(tv$ - yaé - <) = Pét,p(xagaya C)H(tv$ - yyg - C)a

for some polynomial function Pét i Now, by the basic property of the fundamental solution,
and since Fy is compactly supported in space and velocity, the fact that G(t) is € (R3 x
R3) for any fixed time is obvious, and

2
ANGEH = Y Qe exp [Ene] Lot ()] » (R — M) (e,

4
0<k<p

where Q’,; is a polynomial. And since Fy has its support in space and velocity included in,
say, B, (0, R) x B¢(0, R), we have

[0SO H (1)] * (Fo — M)(x, )|
< CpyRL (2, €) K (t)eoOlel*=BOIE (2a® 1 0)lalR (200 +O)le|Rg— (.

where Rzp(x,g) is another polynomial (actually the one obtained by letting z = £ =
(1,1,1) in PZP). Eventually we see that a sufficient condition to have G(t) in . (R3 x R?)
is that the quadratic form

v(t)[af? + AO)IEP + p()(a - )
OV — 2

is positive definite. This is equivalent to

A — v(t)) > —p2(0),

which is obviously true with the definition of v(¢), so the eigenvalue keep its sign. Fur-
thermore, the determinant is still strictly positive because

1 o 1

46 < H
The regularity in time for ¢ > 0 is obvious. As for B;, the same study applies since
Bs(t) € Z(R3 x R?) is equivalent to Bs(t) o ®_, € .#(R? x R3) and all the previous
inequalities are true if we substitue ¢ by ¢ — s. The end of the lemma is proved in the
following way : since Fy is smooth, 8, M ~1/2(F — M)(t,z,£) has a limit as t goes to 0,
and it is equal to M~YV2[—¢ -V, Fy + Ve - (EFy) + AcFy + A(0)] € Lg(Hi) and hence
M~Y2F e L>([0,e]; Lg(Hi))), and hence for the whole interval [0, T7. O

1
qt(z,§) == - Z|§|2€_2t
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