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Abstract In this paper, we present some new regularity criteria for suitable weak solutions to the 3D simplified
Ericksen-Leslie system in critical spaces. Namely, it is shown that suitable weak solutions to this system are
regular if the velocity field belongs to L>(—1,0; BM O~'(R?)) or the velocity field and direct field are in
L*>®(—1,0; BO’O{OO(H@)). Our results improve previous corresponding criteria due to Liu, Min and Zhang [J.
Differential Equations 267, 2643-2670 (2019)] and Men, Wang and Wu [Math. Methods Appl. Sci. 41, 3672—
3683 (2018)].
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1 Introduction

The flow of nematic liquid crystals can be treated as slow moving particles where the fluid velocity and the
alignment of the particles influence each other. The hydrodynamic theory of liquid crystals was established by
Ericksen [4,5] and Leslie [10, 11] in the 1960’s. As the general Ericksen-Leslie system is very complicated (see
e.g., [23]), motivated by working on the harmonic heat flow, Lin and Liu [13] simplify the original equations. In
this paper, we investigate the following simplified version for nematic liquid crystal flow in three-dimensions:

Ju—vAu+ (u-Vyu+ VP = —Adiv(Vd © Vd),
diva = 0,

9d + (u-Vd) = u(Ad — f(d)),

(u(x, 0),d(x,0)) = (ug(x),dog(x)) with divay = 0.

(1.1)

Here, u : R? x (—1,0) — R3 represents the field velocity, P : R? x (=1, 0) — R is the field pressure, and d :
R3 x (—1.0) — R3 is the director field denotes the alignment of the molecules. f(d) = VF(d) is the Ginzburg-
Landau approximation function, where F (d) is a scale function of d and is given by F(d) = giz (d?=12%, ¢ > 0.
As ¢ goes to zero, we see that d becomes an unit vector field. v, A, u are positive constants that stand for the
viscosity, the competition between kinetic energy and potential energy, and microscope elastic relaxation time
for the molecular orientation field. Throughout the paper, due to the concrete values of the viscosity constants
do not play a special role in our discussion, we assume that they are all equal to one for simplicity. The symbol
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Vd © Vd, which exhibits the property of the anisotropy of the material, represent the 3 x 3 matric and

3
(VAO Vd);j = > 8, didy;di for i, j=1,2,3.
k=1

System (1.1) is a simplified version of the original Ericksen-Leslie model of variable length for the flow of
liquid crystals. Lin and Liu [13] proved the existence of global weak solution to the system (1.1), moreover,
they discuss some stability properties and time asymptotic of the system. Later, in [15], the authors studied the
partial regularity theory for the system, and proved the following partial regularity result: there exists some &g
and r < 1 such that if (u, d, P) is a suitable weak solution and satisfies

1

3
= (luf +|VdP + |P|2)dxdr < e, (1.2)
= J0,(z0)

then zo = (xo, fp) is a regular point, where Q,(zo) = (fo — r2, 1) x By(xg) and B, (xo) is a ball of radius r
centered at xg. In particular, using this result implies that the one-dimensional parabolic Hausdorff measure of
potential singular set of the suitable weak solutions is zero, which generalized the well-known result in [1] for
Navier-Stokes system.

Itis noted that the simplified Ericksen-Leslie system (1.1) reduces to the well-known Navier-Stokes equations
when the director field d = (0, 0, 1). The mathematical theory of the Navier-Stokes equations extends at least
as far back as Leray in 1930s. Pioneering works of Leray [12] and Hopf [8] proved the global existence of
weak solution for Navier-Stokes equations in two or three dimensional spaces and the weak solution of two-
dimensional Navier-Stokes equations is regular. In three dimensions, however, the question of regularity and
uniqueness of weak solutions is an outstanding open problem in mathematical fluid mechanics. The sufficient
regularity conditions for the three-dimensional Navier-Stokes equations originated in Serrin’s [21], and it is
established that if the weak solution u satisfies

3 .23
ue LP0,T; LYR’) with —+ = <1, g > 3, (1.3)
JZ}

then u is a regular solution. The limit case (p, g) = (oo, 3) has been investigated later by Escauriaza, Seregin
and V. Sverdk [6]. i.e., if a weak solution u € L0, T; L3 (IR{3 )) additionally, then u is a regular solution. This
result was improved by Tao [22]. The authors proved that as the solution u approaches a finite blowup time 7,
the critical norm |lu(?) || ;3 (g3) must blow up at a rate (logloglogﬁ)" with some absolute constant ¢ > 0. It is

worth pointing out that the space L3(R?) is invariant under the nature scaling of the Navier-Stokes equations.
The inclusion relations of scaling invariant spaces as follows:

. L1432 .
IR & L3R} o LYM®Y) o By, " (R < BMO™'(R®) = BL (R?) (3 < p.q < 00). (14)

There are many studies of well-posedness and the regularity of weak solutions in scaling invariant spaces to the
Navier-Stokes equations (see [2,3,7,20,24,25] for example and references therein).

We observe that the simplified Ericksen-Leslie system (1.1) has the following scaling property. If
u(x,),d(x,t)and P(x,t) solve (1.1), then for each A > 0,

w, = Au(ix, 221), d; = d(hx, A%1), P, = A2 P(hx, A°1) (1.5)

also solve (1.1) with f(d) being replaced by f5(d;) = A?f(d,). For system (1.1), non-endpoint regularity
criteria see [9,14,16,17,26]. [18,19] give the endpoint regularity criteria. In [19], the authors proved that if a
weak solution (u, d) for system (1.1) satisfy the following assumption:

ue L2®((=1,0), L}R%),

then the solution (u, d) is smooth on R? x (—1, 0).

The main goal of this paper is to derive the regularity criteria of suitable weak solutions to the simplified
Ericksen-Leslie system in scaling invariant space BM O~ and Bo_ol, - For convenience, we now introduce the
definition of the suitable weak solution of the system (1.1) as follows.
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Definition 1.1 (Weak solution) A pair (u,d) is a weak solution of (1.1), if u € L*®(—1,0; LZ(R%)) N
L*(—1,0; H'(R?) and d € L®(—1,0; H'(R3) N L2(—1,0; H*(R%)), and for any test functions ¢ €
CP(Q x (0, T, R¥) and ¥ € C3(Q x (0, T1, R?), with divyy = 0 in Q7 := R? x (=1, 0], it holds that

/ —d-0;¢p—Ad-¢p —d-u® Veodxdr :/ —f(d)«qbdxdt—i—/ do(x) - ¢ (x, 0)dx, (1.6)
Qr Qr R3
and

/ —u-8;1/;+Vu-V1ﬂ—u®u:Vdedt:/ Vd@Vd:V¢dxdt+/3uo(x)-1ﬂ(x,0)dx. (1.7)
QT RA

Qr

Definition 1.2 ( Suitable weak solution) A weak solution of system (1.1) is a suitable weak solution, if, in
addition, for any 0 < n € C(‘)><> (R3 x [—1, 0)), weak solution (u, d, P) satisfies the following local energy
inequality:

/%(|u|2 +|vdPndx +2 | (V> +|V2d|*)ndxds
R;

Qr
< | (uP+|vdP) @ + An)dxds + f (luf* + |Vd* +2P)u - Vdxdr (1.8)
Qr Qr
+ [ ((uw-v)doVd) - Vpdxdr — / V £(d)Vdndxdz.
Qr Qr

According to the scaling property of system (1.1), we introduce the following dimensionless quantities:

Definition 1.3 (Scaled functionals). For 1 < p < oo, let zg = (xp, fo) € Q7 and f equal to u or Vd, define

agin=t s [ ippensiin=1 [ vita
By (x0) r

to—r2<i<ty 0r(z0)

r

1 [ 3 3
D.(VP;r) = —/ </ |VP|2dx> dr.
r Jig—r? B (x0)

Let A(u, Vd; r) = A(u; r) + A(Vd; r), B(u, Vd; r) and C,(u, Vd; r) denote similar notations.

1 1
Cp(fir) = 5—_p/ |f1Pdxdt, D(P;r) = —2/ |P|3dxdr,
r 0, (z0) 0, (z0)

Our main results are as follow.

Theorem 1.1 Let (u,d, P) be a suitable weak solution of (1.1) in Q,(zo). There exists ¢ > 0 such that if
ue L®(—1,0; BMO~'(R%) and

”u”LOO(—l,O;BMO*l(R:")) <&, (19)

then (u, Vd) is regular in Q% (z0)-

Theorem 1.2 Let (u, d, P) be a suitable weak solution of (1.1) in Q(z0). For any M > 0, there exists o(M)
such that if Vd € L®(—1,0; B! ((R*), u € L®(—1,0; B! (R?)) and satisfies

”u”LOO(*l,O;BJOIVOO(R%) < &o(M), ”Vd”LOO(*l,O;Bgo%OO(R})) <M, (110)

then (u, Vd) is regular in Q% (z0)-

The paper is organized as follows. In section 2, we first introduce some notations and facts of the Lorentz
spaces. In addition, we give some lemmas, which play an important role in the proof of Theorem 1.1 and
Theorem 1.2. Section 3 is devoted to the proof of Theorem 1.1, and Section 4 is devoted to the proof of
Theorem 1.2.
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2 Preliminaries

Firstly, we recall that a local integrable function f € BM O (R?) if it satisfies

1
sup — | f(xX) = fBrxoldx < 00.
xer?, k>0 | BROXO)| JBg(xo) o

We say that a local integrable function V. € BM o', provided that there exists (f1, - -+ , fu) € BM O such that

V=37, g—)j; Next, we give the definition of Besov spaces. Letting ¢’ denotes the heat semigroup on R3. For

o < 0, a tempered distribution f on R? is in the Besov space Bg‘o, ~(R?) if and only if

=S tA
11l e, sy = supt ™2 [le" £ | o) < 00
’ t>0

The following trilinear estimate lemmas play an important role in the proof of Theorem 1.1.

_
Lemma 2.1 ([3]) For 1 < p1, p» < oo, f € BMO~'(R?), g € LPI(R?), Vg € LP2(R3), Vh € L1-T(RY),
_pr2
h € L7-T(R3), there is an absolutely constant C > 0 such that

/ fghdx = Cllfllpmo-1 w3 (||g||Lm ®»HIVRI e IVl @ylhl _r ) : (2.1)
R3 LT (R3) LT (®3)

Lemma 2.2 Forany 0 < r < £, there exists an absolutely constant C > 0 such that

D.(VP;r) < C(f)B(u, Vd; p) + C<%)2D*(VP; P). 2.2)
D(P;r) < C(§)2A%(u, Vd; p)Bi(u, Vd; p) + C(%)ZD(P; P). 2.3)
D(P;r) < c<§)2cg<u, vd; p) + C(%VD(P; p). 2.4)

Proof Taking the smooth cut-off function ¢ € CG°(B,(xp)) with ¢ = 1 on B% (x0) and satisfy properties

Vo < Cp~1,|V2p| < Cp2. Using divergence-free condition, we can write
0;0; (0 Pp) = —0;0;[0x(U;, j +D; ;)] + 20;0; 0 P + 0k P0;0;p,

where Uj j = (0 —uiy )0 —wjy ) and D ; = (3;d — (3id) , (x))(9;d — (3;d) p, (xp)). This yields that
for each x € B%p(xo)

O P(x) =X x{—¢0;0; [0 (U;, j + D ;)] + 20;0; 0k P + 0 P0; 9; P}
= —0;0; % * (Pl (U; ; +D; ) + 20; 2 * (9;¢[0x (U, j + D ;)]

(2.5)
+ 2 % (0;0;0[0k (Ui j + 1D j)]) + 20; 2 * (0;¢0k P) — H * (0;0; 0k P)
=: P1(x) + P2(x),
where JZ stands for the normalized fundamental solution of Laplace’s equation and
Pi(x) = =0;0; 2 x (@[ (Ui j + Di j)),
Py(x) = 20; % % (0j¢[0k(U;,j + Dy j)]) + A x (9;0;¢[0(U; ; + Dy j)]) 2.6)

+20;  * (0;¢po P) — H * (0;0;¢p0 P).
Since ¢ (x) = 1 when x € B%p(xo), we obtain that

AP (x) = 0.
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Hence, the property of the harmonic function yields

3
/ 1Pyl 3dx < € (5) f Py P dx
By (x0) P Bg(m)

r

3
5(:(—) / |akP(x)|%dx+c/ | P (x)|3 dx.
o B (x0) B (x0)

On the other hand, applying the Calderon-Zygmund theorem, we have that

3 3 3
/ [Pr(x)|2dx < C/ |ku(u —up, )2 + [ VA(Vd — (Vd) B, (x))2dx
Bg(xg) By (x0)

1

3
3 3
<C (/ |Vu|2dx> (/ lu— uBﬂ(xO)|6dx>
B, (x0) B, (x0)
3
4
+C ( / |V2d|2dx) ( f IVd — (Vd) Bﬂ(XO)|6dx>
B,o(XO) Bp(x())
3 3
2 2
<C (/ |Vu|2dx> +C (/ |v2d|2dx) )
Bp(xo) B,o(x())

Collecting (2.6)-(2.8) we get that

S

/ |Vp|%dx§c/ |Py|2 + |Py|2dx
B, (x0) By (x0)

3
3 3
2 24,2 r 3
<C [Vul” + |V-d|“dx | +C|(— [VP|2dx.
Bp(x()) o B (x0)

Integrating above inequality in time on (fp — r2, 1p) we obtain that

f0 NN
/ (/ |VP|2dx) dt
1p—r? By (x0)
2
3 ) 3
2 242 r 3
<C [Vu|® + |Vad|“dxdt + C | — |[VP|2dx | dt,
0, (z0) p to—p? By (x0)

which yields the desired estimate (2.2). Noting that
0;0;(Pp) = —¢9;0;[U; ; + I ;1 + 20;¢3; P + P0;0;¢

/ £ — £, oy [P < / £ dx,
B, (x0) B (x0)

3 3
s 7
/ If —f5,(xo)Pdx < C / If — £, (x| *dx f IVE|2dx |
B, (x0) B, (x0) B, (x0)

and

2.7)

(2.8)

2.9)

(2.10)

@2.11)

2.12)

(2.13)

where we take f = u or Vd. Using (2.11) and (2.13), similar with the process of the derivation of (2.2), we get
(2.3). Repeating the deduction process of (2.2) and applying inequality (2.12) and (2.13), we can arrive at (2.4).

Hence, we complete the proof of this lemma.

Lemma 2.3 ( [20]) For any 0 < r < 0o, there exists a positive constant C such that

3 3 3
Ci(u;r) < Cllllllzc,o(f1 0: B! (R3))(A4(ll; 2r) + B4 (u; 2r)).
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We conclude this section by recalling the following partial regularity criterion.

Proposition 2.1 ( [15]) Let (u, d, P) be a suitable weak solution of (1.1) in Q,(zo). There exists €1 > 0 such

that for some r > 0,

1

3
— lul® + |Vd]® + |P|2dxdr < &, (2.15)
r 0r(z0)

then zo = (xo, ty) is a regular point.

3 The proof of theorem 1.1
Taking the cutoff function ¢, with smooth, supported in Q,(z0), ¢ = 1in Q 5 (zo) and satisfying

c .
001 + V@] + VP> < 2 Q) (z0)-

P
We let I' denote backward heat function, which given by I'(x, 1) = %e 402-n  satisfies I'; + AT’ = 0.
A (re—t)2

By a direct computation, it is clear that for any (x, 1) € Q,(zo),
TG, 0] = Cr>, [T, ¢ ()] < Cr >, [V, P (e, )] < Cr,
¢ (x, OVT (x, 1) < Cr™?, |¢(x, ) V2T (x,1)] < Cr>.
And for any (x,1) € Q, (zO)\Qg (zo), we can deduce that
C(x,1) <Cp3, VI(x,1) < Cp~ %,

which leads to
IT(x, P (x, )] + IT(x, HAG(x, )] + [V (x, )V (x, 1) < Cp~>.

Substituting ¥ (x, r) = ¢>(x, £)['(x, 1) into the local energy inequality (1.8) and using the maximum principle
of d (see [15]) we obtain that

sup / (u? + [Vd]?)ydx + 2/ (Vu|? + |V2d)?)ydxds
By (x0)

to—p?<t<ty 0p(z0)
< / (lu* + VAP (¥ + Ay)dxdr + / (Ju? + |Vd|? + 2P)u - Vrdxdr (3.1
0 (z0) 05 (z0)

+/ (u-V)d o Vd) - Vipdxdr.
Qp (z0)
We turn our attention back to controlling the nonlinear terms. A direct calculation gives that

/ ((u-V)d O Vd) - V(¢>T)dxdr
Qp(ZO) (32)

= / (u-V)d © Vd) - V(¢T)¢dxdt + / (u-V)d © Vd) - VoppT'dxdr.
0,(z20) 0,(z0)

Applying Lemma 2.1, the properties of test function ¢, I" and the Holder inequality we get that
/ ((w-V)d O Vd) - V(¢I')pdx
B (x0)
= Clallgyro-1®3» VA - V(@D 128, (i IV (VAP [ 12(B,, (x0))
+ VYA - V@I D 228, xo) VAPl L2 (B, (x0))] (3.3)
= C||u||BMo—l(R3)[V_4||Vd||L2(3ﬂ(xO))(||V2d||L2(B,J(xo)) +r! ||Vd||L2(3ﬂ(xO)))
+ VRl L2, gy IV 208, o) VAL L2, (1))

< Clullgyo-1) I 1V2d 1 208, (eon 1 VAl 208, o + 7 IV 25 (10 )
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Integrating in time and using Young’s inequality yields
/ (u-V)d o Vd) - V(¢I')¢dxdr
0, (z0)

1 1 _
= Cllullpoc(—1,0.BM0-1 ®3)) ["_4P2A2 (u,Vd; p)BZ(u, Vd; p) +r > p A(u, Vd; ,0)]
< Clullpe1.0.8m0-1@3" P [A®, Vd; p) + B(u, Vd; p)].
Similarly,

/ (u-V)d o Vd) - VpopI'dxdr
0, (z0)

< Cllullpe1.0.8m0-1@3y" P 1AM, Vd; p) + B(u, Vd: p)].
Hence,
/ ((u-V)d O Vd) - V(¢ T)dxdr
0p(z0)

< Cllullpe1,0,8m0-1@3y" P [A, Vd; p) + B(u, Vd; p)].

Proceeding analogously, we know that

/ (Ju> + |Vd|*)u - Vyrdxds
Qp(ZO)

< Cllullpe1.0.8m0-1@3y" P 1A, Vd; p) + B(u, Vd; p)].

It remains to control the term involving the pressure. In fact, it is straightforward to check that
/ Pu-V(¢*I)dx = / Pu-V(@I')¢dx + [ Pu-Ve¢eI'dx.
B, (x0) By (x0) B, (x0)
Applying Lemma 2.1 and the properties of test function i once again, we obtain that

/ Pu-V¢opl'dx
B (x0)

= Clluligpro-1w3) ”V2¢||L3(Bp(xo))”¢rp|| + ||V(¢FP)||L%(B |V¢||L3(B,,(xo)):|

3
L2 (B,(x0)) p(m))l

< Clu i | 7P s + r P 3 —|—r73 VP| 3 )]
llmons 7P g o (P P

- » .
< Clu “1m3y | 7 Pl 3 +r VP| 3 :
I ”BMO (R) i I ||L2(Bp(x0)) I ||L2(Bp(x0)):|

Integrating in time on (fo — p2, fp) and applying the Holder inequality and Young’s inequality we get

f Pu - VoepI'dxdr
0, (z0)
< Clullpe1.0.8m0-1®3 |7 *IPI +r3|ve|

3 3
LY (to—p2,10; L2 (B, (x0))) LY(to—p?,10;L2 (B, (XO)))i|

4 2 —3
< Clull;o0(_1 0. “1R3Y | T 3P| 3 +r7||VP]| 3 :|
all oo (—1,0:BM0-1®3)) Pi ”LZ(QP(ZO)) I L' (to—p2.10:L.2 (B, (x0)))

[ _ 2 _
< Cllullsrommoni @y [P D3 (P p) + 12 pDu(V P ).

Likewise, we have

2 _
f Pu - V(¢D)pdxdt < Cllulloo_1.0.m0-1@3plr o D3 (P p) + 14 p>Du(V P; p)]
0, (z0)
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Combining (3.8)-(3.10), we have proved that

2 —
/ Pu - V(¢ T)dxdt < Cllullpoo—1.0:pm0-1 @3y [r 0 D3 (P; p) +1r*p?Di(VP; p)].  (3.12)
0, (z0)

Substituting (3.6), (3.7), (3.12) into (3.1), we know that

A(u, Vd; r) + B(u, Vd; r)
r P
< C(;ﬂA(u, Vd; p) + C(? (10 m0-1 23y [AM, Ve p) + B(, Vd; p)] (3.13)

P 2 P
+ C(;)S”u”LOC(—],();BMO—I(R3))D3 (P, ,0) + C(:)z||u||L00(_1’0;BM0—1(R3))D*(VP; ,O)

According to (2.2) and (2.3) in Lemma 2.2, we have
’
D«(VP;r) < C(é)(A(u, Vd; p) + B(u, Vd; p)) + C(;)QD*(VP; 0), (3.14)
2 P41 1 ro2 o2
D3(P;r) = C(=)3A2(u, Vd; p)B2(u, Vd; p) + C(—)3 D3 (P; p). (3.15)
r o

Letting F(r) = A(u,Vd;r) + B(u, Vd; r) + nD%(P; r) + nD«(V P; p), according to the assumption in
Theorem 1.1 we have

F(r) < C(%VF(p) + C(é)zaF(m + C(§>3an—1F(p) + C(é)zan*F(p)

Pt r2 p o (3.16)
+ C(;)3 nFp) + C(;)3 F(p) + C(;)nF(p) + C(;) F(p).
Taking n = e%, we have
r.2 P31
F(r) < C(=)3F(p) +C(=)’e2F(p)
P rz (3.17)
1
= CAe2F(p) + CAIF(p),
where A = % < %. We choose A, ¢ such that
2 ka3 2
k=2CA3 <lande < | — ) ,
2C
it follows from (3.17) that
F(Ap) < kF(p).
Then a standard iterative argument ensures that there exist 1 > 0 such that for 0 < r < ry,
F(r) <e. (3.18)

In the rest of this proof, we will show that there exists a rp > 0 such that

D(P;r)+ C3(u,Vd;r) <efor0 <r < rp.
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Indeed, by using interpolation inequality and the Holder inequality, we get
Cs(u, Vd; r)

o [ 2,3 b 3 3 5. 3
<Cr [( [Vu|“dx)4( [u|“dx)% +r—2( lu|“dx)2]dt
to—r% J By (xo) By (x0) By (x0)

) fo 2412 3 2 3 _3 2 3
+Cr [( [Vad|“dx)4( [Vd|“dx)% + 7~ 2( |Vd|“dx)2]dr
to—r% J By (xo) By (x0) - (x0)

-2 2 ED 2 31
<Cr “( [Vu|“dxdr)4( ( [u|“dx) dr) =
0, (z0) to—r? J By (x0) (3.19)

102 osup ( uf?dx)?
to—r2<t<ty ¥ Br(x0)
0]
+Cr |v2d|2dxdz)%(/ ( (Vd|2dx)3dr)d
0r(20) to—r? J By (x0)

_3 2 3
+Cr 2 sup ( [Vd|“dx)?2.

to—r2<t<ty v Br(xo)
It follows from (3.18) that for 0 < r < ry,
C3(u, Vd; r) < C(AT(u; )BT (u; r) + A3 (ui r) + AT(Vd: ) B (Vd: 1) + A (Vd: 1)
< C(A%(u, vd; r) + B2 (u, Vd; r)) (3.20)
< C&‘%.
This together with (2.4) and a standard iterative process ensures that there exists r, > 0 such that
Ci3(u,Vd;r) + D(P;r) <e for 0 <r <.

Hence, we complete the proof of Theorem 1.1 due to Proposition 2.1. O

4 The proof of theorem 1.2

Under the assumptionu € L*°(—1, 0; BO_OI,OO(R3)) and Vd € L*°(-1, 0; Bgo{oo(R3)), we claim that the bound-
ness of the following dimensionless quantities:

A(u,Vd;r) + B(u, Vd; r) + D(P;r) = C(M, C3(u, Vd; 1), D(P; 1)). 4.1
Using Lemma 2.3 we get

3
2

3 B
Loo(o1,0; Lo vy (AT (W 4) + BT (U5 4r)). (4.2)

C3(u; 2r) < Cllu||

Similarly,
C3(Vd; 2r) < C||Vd||§m(_1’023gc{w(R3))(A%(Vd; 4r) + B1(Vd: 4r)). (4.3)
Applying the properties of cutoff function and local energy inequality (1.8), we know that
A(u, Vd; r) + B(ua, Vd; r)
< CC3% (u, Vd; 2r) + CC3(u, Vd; 2r) + CD(P; 2r)

1 1
< ClNW, VA oy 0,51 wsy) (A7, Ves 47) + B2 (u, Vd; 47))

(4.4)

3 3 3
+ C||(u, Vd)||zoo(_1 0! (R3))(A1(u, Vd; 4r) 4+ B4(u, Vd; 4r)) + CD(P; 4r).
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It follows from (2.4) in Lemma 2.2 that
D(P; 4r)
0 r
= C(2)*C3(u, Vd; p) + CDP:p)

4.5)

3
2

P2
= CEON@ VDI o 21 @)

(Ad(u, Vd: 2p) + Bi (u, Vd; 2p)) + C(Z)D(P: 2p)
P

P2 3 3 ) 3 ) r .
S C(r) ||(u3 Vd)”Loo(—l,O,Bo_o{oo(Rs))(A4 (u? Vd’ IO) + B4 (u9 Vd3 IO)) + C(p)D(P’ p)

We define F1(r) = A(u, Vd; )+ B(u, Vd; r) + D(P; r), then combining (4.4), (4.5) and applying the Young’s
inequality yields

Fi(r) < C<§)%(A%(u, Vd: p) + B (u, Vd; p)) + c<§)%(A%<u, Vd: 4p) + Bi(u, Vd: 4p))
+ C<§>2<A%<u, Vd; p) + B (u, Vd; p)) + C(%>D(P; p)
1 3
< C<§)2<Ff (o) + F (o)) + C(%)Fl (0) (4.6)

<cOHFR@+cEy +c®)m
,O r r

< Ci1AF1(p) + C2 (1),

where A = £ < %. Choosing A sufficient small such that C 1)\% < 1, then

3
Fi(kp) < 23 Fi(p) + C2(h).
Iterating above inequality yields
Fi(*p) < A3 Fi(p) + G300,
which means that for all » € (0, %],
Fi(r) < COM)@ 2 Fi(1) + 1),
this gives the desired estimate (4.1). Hence, Combining (3.1), (4.1) and (2.14) we have

A(u, Vd; r) + B(u, Vd; r)
o . P2 .
S C(;) Cz(“» Vdv r) + C(;) C3(u7 10)

0 1 2 P 1 2
+ C(2)*C5 (03 p)C5 (Vs p) + C(—)*C5 (w; p) D3 (P5 p) @7)
< (52 A, va: 20) + (2Pl (A% (w;2p) + B3 (w; 2p))
= IO k] k] P r LOO(_lsO;Bgo{m(Rz)) k] p ’ p
+ 22l (AT 20) + B 20}
P M e 105 ) $op PP
An iteration argument similar with the proof in Theorem 1.1 yields the smallness of C(u, Vd; r) + D(P; r).
This together with Proposition 2.1 completes the proof of Theorem 1.2. 0
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