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ABSTRACT. In this paper we consider the three—dimensional Navier—Stokes
equations subject to periodic boundary conditions or in the whole space. We
provide sufficient conditions, in terms of one direction derivative of the velocity
field, namely, u, for the regularity of strong solutions to the three-dimensional
Navier—Stokes equations.

1. Introduction. The three-dimensional Navier—Stokes equations (NSE) of vis-
cous incompressible fluid read:

%—VAU—I—(U-V)U—FVPZO, (1)
Vou=0, 2)
u(z,y, z,0) = ug(z,y, 2), (3)

where u, the velocity field, and p, the pressure, are the unknowns, and v > 0, the
viscosity, is given. We equip the system (1)—(3) with periodic boundary conditions
with period 1. Namely,

u(r +1,y,2,t) =u(r,y + 1,2,t) = u(z,y, 2z + 1,t) = u(x,y, 2, 1). (4)

Because of the periodic boundary conditions we consider here the base domain
Q = (0,1)3. We emphasize, however, that one can apply our proof almost line by
line to obtain same results for the three—dimensional Navier—Stokes equations in
the whole space R?.

We denote by L%(Q) and H™(Q) the usual L?—Lebesgue and Sobolev spaces,
respectively (cf. [1]). We denote by

1
folla = ([ 1ot drduaz) ", for every 6 € L9(@). )
Q
We set
V = {¢: the 3D vector valued trigonometric polynomials with V- ¢ = 0},

which will form the space of test functions. Let H and V be the closure spaces
of V in L?(Q) under L?—topology, and in H'(2) under H!'—topology, respectively.
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Let ug € H, we say u is a Leray-Hopf weak solution to the system (1)—(3) on the
interval [0, 7] with initial value ug if u satisfies
(1) u € Cu([0,T],H) N L*([0,T),V), and dyu € L*([0,T],V’), where V' is the
dual space of V;
(2) the weak formulation of the NSE:

/ (u-@)(t) dedydz — / (u - @)(to) dedydz
Q

Q

:/t:/ﬂ[u-(@wm)] dz ds
w96l wdady,

for every ¢ € V, and almost every t, to € [0,T];
(3) the energy inequality:

lu()lI3 +V/t [Vu(s)[3 ds < [[u(to)ll3, (6)

for every t and almost every tg.

Moreover, if ug € V, a weak solution is called strong solution of (1)—(3) on [0, 77 if,
in addition, it satisfies

u e C([0,T],V)N L*([0,T], H*()), and dyu € L*([0,T], H).
In this case one also has energy equality in (6) instead of and inequality.

It is well known that the 2D Navier—Stokes equations have a unique weak and
strong solutions which exist globally in time (cf., for example, [6], [16], [24], [27],
[28]). In the 3D case, the weak solutions are known to exist globally in time.
But, the uniqueness, regularity, and continuous dependence on initial data for weak
solutions are still open problems.

Since Prodi [21], and Serrin in [23] provided a sufficient conditions for the global
regularity of the 3D Navier—Stokes equations, many articles were dedicated for this
subjects (for details see, for example, the survey papers [18], [29] and references
therein). Most recently, there has been some progress along these lines (see, for
example, [3], [8], [10], [11], [13], [25], [26], and references therein) which states,
roughly speaking, that a strong solution u exists on the time interval [0, 7] for as
long as

we LP([0,T), L4(Q)), with =+2<1, for q>3, (7)

TN
| w

or as long as
2 3
Vue L*([0,T],L"()), with —+-<2, for r>3/2. ()
s T
In particular, in case that » = 2 and s = 4 in (8), namely,

Vu € L*([0,T), L*(2)), (9)

then u is a strong solution on [0, T1.

Moreover, many sufficient regularity conditions were established in terms of only
partial components of the velocity field, or partial components of gradient of velocity
field of the 3D NSE (cf. e.g., [2], [4], [5], [12], [14], [15], [19], [20], [30]). In this
paper, we provide improved sufficient conditions, in terms of only one direction
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derivative of the velocity field, that guarantee the global regularity of the 3D NSE.
Specifically, if ug € V, and if for some T' > 0 we have

27 2
u, € LP([0,T], L*()); with « > ,ﬁ >1,and é B <2, (10)

where u is a weak solution with the initial datum wug, then u is a strong solution
of the 3D Navier—Stokes equations which exists on the interval [0,7]. Notice that
we have improved the condition in [15], which requires @ > 9/4. Moreover, our
condition (10) implies that we only need (9) to be true on one direction derivative
of the velocity field in order to get the regularity of the 3D NSE.

For convenience, we recall the following three-dimensional Sobolev and Ladyzhen-
skaya inequalities (see, e.g., [1], [6], [9], [17]). There exists a positive constant C,
such that

Il <C||w||§2’f (10evl + 1) 7 (19l + [912) (10:9ll2 + [bll2) 7
< Gl 19Ty (1)

for every 1 € H*(),2 <r < 6. And also,

1l < C (||¢||2 T IIEEF A ) (12)
for every 1 € H%(Q),3q < r. More generally, one has
18l s0 < C (l6:llq + Il10)* 6115, (13)
and
18ll5 < ClEli (62l + 19l10)* - (14)

We have not found a reference to the above two inequalities (13) and (14). We
present a proof here. It is clear that for every ¢ > 1, we get

1 3942 1 3q
( | ot o+ | |¢><x,y,z>|?|¢m<x,y,z>|d:c),
0 0
1 3942 1 3q
( [ ot ay+ | |¢<x,y,z>|?|¢y<x,y,z>|dy>,
0 0

1 1
|¢<x,y,x>|3“sc< / 6y, 2) 2 dz + / |¢<x,y,z>|3<q1>|¢z<x,y,z>|dz).

6z, y,2)|"

|p(z,y, )

As a result, we obtain

M

1 3q+2 1 3q
|¢(x,y,z>|3qsc( / 6z, y, 2)| 5 d + / |¢<x,y,z>|7|¢z<x,y,z>|dz>

1 1 3
x(/o |¢<w,y7z>|%dy+/o |¢,<x,y,z)|%|¢y(x,y,z)|dy>

1 1
x ( [ 16te s [ e e |¢z<x,y,z>|dz)

=
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Thus, by Cauchy—Schwarz inequality, we get

[ 1oty 2 dxdydzsc( [ 16,2 dzdyaz + | |¢|3—5|¢m|dzdydz)
Q Q Q

1

. (/ oz, 2)| 5 dadyds + / |¢|32"|¢y|dwdydz)
Q Q

x ( [ 1ot 272 dodydz + [ 16507 ] dxdydz>
Q Q

3q 1 3q 1 3(a—
< l[¢llsg (lollz + loall2)® 0llsy ([¢ll2 + léyll2)? [|8]5q 2

Therefore,

2

(1l + 1 l10)?

1 1 1
[9ll3g < Cllgall3 liyll3 lo-1g
and (13) follows. Similarly, for every ¢ > 1, we get

1
(/ 6(2, 3, 2) dz+/ 162, 2)[F 162 (2,9, 2 |dx)
0
1 59+ 5q
(/ 6z, 3, 2)| 25 dy+/ 62,3, 2)|F 162 (2, 1, 2
0 0

1 1
|¢<x,y,x>|5q4sc< / |6z, y, 2) dz + / |¢<x,y,z>|5<q1>|¢z<x,y,z>|dz),

As a result, we obtain

|p(z,y,x)

|p(z,y,x) z)| dy

1
2

1 59+4 1 5q
|¢<x,y,z>|5qsc( [ otew o as [ |¢<x,y,z>|z|<¢2>m<x,y,z>|dx)

1
2

1 1
‘ </ 6(, . 2)| 5 dy+/0 (2, 2)| 2 |<¢2>y<x,y,z>|dy>

1 1
x ( / 6y, 2) " d= + / 6z, , 2) P |¢z<x,y,z>|dz>

Thus, by Cauchy—Schwarz inequality, we get

1
2

1

44 2

|¢<x,y,z>|5qudydzsc< 16125 dudydz + / |¢|%q|<¢2>m|dxdydz>
Q

(/ |¢| ki d$d9d2+/|¢| |(6?) |dxdydz>

x< |62~ dadydz + / |p[(a—1) |¢)z|d:1:dydz)
Q Q

<11lIE (16202 + 1()all2)® ol (16202 + 162y l12)
< lls ™ (16lla + l6:]la)?

Therefore,

I6lss < C (16712 + 116)all2) T (1672 + 1@)yll2)* (16llg + l16:]12)%
and (14) follows.
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2. The main result. In this section we will prove our main result, which states
that the strong solution to system (1)—(3) exists on the interval [0, T] provided the
assumption (10) on u, holds.

Theorem 2.1. Let ug € V, and let u be a Leray—Hopf weak solution to system (1)-
(3) with the initial value ug. Let T > 0, and suppose that u, satisfies the condition
(10), namely,

’ 27 3.2
/ lus(8)||2 ds < M, witha>"—,1<f<o0,and =+ = <2. (15)
0 16 a B

Then u is a strong solution of system (1)—(3) on the interval [0,T]. Moreover, it is
the only weak solution on [0,T] with the initial datum ug.

Proof. Tt is clear that we only need to prove this theorem under % + % = 2, ie.

0= 2263. Also, in [15] the author has proved this theorem when o > 9/4. Therefore,

from now on, we only consider

2a

200 — 3"
By standard procedure for the 3D Navier—Stokes equations with periodic boundary
condition (see, e.g., [6], [7], [18], [22], [24], [27], [28]) one can show that there
exists a global in time Leray—Hopf weak solution to the system (1)—(3), if ug € H.
Furthermore, one can show the short time existence of a unique strong solution if
ug € V. In addition, this strong solution is the only weak solution, with the initial
datum up, on the maximal interval of existence of the strong solution.

Suppose that u is the strong solution with initial value vy € V such that u €
C([0,7%),V)NL%*([0,T*), H*(2)), where [0, 7*) is the maximal interval of existence
of the unique strong solution. If 7* > T then there is nothing to prove. If, on the
other hand, 7* < T our strategy is to show that the H' norm of this strong solution
is bounded on [0,7*), provided condition (10) is valid. As a result [0,7*) cannot
be a maximal interval of existence and consequently 7* > T'. Which will conclude
our proof.

From now on we focus on the strong solution, u, on its maximal interval of exis-
tence [0,7*), where we assume that 7* < T. As we have observed earlier the strong
solution u will also be the only weak solution on the interval [0,7*). Therefore, by

the energy inequality (6) for Leray—Hopf weak solutions we have (see, for example,
[6], [27] or [28] for details)

27/16 < a < 9/4, =

(16)

t
a3 +v [ [Vu(s)[ ds < Ko, 17)
0

where
K1 = ||uoll3- (18)
Moreover, by (16) and (17), we get

t Plu)|Z ds 27/16 < a < 2
/ Hu(s)Hg ds < { fo Il )H26 / 3(a—2) (19)
0

Sy ()3 uls)| 257" ds 2 < a <9/4
< CK{?, (20)
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For convenience , from now on, we will rewrite the Navier—Stokes equations as

ov

% VAR — v, + (V- Vi) +wo, + Vipp =0, (21)
ow

o vApw — vw,, + v - Vyw + ww, +p, =0, (22)
Vh'v+wz:O7 (23)

where v = (v, v2) is the horizontal velocity field components and w is the vertical
velocity component. Namely, u = (v, w). We set Vj, = (95, 0y) to be the horizontal
gradient operator and A; = 92 + 85 the horizontal Laplacian, respectively. Next,
let us show that the H' norm of the strong solution u is bounded on interval [0, 7*).
Denote by

X(t) = [u®)3 + IVe@)I3 + lu=()]3 + llw®)l3, (24)
Y(t)—/o (IAv(s)[I3 + [IVus(s)I3 + [V (w?)($)]3) ds, (25)

2a

V() = / (14 llus) 13+ 19u(3)13 + (lulla + llus(s) ) 725
X (Vo) + s ()13 + 0 (s)]13) ds, (26)

where « is as in (10).

2.1. L'estimate. Taking the inner product of the equation (22) with w? in L?(Q),
we get

Ld|w?|3 | 3v 2412

1 a7 IVl

= —/ (u- Vw) w? d:cdydz—/pzw3 dxdydz. (27)
Q Q

By integration by parts, and the incompressibility condition (2) we get
/ (u - Vw) w?® drdydz = 0. (28)
Q
By the standard procedure one can get
—Ap, =2V - (V- (uuy)).

Let us denote by

p1=2(=2)"" [V (V- (vu))], (29)
and

p2=2(=A)TH [V (V- (wu.))]. (30)
Moreover, by Holder’s inequality and (11), we obtain

< +

/ p.w® dedydz
Q

< C”le 6a(3a—1) ||w

202 4+23a—18

/ prw® dedydz
Q

Il
1

/ pow?® dadydz
Q

3
ng(j’;s;cllls + Hp2”0¢4—f3 H’LU ”3(;51)

< C||vuz||2£2ai32a3;i>18 ||w3|‘166a(3a71) +llwus| o lw?||  sa

o2 —29a+18 3(a—1)
< (30— | _saa- ? :
P PO 1 B A PR30
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Let us estimate the above term by term. First, by (11), we get

[wll o llusllo [lw?]

ta = [l ae sl
= 0 za, [tz la

< C (I3 + Io?lly™ Vw25 ) o

Next, applying (12) with r = % and g = «, we obtain

2a
MM&@;L<C<MM+WM“WAﬂ“1>
(a+4)(2a—3)

By interpolation inequality we get

2(16a—27) 5(9—a)

[0’ _sasa—n =[] ssa@a—s) < Clwll," 7 Jlwll38°7".
T6a? 550118 602200118

By (13), we reach

5a—6
Il < O (lollz + [V0ll2) 555 (follo + o la) 55

and by (14), we obtain

5(9—a) _

20-a) _9-a
lwll3e™™" < € (1w ll2 + 192 2) =0 (ol + o) T

Thus,
1 d||w?||3 >
1 4 2 v

O<Wm2+<wm2+HVM|ﬁﬁfﬂ<wma+nwn)ww UHAMPQI)

16a—27 9—a
Xzl [lw? 35777 (||w2||z+ [Vw?|l2 )‘“3"‘ B (ol + sl o) D

+C (Pl + Pl = (V0?5 ) fuslla

6+8c ldo—9_
=¢ (Ilvllz (lulla + lluzlla) @D [lw?(|3 "

160—27 2(9-a)
Hlvll2 (Nlwlla + 1wzl o )'s('sa =) ||w2|| 3@a—1) | Vw 2||3(3a D)

2(5a—6)

—2a
I (ullo + s ) 5255 2] 557

2(5a—6 9 16a—27 9 2(9—a)
1 3(3 1 3(3 1
I (Ul + s la) 55 A0l 2|35 Vw37 )>

+C (P Bl + 0Pl = V5 fuslla)
Thanks to Gronwall’s inequality and (17), (15) and notations (24)—(26), we obtain
F @1 +v [ 19GR6)IE ds (32)

2 26a—39 33—8a 2a—3 3
< JJw(t = 0)[3 +C (1+ V() + V(T)TED Y ()65 + V(1) 5" Y (1)% ) .
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2.2. H! estimates. Taking the inner product of the equation (21) with —Awv and

the equation (1) with —u,, in L?, and using the fact that the Stokes operator is

the same as the Laplacian operator under periodic boundary conditions, we obtain
Ld(IVoll3 + Jlu-3)
2 dt

= / [(u-V)v] - Av dedydz + / VipAv dedydz + / [(u-V)u] - u,, dedydz
Q Q Q

+ (A3 + [[Vuel)

= / [(v-Vp)v-Apv+ (v-Vip)v- v, +wu, - Av] dedydz + / VipAv dxdydz
Q Q

+/Q [(w- V)u] - u,, dedydz.
By integration by parts, we get
/Q(U -Vp)v - Apv dedydz = /sz [|th|2 + Opv2 Oyv1 — Oy Byvg] dzxdydz (33)
By integration by parts in the above we have

/ (v Vp)v 4+ wvy) - vy, dedydz = — / ((vy - Vi) +wyvy) - v, dedydz,  (34)
Q Q

and
/QVhpAU drdydz = — /Q Ap (Vi - v) dedydz
= - ‘/9(2(811)1)2 +2(9yv2)? + 20,02 Oyv1 + 20,v1 Oyva + 2Vw - v,) w, drdydz
=— ‘/0(2(811)1)2 + 2(9yv2)? + 20,02 Oyv1 + 20,v1 Oyva) w, drdydz
+ /Q 2w(Vpv, w, + v, Vyw,) dedydz. (35)

As a result of all of the above, and Hélder inequality, we get

Ld([[Voll3 + [[u=]13)
2 dt

< C/ [|uz| Vo2 + |w] |u.| V20| + |w] |u.| |Vuz|} drdydz
Q

+ v(||Avllz + [[Vul])

<C [IIUZIaIIVvH% Fl[w] 2acras) [tz zaca-s) ([|Av]l2 + [[Vusl2) | -
a—1 6a2+6—11a a248a—6

By (11)—(14), we obtain

2a—3 3
190l < € [IV0I + 19005 v ]
6(2cc—3) 5(3—a)
Ta—3

[wl| 2aca-s < Cllwll,™ [Jwllsg
6ac+6—11la
2 2 = 9y Xz 3-a
a— a— a— a_3
< Cllw?|, (||w Il + [V, ) (lwlla + [lwzlla) 72,

4a—3 3o
Jolagirecsy < € (Husl + sl 91757,
a248a—6
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Therefore, we get
L (V03 + [lu-3)
2 dt
< C[Iveld + IVell, = 1Av]3 ] flu-a

+v(|Av]l3 + [ Vue]) (36)

) 3(2a—3) ) 2(3—a) ) 2(3—a) B—a
Ol (nw 1 v ) (o + s o) 75
(nuzna s v ) (1A02 + | Ves]l)

< O [IVelluslla + IVelly = 11Av]5 fusla] + (37)

33—«
+C ([[Av]l2 + [[Vusll2) [Iluzllz (lullo + s o) 55 0?15

+ (fulla + [usla) 7 IIVuzllg“‘ T w5
3(2a—3) 2(3—a)
e

Fllezll2 (fufla + ||uz|| )7

9 3(2a—3) 9 2(83—a)
7(1 Ta— Ta—
(el + usfl) ™ w0 [ V] ] :

Thanks to Gronwall’s inequality and (17), we obtain

V@13 + [lu= (63 + V/O (1Av(s)II3 + Vus(s)ll) ds (38)

< Vult = 0)[3+ C (14 V(5) + V() 5" Y (1) + V(1) 5 v (1) 779 )

where X (t),Y (t) and V(t) are as in (24)—(26), respectively. Therefore, by (32) and
(38), we reach

X(#) +Y(t) < ult= O)II%n + [lw? (¢

0)[3 +CAL+V(#)) (39)
+C (V(t) 13233?1131% Y( )6(3a 1) + V( ) 3

Y ()5 + V() Dy () ).

Thanks to Young’s inequality, we get
X () + Y (t) < [[Vuoll3 + [[uollz + C(K1, e, 1) + CV (1), (40)

where C(K1,q,t) is a constant depended on K7, «,t. Therefore, by Gronwall’s
inequality we obtain

X(t)+Y () < C[|Vuol3 + lluollf + C(Kq,a,t)] eCOTEHM) (41)

for all ¢t € [0,7"), where M is as in (15). Therefore, the ||[Vv||2 and |lu,||2 are for all
t € [0, 7). Following the previous results (e.g., [4], [14]), we have that the H'! norm
of the strong solution u is bounded on the maximal interval of existence [0,7*),
which leads to a contradiction. This completes the proof of Theorem 2.1. |
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