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REGULARITY CONDITIONS
FOR SUITABLE WEAK SOLUTIONS
OF THE NAVIER-STOKES SYSTEM

FROM ITS ROTATION FORM

CHANGXING MIAO AND YANQING WANG

We establish new regularity criteria for suitable weak solutions involving
Bernoulli (total) pressure I1 = %Iu |2+ p. By the rotation form of the Navier—
Stokes equations, we also obtain regularity criteria for suitable weak solu-
tions in terms of either u x ®/|w| or @ x u/|u| with sufficiently small local
scaled norm, where o is the vorticity of the velocity. As a consequence, we
extend and refine some known interior regularity criteria for suitable weak
solutions.

1. Introduction

Consider the initial boundary-value problem for the incompressible time-dependent
Navier—Stokes equations:

uy—Au+u-Vu+Vp =0,divu =0 inQx(0,7T),
(1-1) u=>0 on dQ2 x [0, T),
uli=o0 = uo(x) on Q x {r =0},

where the domain € R? is a bounded regular domain. Here u describes the
velocity of the flow, the scalar function p stands for the pressure of the fluid. The
initial data ug(x) satisfies divergence free. Denote by w = curlu the vorticity of
the velocity field.

There have been extensive studies on the regularity of suitable weak solutions to
the Navier—Stokes equations since the late 1970s (see, e.g., [Caffarelli et al. 1982;
Chae et al. 2007; Dong and Du 2007; Dong and Strain 2012; Chae 2010; Gustafson
et al. 2007; Wang and Wu 2014; 2016a; 2016b; Struwe 1988; Seregin 2002; 2007;
2014; Wang et al. 2014; Wang and Zhang 2013; 2014; Scheffer 1976; 1977; 1980;
Vasseur 2007; Wolf 2008; Lin 1998; Ladyzhenskaya and Seregin 1999; Tian and
Xin 1999]). Suitable weak solutions originated with Scheffer [1976; 1977; 1980] in
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studying the potential singular points of solutions to the Navier—Stokes equations
and were later developed by Caffarelli, Kohn, Nirenberg [Caffarelli et al. 1982] and
Lin [1998]. For convenience, we recall the definition of suitable weak solutions.

Definition (Suitable weak solutions). A pair (u, p) is a suitable weak solution to
the Navier—Stokes equations (1-1), provided the following conditions are satisfied

(i) ue L@, ¢ LAQ)NLA 1,1, WHA(RQ), pe L@, 1 LA(Q).
(ii) (u, p) solves (1.1) in € x (¢, t') in the sense of distributions.

(iii) (u, p) obeys the local energy inequality
t/
(1-2) /|u(t’,x)|2¢ dx + 2//|Vu(s,x)|2¢ dx ds
Q tJQ

' t'
§f/|u(s,x)|2(8s¢+A¢)dxds+2f/(%Iu(s,x)|2+p(s,x))u(s,x)-V¢dxds
tJQ tJQ

for any nonnegative function ¢ € Cg°(2 x (¢, ).

A point is said to be a regular point of the Navier—Stokes equations (1-1) if
one has an L* bound of u# in some neighborhood of this point. Otherwise, they
are called singular points. In this direction, the milestone work is that the one-
dimensional Hausdorff measure of the possible spacetime singular points of suitable
weak solutions to the 3D Navier—Stokes equations is zero, which was shown by
Caffarelli, Kohn, Nirenberg in [Caffarelli et al. 1982]. This result relies heavily on
the following regularity criteria: if there is an absolute constant & such that

(1-3) 1imsupl// \Vul2dx dt <e.
n—0 HJJow
then (0, 0) is a regular point, where Q(u) := B(u) x (—u?,0) and B(u) denotes
the ball of center O and radius . Since then, different approaches to show the
Caffarelli-Kohn—Nirenberg theorem have been presented. More precisely, based on
the blowup method, Lin [1998] provided a simple proof (see also Ladyzenskaja
and Seregin [1999] with nonzero external force belonging to parabolic Morrey
space). Recently, by means of De Giorgi’s iteration technique, Vasseur [2007]
provided a constructive proof without external force. In [Wang and Wu 2014], De
Giorgi’s iteration strategy was applied to the 4D Navier—Stokes equations and the
high-dimensional steady Navier—Stokes equations with nonzero external force. In
what follows, the local scaled norm of quantity is the one which equips the scale
invariant norm similar to (1-3). An alternative proof is offered by Wolf [2008]
via establishing a decay estimate of the gradient of the velocity with local scaled
norm together with Campanato’s Lemma on Holder continuity. Moreover, notice
that regularity condition (1-3) plays a central role in the partial regularity theory
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of Navier—Stokes. There are a lot of extensions and improvements of (1-3). For
instance, Gustafson, Kang and Tsai [Gustafson et al. 2007] obtained the following
regularity criteria to suitable weak solutions:

_2_3
(1-4)  limsupp' P @ lul g oy <6 1S2+252, 1=pg=oo;
n—>0
(1-5) 1imsupuz‘%‘3||w|| <e, 2<243<3 l1<pg<oo
=0 LPA(Q(u) — 7 -—p g7 ’ ’
(1-6) limsu 27%7% < 2<243<3 1< <
pu ol ra gy =& 2=5+5=3 1=pg=oo,

n—0

where (p, g) # (1, 0o0) in (1-6), and where ¢ is an absolute constant, which extends
the work of Tian and Xin [1999]. Employing a blowup procedure, Seregin [2007]
improved the regular condition (1-3) to, for any M > 0, there exists a positive
number £(M) such that

(1-7) 1imsuplff |Vu|?dxdt <M and liminfl/f \Vau|*dx dt < e(M).
rJJow rJJow

r—0 r—=0

We also refer the reader to the recent works of Wang and Zhang [2014] and Wang
and Wu [2016a; 2016b].

We note that almost all the results mentioned above rest on the Navier—Stokes
equations in convective form (1-1). Depending on different expressions of the
nonlinear term, the Navier—Stokes equations have several equivalent versions such
as the convective form, the skew-symmetric form and the rotation form (see, e.g.,
[Layton et al. 2009; Zang 1991] and references therein). Thanks to the well-known
fact that

u-Vu = %V|u|2+w X u,

the 3D Navier—Stokes equations (1-1) can be equivalently reformulated as the
rotation form below:

(1-8) {u,—Au—i—wxu—i—Vl’I:O,

divu =0,

where IT= %lu |2+ p is called as the Bernoulli (total) pressure, which can be found
in [Prandtl 2004; Heywood et al. 1996; Layton et al. 2009; Olshanskii 2002; Zang
1991] and references therein. By means of the Bernoulli pressure II, the local
energy inequality (1-2) can be rewritten as

t/
(1-9) /|u(t/,x)|2¢dx+2/[|Vu(s,x)|2¢>dxds
Q t JQ

t t
sf/|u|2(¢s+A¢)dxds+2//nu-v¢dxds.
t JQ t JQ
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We refer to the above inequality as the local energy inequality with respect to the
3D Navier—Stokes equations in rotation form (1-8).

The goal of this paper is to derive some new regularity criteria for suitable weak
solutions from the Navier—Stokes equations in rotation form (1-8). Notice that the
Bernoulli pressure IT not only plays important role in the regular theory of the Navier—
Stokes equations (see, e.g., [Frehse and Ruzicka 1994; 1995; Struwe 1995; Seregin
and Sverdk 2002; Necas et al. 1996; Chae 2014; Tsai 1998]), but also can be measur-
able via numerical simulations (see, e.g., [Heywood et al. 1996; Layton et al. 2009;
Prandtl 2004; Olshanskii 2002; Zang 1991]). Seregin and Sverdk [2002] showed
that the weak solutions to the 3D Navier—Stokes equations are regular provided the
positive part of the Bernoulli pressure is controlled. Since the pressure p is nonlocal,
it seems difficult to obtain regularity criteria via only the pressure p with sufficiently
small local scaled norm. One objective of this paper is to establish the regularity
criteria in terms of Bernoulli pressure IT with sufficiently small local scaled norm.

Theorem 1.1. There exists a constant €1 > O with the property that if (u, p) is a
suitable weak solution of the Navier-Stokes equations such that T1 — (I)g(,) € L}

loc
with
. 2230 ("
limsupu™ 7 4 / / ITT— (IMpl?dx ) ds| <e,
u—0 —u? \JB()

where (p, q) € [1, 00] x [1, oo] satisfying

2
p

[T
Sl

7

(1-10) 2< <5 withl<p<2.

3
q
Then u is regular at (0, 0).

Remarks. (1) Therange 1 < p <2 corresponds to the limiting case 2/ p+3/qg =7/2.
By means of Holder’s inequality, the range (1-10) can be generalized to

2 3 [2-8 with 1 =8 <2/p <2(0<38 <1),
p g |hel[2,5/2] withl<p<oo.

(2) Theorem 1.1 also implies the criteria in terms of the gradient of the Bernoulli
pressure. Moreover, Theorem 1.1 holds true for nonzero external force f provided
that f € L], withg > 3.

(3) The same result is valid if TT — (IT)p() is replaced by Il in Theorem 1.1. As a
straightforward consequence, a Serrin-type sufficient regularity condition in terms
of Bernoulli pressure can be obtained. More precisely, let (¢, p) be a suitable weak
solution. Then u is regular on Q(r/2) provided IT belongs to LP9(Q(r)) with
2/p+3/q =2.
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The key point for proving the above theorem is how to bound the first term on
the right hand side of the local energy inequality (1-9). Generally speaking, the
magnitude between %|u|2 and %|u|2 + p is not clear. Resorting to the appropriate
test function (backward heat kernel) recently adopted in [Dong and Du 2007; Wang
et al. 2014; Wang and Zhang 2013], we could circumvent the direct control. This
enables us to obtain

—1 2 —1 2
Vu
Wl o oy T IV )
mN\? g 2
<c(BY o,
P (Q(p)

PN\ 2 2 2 172
c(2Ypm-m v ,
+CLL) 2N = M0 s o) U1 g, T 1V 2 )

which gives the desired iteration. A slight modification of the latter iteration yields

—1 2 —1 2
u Vu

woll ”L2°°’2(Q(u))+'u I ”LZ(Q(%))

O L e (o o (117 <2 gy IV )
p L=2(Q(p)) n lulllprid ooy L™ (Q0) L2(Q(p))

This relation leads to the following results:

Theorem 1.2. There exists a constant e, > 0 with the property that if (u, p) is a

b
Pd" \yith

suitable weak solution of the Navier—Stokes equations such that T1/|u| € L,/

b

P 1
1-2_3 0 q° g P
limsupp P° 4 (/ (/ ‘E| dx)q ds)p < &,
=0 —w2 \Jpo ! 1ul

where (p*, q”) € [1, oo] x [1, o] satisfy
(1-11) 1< =+

then u is regular at (0, 0).

Remarks. (1) The statement of Theorem 1.2 remains valid if I1/|u| is replaced
by I1/ (w™" + |u|). This theorem also means the Serrin-type regular condition in
terms of I1/|u|. This theorem corresponds to Beirdo da Veiga’s [2000] regularity
condition that any weak solution u is regular in Q x (0, T') provided

p
1+ |u|

€ LP(0,T; LY(Q)) with % + g =1,¢q>3.

(2) The proofs of Theorems 1.1 and 1.2 also yield the regularity conditions involving
I[1/|u|* with sufficiently small local scaled norm for 0 <o < 1. Invoking the blowup
framework introduced by Seregin [2007], one can improve these results provided
o < 1 in the sense of (1-7).
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In the following, we seek out a quantity which can control the Bernoulli pressure
from the equations (1-8). Notice that the Bernoulli pressure is determined by

(1-12) All = —div(w X u).

We find that w and u may be the apposite candidate. Indeed, by virtue of the split
of velocity u, Wolf [2008] established the following criteria: assume that u is a
suitable weak solution to (1-1). If there exists an absolute constant & such that

(1-13) lim sup — // |a)>< ‘ dxds <e,
u—0 K JJoun!

then (0, 0) is a regular point. The second goal of this paper is to obtain a regular
class in terms of # X w/|w| and to extend the integral norms with different exponents
in space and time in (1-13).

Theorem 1.3. Let (u, p) be a suitable weak solution to (1-1) in Q(1). Then (0, 0)
is regular point provided one of the following conditions holds:

(1) There exists a positive constant €3 such that u X w/|w| € LlOC with

l

1-2_3 0 %
(1-14) limsup p' J(/ (/ ‘ux—‘ dx> ds) <e,
u—0 2 \Jpy! |l

where (i, j) € (2,4) x (2, 3) satisfy

(1-15) 15%4—%52 with i < 4.

(2) There exists a positive constant €3 such that w x u/|u| € L'"" with

o2 3((° u
(1-16) lim sup —m—n</ (f ‘a)x
u—0 —2\JBw |ul

where (m, n) € (1,4) x (6/5, 3) satisfy

1-17) 2524—253 withm < 4.
m n

loc

m 1
n m
) ds> < &3,

Remarks. (1) As noted in the first remark on page 192, in light of Holder’s
inequality, one can extend the range of (1-15) and (1-17) to

2 3 _[2-8 with1-28 <3 <2 (0<8<3),
i ;_{Ee[l,%), with 2 < i < o0,
and . y
£+§={3—5 with 1 -28 < % <4 (0<5<1/2),
m n K’E[2, %) with 2 < m < 00,

respectively.
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(2) Theorem 1.3 is an improvement of corresponding results (1-4) and (1-6) proved
by Gustafson, Kang and Tsai [Gustafson et al. 2007]. These extensions of (1-4)
and (1-6) include their endpoint cases.

(3) As a corollary of Theorem 1.3, one immediately obtains the Serrin-type regu-
larity conditions via u X w/|w| or w X u/|u|, which was proved in [Chae 2010].

The idea of proving Theorem 1.3 is to establish an effective iteration scheme via
local energy inequality (1-9). Therefore, the main target is devoted to deriving the
decay-type estimate of || and the Bernoulli pressure IT in terms of the rotation term
wxu. In view of (1-12), one can derive the decay-type estimate of the Bernoulli pres-
sure IT in terms of w x u. Since there is no direct relationship between |u | and w x u,
the main difficulty of the proof of this theorem lies in the estimate of the first term
on the right hand side of the local energy inequality (1-9). One would want to invoke
the backward heat kernel as test function utilized in [Dong and Du 2007; Wang et al.
2014; Wang and Zhang 2013] again, which yields the appearance of (p/u)> > 1 in
the second term on the right hand side of the local energy inequality. However, this
breaks down since now neither I nor u is assumed to be sufficiently small. Our
strategy is to utilize the decomposition introduced by Seregin [2002] for studying
the partial regularity of the Navier—Stokes equations near the boundary. Precisely,
let (v, p1) be a unique solution to the following initial boundary value problem:

v —Av+Vp = —wxu,dive=0 in Q(p)
(1-18) {1 (p1)a(p» =0 on (—p%0),
v=0 on {t = —p} x B(p) U[—p% 0] x3B,.

Then b = u — v and p; = IT1 — (IT)g(y/2) — p1 solve the following boundary value
problem:

by — Ab=—Vpy,divb=0 in Q(p)

(1-19) {bzu on {t = —p2} x B(p) U[—p2 0] x 3B,.

This allows us to bound the L?-norm of u in terms of controlling that of v and b
separately. On the one hand, applying the L? — L9-estimate of solutions to the
Stokes system established by Giga and Sohr [1991] to (1-18), we get

+ 1 Asv]l + Vo1l < Cllw xull

1ol g L7 (Q(p)) L5 (Q(p)) = L5 (Q(p))’
where Ay = —[P; A and P; is the Leray projection from L* ()7 onto L? (£2). Then
we can apply embedding theorems in mixed norm also shown in the same work to
bound [[v{|z2(g(p) in terms of [|w X u[Lrs(g(p))- On the other hand, the harmonic
function p; helps us to get an interior estimate of b below

N3 2 2
bl = C(5) I , ,
| ”LZ(Q(M))_ P LI ”L%Q(p))“lpzuv’s (Q(p/2))]
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where 0 < u < p/32. Then we could derive the decay-type estimate

B PN 3 2
1-20) 22 ful)? =c(?)
(1200 ™Ml ) = )P o>l o
+C(E)2[p‘3||uu2 +0 N = Ms 0 o ]
0 L2(Q(p)) L)

Remark. The decomposition (1-18)—(1-19) allows us to take full advantage of the
structure of the rotation term w x u# and the local energy inequality (1-9) to refine
regularity criteria (1-4) and (1-6). Roughly speaking, if the rotation term w X u in
(1-18) is replaced by a convective term u - Vu, then the split (1-18)—(1-19) reduces
to Seregin’s [2002] original split. However, it seems that, following the pathway
of Theorem 1.3, Seregin’s original split of the velocity u seems to yield Serrin-
type regularity criteria rather than the Caffarelli-Kohn—Nirenberg type regularity
conditions via u - Vu/|Vu| or u/|u| - Vu.

Finally, we turn our attention to the following stationary Navier—Stokes equations
in R for d =5, 6:

(1-21) —Au+u-Vu+Vp=f, divu=0, xeQQ.
First, we also present the definition of suitable weak solutions to the stationary case.

Definition. A pair (u, p) is said to be a suitable weak solution to the stationary
Navier—Stokes equations (1-21) if and only if

(D) ue Wh(Q), p e L3*(Q).
(2) (u, p) solves (1-21) in the sense of distributions.
(3) (u, p) verifies the local energy inequality

(1-22) 2/|Vu|2wdx5/Iulewdx+2f(%|u|2+p)u-dex+2/uf1/fdx,
Q Q Q Q

for y € C3°(2), in the sense of distributions.

According to the dimensional analysis of the Navier—Stokes equations in [Caf-
farelli et al. 1982], nonstationary Navier—Stokes equations in R? may be viewed
as stationary Navier—Stokes equations R?*2 The analogue of the Caffarelli-Kohn—
Nirenberg criteria (1-3) for suitable weak solutions to the stationary Navier—Stokes
equations in R> and R® were proved by Struwe [1995] and by Dong and Strain
[2012], respectively. By means of an observation that both the local energy inequality
for the time-dependent Navier—Stokes equations and the stationary case can be dealt
with by the unified approach in [Wang and Wu 2014], one can show the analogue
theorem of Theorem 1.1 to system (1-21). To make our paper more self-contained
and more readable, we outline the proof of the stationary case with the external
force f (div f =0).
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Theorem 1.4. Suppose that (u, p) is a suitable weak solution of the Navier—Stokes
equations (1-21) and the external force f belongs to L1(2) with q > %d. There is
a constant g4 such that if the condition

2—d

. _d=2 _2d_ 2
limsuppu™ 2 (/ [TT — (IT)p () |4+2 dx) <é&4, d=35,6,
B(w)

n—0
holds, then u is regular at origin.

As abyproduct, Holder’s inequality and absolute continuity of Lebesgue’s integral
immediately yield the following result:

Corollary 1.5. Let (u, p) be a suitable weak solution of the stationary Navier—
Stokes equations (1-21). If

(1-23) HulP+pe L), withd=5,6,

loc

o0
then one has u € L},

().
Remark. Frehse and Ruizicka [1994] showed that if the weak solutions satisfy

(5lulP+p), €Ll (@) withg>3d, d=>5,

and the local energy inequality (1-22), then u is regular. Compared with Frehse
and Ruzicka’s regularity condition, the regular class (1-23) is scaling-invariant with
respect to system (1-21).

The remainder of the paper is organized as follows. In the next section, we
recall some helpful results and give some useful auxiliary lemmas such as the decay
estimate involving the Bernoulli pressure and |u|% The last section will be devoted
to proving theorems.

Notation. Throughout this paper, we denote

B(x,w)={yeR?||x—y|<u), B :=BO,p),
O(x,t, 1) = B(x, ) x (t — >, 1),  O(u):= Q(0,0, ).

For p €[1, oo], the notation L? ((0, T'); X) stands for the set of measurable functions
f on the interval (0, T') with values in X such that || f (¢, - ) || x belongs to L? (0, T).
For simplicity, we write

Il ra oy = W ez 00080y 30D 1L o) = 1 1Ler o)

Denote by L (2) the closure of Coofo () in L9(Q)%, where CgfjI (2) denotes the set
{u e Cgo(Q)d : divu = 0}. The classical Sobolev space Wh2(Q) is equipped with
the norm || fllwi2q) = 1 f L2 + IV fllz2q)- We will also use the summation
convention on repeated indices. C is an absolute constant which may be different
from line to line unless otherwise stated. According to the natural scaling property
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of the Navier—Stokes equations [Caffarelli et al. 1982], we introduce the following
dimensionless quantities for the nonstationary case

E(u, w! E.(u, w I Vu
() = p= u IILM(Q( )’ ) =pl ||L2(Q( )’
U 1-2_3 w E 1—2_3
— P q —_— = P q
pg (X 1) = 1 Hu x lollLra ooy pg (U, ) = ”u”LP"I(Q(u))’
u IT 1—7—7
Wy (X ) = PquX P,C—,)ZM H
P Ju LPq(Q(uD PN Jul lulllpra oy
_2_3
Py o (IT— (ID (), 1) = M P q ITT — (IDB(u) ”LPJI(Q(M))’
E>)(u,r
2.7y = p Nl
and for the stationary Navier—Stokes equations,
” _ ,,p—d p L __,,4—d
Byt = Wl Exum) = IVl
p — = _% = 3(1 —d 1
1;%%(r1 (I, ) = (T — (anL2+da%M»,F‘Lﬂ/L) HfﬂL”B())

2. Preliminaries and main lemma

Before proceeding further with the decay-type estimate, we shall recall the LP — L7-
estimate of solutions to the linear Stokes system and an associated interpolation
inequality.

Proposition 2.1 [Giga and Sohr 1991]. Let Q2 be a bounded domain and r, s €
(1, 00). Then for every f € L™ (0, T; L*(S2)), there exists a unique solution (v, Vpy)
to the Stokes system below:

—Av+Vp = f,divv=0 in(0,7T) x ,

Vs =0,
(p)a =0, t€(0,T),
V=0 =0.
satisfying
N S 1N7 21 MY o] /]

where C = C(q, s, Q).

Lemma 2.2 [Giga and Sohr 1991]. Let D(As) ={ve L} (2); ddxv e L;(Q)d; 1<
[, k<d, vlga =0} Supposethat 1 <s <3/2, s <h®*<oo,and1 <r <p < o0.

Assume that

=2+ 42
P

2
P W

“ W
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Then there are constants C such that

vl C(lvll + 1 Asv]l

- . . )
LP(0,T;L" () — L"(0,T;L*(2)) L"(0,T;L° ()"’

forallv e L™ (0, T; D(Ay)) satisfying v;, Agv € L"(0, T; L*(R2)), and v(0) = 0.
Applying Proposition 2.1 to system (1-18), we immediately get, by Lemma 2.2,

2-1 v||? < C(||v|I? Avl)? < Cllw x ul? ,
( ) || ||L2(Q(p)) = (” t||Lr’S(Q(p))+“ N ||Lr,Y(Q(p)))— ” “LrS(Q(p))

provided that r, s satisfy
9

=5 Withl<s<g.

We recall a well-known interpolation inequality, which will be frequently used later.
For every 2 < x < oo and 2 < 7 < 6 satisfying (2/x) + (3/7) = %, by Holder’s
inequality, Sobolev’s inequality and Young’s inequality, we see that

Rl )

_|_

Y | W

_ < 1-2/k 2/k
@2 Ml gy =< Clull 20 M2 o

1-2
< Cllull, 235 oy M2

< CUll gy + 1V N2 0 )-

The following lemma will play a crucial role in the proof of Theorem 1.1.

1Vl 2 o))"

Lemma 2.3. For u < % p, there exists a constant C independent of u and p such
that

(2-3) E(u,p) + Es(u,p) <C E(u, p)

2
Py o (T1 = (TD)p(p)» PLE (u, p) + Ex(u, p)]'/2,

N—"
(3]

—~
=

+
—~
T

~—, ~—
ool

(2-4) E(u,p) + E\(u,p) = C (u, p)

—~
=

2 I
Ppegs (m’p)[E(”, p) + Ei(u, )],

+
9!
—~
IS RS
~

where (p, q) and (p°, q%) satisfy

2-5 =42

Proof. Consider the following smooth cutoff function

L (x,1) e Q(p/2),

o= {o, (x.1) € Q%(p):;
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which satisfies 0 < ¥ (x, 1) < 1, [¥; (x, )| +]AY (x, 1) < C/p* and |V (x)| < C/ p.
We denote the backward heat kernel
1 _ |X2|2
P —— ()]
[(x,1) 47T(M2—t)3/2e w=t)
Plugging ¢ = ¢ (x, 1)["(x, ) into the local energy inequality (1-9) and using that
I + AT" =0, we know that

(2-6) sup/ |u(x,t)|2F(t,x)1p(x,t)dx+2// |Vu|*T (x,8)¥ (x,5)dxds
B(p)

—p?<t=<0 Q(p)

5// Iu|2[F(x,s)ws(x,s)+F(x,s)Aw(x,s)+2V1//(x,s)VF(x,s)]dxds
0(p)

+/ (IT— (IDppy)u - [TV (x,s) + ¥ (x,s) VI (x,s)]dxds.
Q(p)
This inequality in turn implies

(2-7)  sup / |u(x,s)|2r(x,t)dx+2// |Vu|*T(x,s)dxds
B(uw) o(w)

—puA=t=0

< f/ |u|2[F(x,s)1/fs (x,8) + T'(x,9) Ay (x,5) + 2V (x,5) VI (x,8)]dx ds
Q(P\Q(p/2)

+// (IT = (IDp(p))u - [TV (x,8) + ¥ (x,9) VI (x,5)]dxds,
Q(p)

where we have used the fact that supp(y, 0;%) C Q(2p) \ Q(p).
To proceed further, we list some properties of the test function ¢ (x, t) whose
deduction rests on elementary calculations.
(i) There is a constant ¢ > 0 independent of u such that, for any (x, ) € Q(n),

I'x,t)> cu_3.

(i1) It is clear that, for any (x, t) € Q(p),

T, Y (x, )] < Cu™>, [V (x, 0 (x, )| < Cu™?,
and

__la? .
1 PTP 2x;

- @@ ( -
dr (2 =1y a2 =1y’

oil'(x,t)=—

which in turn yields
¥ (x, VI, 1) < Cu™,
(iii) For any (x, ) € Q(p) \ Q(p/2), one can deduce that
F,0)<Cp™>, dil(x,1) <Cp~%,
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which leads to
IT(x, )3 (x, )] + [T (x, DAY (x, D]+ |V (x, DV (x, )] < Cp .
Take 1/k =1—1/pand 1/t =1—1/g. Then, in light of (2-7), the Holder inequality,
(2-2) and (2-5), we see that

2 2
Bl 10+ Eufu ) = C7 Y Eatw )+ (3 ) BT = (M, ) el

I7a% P2
< €5 ) B+ (1) BT = (M, pEG )+ Eelat )]
which means (2-3).
Choose 1/p? =1—1/p" and 1/¢* =1 —1/4" Then we derive from (2-5) that

2 3 3
208 T2 T 2

This together with Holder’s inequality and interpolation inequality (2-2) yields that

// \TT{u| dx dt < HE
0(p) |ul

[ e
L7 (0(p)) L2P27(Q(p))

I 2 2
<|— \Y .
- H lu| I p.q? (HMHLC’C’Z(Q(/J)) i M”Lz(Q(p)))
Collecting these estimates leads to (2-4). This completes the proof. ([

Next, we derive the decay estimate of the Bernoulli pressure.

Lemma 2.4. Let 0 <4u < p andi, j, m, n be defined as the limiting case of (1-15)
and (1-17). There exists an absolute constant C independent of |1 and p such that

0\3/2
(28) By (T = (Mo, 1) = () Ury <, pEL i, p)

2
w35
+C(L) T B (T = (Mg, ),
3/2
Q9 B (M= My, 1) = C(5 ) W, P E (s p) + Bl p)]' 7

w7
I c(;) Py (TT = (I (p), P).

where the pair (r, s') satisfies

_ T 4 3 _o
+s_2 withl <r < ,2<s < 2.

3
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Proof. Utilizing that (p1)g(,) = 0 and the Poincaré-Sobolev inequality and applying
Proposition 2.1 to system (1-18), we get

@10) 1Pl gy = CIVP s gy < Cllo X s -
where
2-11) S+,

S S

Since Ap, =0 on B(p/4), then, by the interior estimate of harmonic functions and
Holder’s inequality, we see that, for every xo € B(p/4),

C C C  3a-1/5)
< — < — < — ’

which in turn implies

V s’ <C —3=s' S// .
” P2||Loo(B(p/4)) SLp ”pZHLS (B(p/2))

The latter inequality together with the mean value theorem leads to

—_— S// <C 3 - S,
| p2 (pz)B(M)lle B = M3||p2 ,(pZ)B(/L/)”LOC(B(M))
<C 2.1)¢ s
=Cu QW) IVP2l e 0y,

c m 3+s’ o
< - / .
= (p ) e, (Bp/2)

Integrating this inequality in time, we obtain

M %Jrl
With the help of the triangle inequality and (2-10), we infer that

< T = D8, s 929 T 1P (00

= M= D5, Ml oy T 0 X 2l )

which in turns yields

3
PNy
192 = P2 llsgy = C(5)” M= Ml o+ 10 X i)
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It follows from (2-10) and the last estimate that

(2-13) T = (DBl o 11y
= Ilp1 = (PDBGoIv gy + 172 = (PDBWI v oy
<lp1 ”L”/(Q(u))—i_ P2 — (pZ)B(M)”L’J/(Q(;L))

= ||p1 ”LV’S/(Q(p))—i_ ||p2 - (pZ)B(l'L)”L’*‘,(Q(M))

3
" ?-H _
< Clo gy +C(5) 1T = Mol

Now, we bound w x u in two different ways.

Case I: The Holder inequality and hypothesis (1-15) in Theorem 1.3 ensure that

1)
2-14) ot g = i % W“Lu(Q(p>yw”Lz<Q(”>
< CH £ \Y :
= ol gy 00
where the pair (r, s) satisfies
2.3 9
FTsT Y
and
1 1 1 1 2 1 1 1
2-1 ccm=atar<l, f<-=z+4-<1
@-15) 25y -2t i=h 3=yTaty b

which guarantees that Proposition 2.1 and Lemma 2.2 work. Substituting (2-14)
into (2-13), we conclude that

3/2

_ P - w -
B = (W gy < C(5) 7 x| o7 IVl

LY(Q(p)
“w 3=2/r _
+C(2) o Im = (Mg

L"(Q(p))’

where we have used the fact 2/r +3/s" =7/2.
Case II: Using Holder’s inequality, (1-16) and (2-2), we see that

u
(2-16) uwxummwwngﬂwxﬁﬂl%”mmﬂmum@@»

u

= Hw Tl o 1200000 T 1V 12000

where the pair (r, s) satisfies

2 3 9

FRriath
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Just as (2-15), it suffices to verify that

(2-17) Lol Ly b g g 221201
2 r m kK 3 s n T
Indeed, for 1 < m < 2, we choose
3m 18m

— d -

m—2 M TR

For2 <m <4, we pickupx =2, t=6.
Inserting (2-16) into (2-13), we know that

M—3/2||H — (H)B(M) HL"‘S/(B(IL))

3/2
<c(2)"s o

u —1/2
Iz Ju| Pl gy + IVEN2 g )

L™"(Q(p))

" 3-2/r Y
FC(L) T oI = Ml

This finishes the proof. (]

Taking full advantage of the interior estimate of harmonic functions, we can
extend Lemma 2.1 in [Wolf 2008] and present its proof arguing as with the heat
equation.

Lemma 2.5. Assume that b is the solution of (1-19). Then, for @ < p/32, there is a
constant C independent of i and p such that

_ UN? 30 -3 2
2-18 3ib)? <C(—) b C ’ ’
2-18) p ||L2(Q(u))_ P (o™l ”L2<Q<p/2>>Jr PPl <Q<ﬂ/2)>)

where the pair (r, s’) has been defined as in Lemma 2.4.
Proof. Consider the following smooth cutoff functions:

19 tZ—(:O/S)Z’ 17 XEB(p/g),

0. 1<—(pa ”(x)z{o, x € BS(p/4),

$(I)={

which satisfy
/ C C
0=<&@®,n(x)=1, [§ (I)ISF and IVn(X)IEE.

Taking the inner product of (1-19) with £2%b over (—(p/4)% 1) x B(p/4), (t <0),
we arrive at

t t
/ / £20*bb, dx ds—/ / E2n*bAb dx ds
—(p/$? JB(p/4) —(p/4)? JB(p/4)

t
=— / / Sznszpz dx ds.
—(o/92 JB(p/4)
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Integrating by parts and the Cauchy—Schwarz inequality, we infer that

t
l/ E2(Hn*(x)bA(t, x) dx+f / £2(s)n(x)|Vb|? dx ds
2 (o4 (o/2 B (o))

t t
=/ / £'en’b* dx ds —2/ / E2VnnbVb dx ds
—(p/9?JIB(p/4) —(p/H?JB(p/4)

t
—/ / Sznszpz dx ds
—(p/$?/B(p/4)

0 0

1

scf [ semitsgntadsy [ [ eeremsideds
(p/M?JB(p/4) (p/M?JB(p/4)

0 2 N2
+C(/ (f §2n2|Vp2|2dx) ds) —||§17b|| .
—(p/%? \IB(p/4) L>2(Q(p/4)’

which in turn implies

0
ess sup 1/ g2(t)n2(x)b2(t,x)dx+/ / £2(s)n(x)?|Vb|*dx ds
—(p/4)2<t<0 B(p/4) (p/%?* IB(p/4)

c o 0 12 \2
e |b|2dxds—l-C</ (/ |Vp2|2dx> ds) TIEnbIZ,
p2/_(p/4)2/3(p/4) o/ \JIB(p/8) L2204y

Consequently,

(2-19) |Ib)1? +IIVb? +C||Vpall?

02

L®2(Q(p/8)) L*(Q(p /8)) - I ||L2(Q( /4) L'2(Q(p/4)
Notice that the system (1-19) is linear, thus, a slight variant of the proof above
provides the estimates

Vb|? <Cp~?|Vb

I ||L"°'2(Q(p/16)) +Iv ” L2(Q(p/16)) — Pl ||LZ(Q( /8)) +Iv p2”L12(Q(p/8))
and

V2|3 Cp 2 |V3b

I ||L°°‘2(Q(,0/32))+|| ||L2(Q(p/32))_ Pl ||LZ(Q( /16))—i_|| p2||L'2(Q(p/l6))

Collecting the above estimates, we find

(2-20) [V2p||? +1IV|?

L*(Q(p/32))
+IV2pal?

L>2(Q(p/32))

< Cp~*{Cp?|IVh|? +C|IV3pal?

LY2(Q(p/16))
J+CIvepal?

LY2(Q(p /8))}

2@yt Vpal,
+CIVipal?

L2(Q(p/8))

<Cp~*Co*[Cp 211

LY2(Q(p/4)) LY2(Q(p /8)>}

L"2(Q(p/16)"
By virtue of the interior estimate of harmonic functions, for every k € N, we have

IVEpa(x0)| < Co™37K)| K
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for any xog € B(p/4), from which it follows that

|V sz V< |

P2l 2 g a7y = L%(B(p/4))

3_3
—(k+1) 5=
< ( 0 0 /
- s ”szLS (B(p/2)"

Integrating the last inequality in time yields

3_

< Cp*(kJrl) b

L"2(Q(p/4)) —

3
k+1 o
IV pal NP2l

Utilizing Holder’s inequality, we discover

V< | < Cp~ Vpy|

LY2(Q(p/4) — L' (Q(p/2))’

where we have used the fact 2/r +3/s’ = 7/2. Plugging this inequality into bounds
(2-19) and (2-20) gives

I ”L°°2(Q< /8)) +Iv ”L2<Q( /8» - 2” ||L2(Q( /4» 2||p2||L”(Q( /2)’
and
V2b|?
I ”L°°'2(Q(p/32)) v ”LZ(Q( /32>)— 6” ”L2<Q(p/4>) 6”p 2”L”(Q(p/2>>

By the Gagliardo—Nirenberg inequality and the latter inequalities, we infer that

”b”LZ(Q( ) <Cwlb ”L°°(Q( /32))
= Ci (1B, /32>||V2b||§°(32/<g<p/32>> 3” ”L°°2(Q(p/32)))
= (b1 g, )+ CP ||P2||L,V(Q(p/2)))l/4
X< (07181 2 g gy T CP NP2 )
en /f( Tl g, jay TEP ”p2||L”(Q(p/2)))

SC( ) (”b||L2(Q( /4))+C”p2”L”(Q(p/2)))

which means that

Wb < C(B) (0Nl )+ CO Il )
L*Qw) ~ \p L*(Q(p/2) L' (0(p/2))

which is the desired result. O
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This lemma entails the desired decay estimate (1-20), that is,

2-21) Ex(u )<c(£)3 3w x ul?
M =E0 )P L75(0(0))

2
+ C(%) [EZ(uvp) + Prz,s’(n - (H)B/J"O)]'

Indeed, it is enough to bound the right hand of the following inequality:

2

-3 2 -3 2
RPNl LB T

L*(Q(w)) L*(Q(w)

P>3 =312 32
<(— v b
—<M PO oy T IO

3
=c(2) o7l xul?
uw

-3
w |l

+ 173 b

L™ (Q(p)) L*(Q(n))’

where we have used (2-1). To end this, first, by triangle inequality and (2-1) again,
we see that

2
L*(Q(p))

—3)112
v
ol 0,

2 -3 2
C w XU .
L2(Q(p)) +Coll ”L"'S(Q(p))

Then, we insert the latter estimate and (2-12) into (2-18) to obtain

-3 2 -3
b <
PN g, <P lul

-3
=p ull

_3 2 /"L 2 —3 2 _3 2
wl ”LZ(Q(M))_ Jo (o™l ||L2(Q(p))+p e ”L’“‘(Q(p))
Cp 3| = (Mg |I%. . :
+Cp = (g, I ., (Q(p)))

This inequality yields the desired estimate (2-21).

Before we state the auxiliary results to the stationary Navier—Stokes equations,
we first recall the Caffarelli-Kohn—Nirenberg regular condition below to the steady
Navier—Stokes equations.

Proposition 2.6 [Struwe 1995; Dong and Strain 2012; Wang and Wu 2014]. Sup-
pose (u, p) is a suitable weak solution to (1-21) and the external force f € L9(R2)
with q > %d. Then the origin 0 is a regular point for u(x) if the following condition
holds:

(2-22) lim sup %/ |Vul>dx <e, d=35,6,
u—0 B(n)

for a universal constant € > Q.

To show Theorem 1.4, we need to prove the following lemma:
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Lemma 2.7. Let 0 < 2r < p. It holds that
(2-23)  E(u, W)+ Exlu, )

UN2 =

0

Jo d-3

+c( ) (Paa (TT—(T)g(p), 0)+ Faa (f, M)E W, p)+ Eit, 0172,
W a+2 a+2

where the constant C is independent of u and p.

Proof. The conclusion can be derived by a slight change of the proof of Lemma 2.3
as follows. In the spirit of the backward heat kernel for the time-dependent case,
we modify slightly the fundamental solution of Laplace equations to set

1
LT
An easy computation gives
d—2)x; —d(d —2)u?
4T = ——d=DX g AP = (d=2)p

(IL2+ |x|2)d/2 (IL2+ |x|2)(d+2)/2'

Consider the smooth cutoff function

1, xe€B(p/2),

1= {0, x € B(p),

which satisfies

0<n@) <1, IVn(X)IS%, and IAn(X)IS%.

The desired estimate turns out to be a consequence of the following properties of
the test function 7 (x)I"(x):

(i) For every x € B(u), straightforward calculations yield
—AT>Cu™¢, T'>Ccu 2,
(ii) For every x € B(p), it is easy to verify that
NI < Cu™ "2, In@) V| +[TVn(x)] < Cpm 7Y,
(iii) For every p/2 < |x| < p, we know that

ITAn(x)|+|Vn(x)-VI| < Cp~?.
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Inserting ¢ = n(x)I"(x) into the local energy inequality (1-22), we see that
—f lu|?n AT dx +2/ |Vu|*nT dx
B(p) B(p)

< / |u|2(FAn +2Vn-VI)dx +2 (IT — (H)B(p))u -V +T'Vn)
B(p) B(p)

+2 f-unldx.
B(p)

This inequality implies
— f lu|>AT dx +2/ |Vu|*T dx
B(u) B(w)

5/ lu>(TAn+2Vny-VI)dx +2 (IT—IDppyu- (VL +T'Vy) dx
B(p)\B(p/2) B(p)

+2 f-unl dx.
B(p)

The property of test functions and Holder’s inequality yield that

dCZ/ |u|2dx+%/ \Vu | dx
2 B(w) H B(w)
2
f(ﬁ) ﬁ‘/ |u|2dx
prp B(p)\B(p/2)

of” d—3< 1 (M (D )|d2d2d @4z, | |d2d2d \ 2
+ (—) / — B +2 dx / uld—2 dx
Z 23 I v S5 s

0 d+2 d—2
d+2 d=2
oNd—4( 1 24 \2d 1 o 2d
+C(—) —— | 17132 dx | ufrax)”
H p 2 VB® S B

Combining this estimate with the Sobolev embedding

-1 d
(2_24) ||M||L2d/(d72)(B(p)) S C(”VMHLZ(B(p)) + p ||M||L2(B(,O)))’ X € R

with d = 5, 6, we derive the desired estimate (2-23). U

3. Proofs of theorems
This section is devoted to the proofs of Theorem 1.1-1.4.

Proof of Theorem 1.1. In the light of Holder’s inequality, it suffices to deal with the
case 2/p +3/q =7/2. According to the hypothesis of Theorem 1.1, we know that
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there exists a constant ¢ > 0 such that
P, 4 (IT — (IDp, n) < &1, forany u < ry.
Before going further, we set
Gi(w) =E@u, )+ Ec(u,pn) and A=p/p (=1/4).

By (2-3) in Lemma 2.3 and Young’s inequality, we derive that

2 2
Git40) = C(% Y EG )+ C (5 ) B (0= (Wi, IEGe, )+ Enta, 1
v 2 ol 2 P 2
<C (%) G1o+C (5 ) B = Wi, G+ (1 B (T (M.
< C2Gi(p) + C1A~2e1Gi(p) +27 1.

Choosing %, £ such that g = 2C>A? < 1 and &; = min{gA?/(2C}), (1 — q)A3e/2},
we obtain
Gi(Ap) < qGi(p) + 1 %e)

Iterating the latter inequality, we deduce that
GI(X*p) < ¢*Gi(p) + ghe.

From the definition of G;(u), there exists a positive number Ky such that

C(llul poor2, ||vu”L2)qK0 < L.

g5 G(rg) <2
ro 2

Let 75 := AX0ry. For every 0 < r < ry, there exists k > K such that **'1ry <r < A¥r.
An easy computation yields that

; 2 l k l( k—Ko , Ko l )
E*(r)f}»k“"offgwm)'wl dxdt < =Gi(X'ro) < (a" ¢ Gi(ro)+7e) <e.

This together with (1-3) completes the proof of Theorem 1.1. U

Proof of Theorem 1.2. Thanks to Holder’s inequality, without loss of generality, we
just consider the endpoint case 2/p" + 3/¢"* = 2. With the estimate (2-4) in hand,
arguing as with the iteration method above, we can finish the proof. U

Proof of Theorem 1.4. 1t follows from Holder’s inequality that
_ 3 d .y plq
G0 R =p [ iprdespt <f|f<x)|q dx) ,
B(w) Q

which together with the integrability hypothesis on the force f implies that

Fp(f, w) tends to 0 as u — 0,
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where p < %d < g. Therefore, we see that there is a constant r; such that for any
w<r, FZd/(dJ,_Z)( f> ) < &r. Owing to the assumption, there exists a constant
rp < r; such that

Pryya+2) (T = (IDpg, 1) < €2, forany p <.

Based on this inequality and (2-23) in Lemma 2.7, we complete the proof in the
same way as in the proof of Theorem 1.1. ([

Proof of Theorem 1.3. This will occupy the remainder of the section. We start
with some preliminaries. Recall the symbols r, s” defined ias n Lemma 2.4, which
correspond to the borderline cases of (1-15) and (1-17). Set

1 1 1 1
Then it is obvious that
2433 Gihrtep2 00). st e @2,6).
rt st 2

It follows from (2-2) that

< C(Jfull

el o o) = 2oy T IVEI

Lz(Q(/O)))'

Consider the usual cutoff function ¢ (x, 1) € C;°(Q(2u)) satisfying ¢ = 11in Q(w),
0<¢ <1, |[Vo| < Cu~" and |3,;¢| + |Ap| < Cu~2 By the divergence-free
condition div = 0, Holder’s inequality and the latter inequality, for 32u < p, we
infer that

/f u-Volldx ds = f/ u-Vo((IT — (IDp2)) dx ds
o 02w

—1
-1

el

Choosing ¢(x, t) as the test function in (1-9) and using the latter relation, we see
that

(3-2) E(u,p)+ Ei(u, pn) U
0
< Ex(u, 200 By (I = (D, 240 (1) (B, 0) + Eulat, o))
This concludes the preliminaries. The proof proper is divided into two steps.
(1) Substituting (2-14) into (2-21), we have

3 2
(33) Ex(up) < C(ﬁ) U2, (%, p)Eulu, p)+C(%) [E2(u, p)+ B, (TT—(T)g,, p)].
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Plugging (3-3) and (2-8) into (3-2), we infer that

B+ Enti) = C(2 VU2 (4 E .+ C (2 B, 4 P2, (11— (g )
p o
+[C(§)3/2Ui,j(x,p)Ei/z(u,m +C <%>

2/r
By (M= (Mg, p)]
172
x (3) [E(u,p) + Ex(u, p)]"/%.
"

We define Go(u) = E(u, ) + Ey(u, n) + Prz’s,(H — (IDp,, ). Then the last
inequality and (2-8) in Lemma 2.4 lead to

(34) Gy sc(g)SU,-?j(x, P)Ga(p) + C(%)ch(p)
+e(2) v G+ (L) Gato)
+e(2) v i+ e (B R — g, 0

P\3 wN\S/2=2/r
=C(8) Uix. Gao) +C(E) 7 Gat).
w o
Now, by an argument completely analogous to that in the proof of Theorem 1.1,
we can complete the first part of the proof of Theorem 1.3.

(2) Substituting (2-16) into (2-21), we get
o\3 2
(G5) Extu )= (1) Wi, (<, pE G, )+ Eula, )]
U2
+C(5) 1E@. p) + P2 = (Mg, )]
0
Plugging (3-5) and (2-9) into (3-2), we infer that

E(u, 1) + Eu(u, 1)
3 2
< () W26 PIE@, )+ Eutut, )1+C (2 ) [E @, p)+ P2, (= (Mg, p)]
I o

+{c(§)3/ Winon 2 PILE s )+ Exi, p)]‘/2+c(%)3z/re,xf(n—(mg,,, o)
x (5)]/2[15(”, p) + E.(u, p)1'/2.

Let
G3(w) = E(u, p) + Ex(u, p) + P2, (T — (I, . 1).
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Then the latter relation and (2-9) allow us to obtain

(36)  Gs3(w sc(ﬁ)3w,i,n(x, P)G3(p) +C(%)2G3(p>
+C(2) Wantx G+ ¢(2) T G20
+C(2) W2, 0 00620 + C(%)Géa(p)

<C(2) Wantx 0G0+ C(2) G0,

Combining equations (3-4) and (3-6) and iterating as in the proof of Theorem 1.1
completes the second part of the proof of Theorem 1.3. ]
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