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ABSTRACT. We consider the global existence of strong solutions of the 3D incompressible
Navier-Stokes equations in a thin periodic domain. We present a simple proof that a strong
solution exists globally in time when the initial velocity in H* and the forcing function in
LP(0,00; L?), 2 < p < oo satisfy certain condition. This condition is basically similar to that
by Iftimie and Raugel[7], which covers larger and larger initial data and forcing functions as
the thickness of the domain e tends to zero.

1. INTRODUCTION
We consider the incompressible Navier-Stokes equations,

up —vAu+ (u-V)u+ Vp = f, (1.1
Vou=0, (1.2)

in a thin periodic domain Q = 7% = [0,11] x [0,12] x [0, €], 0 < € << [y, 2. Here u denotes
the velocity of a homogeneous, viscous incompressible fluid, f is the density of force per unit
volume, p denotes the pressure, and v is the kinematic viscosity. We require that the forcing
function f and the initial data ug satisfy

V'f:V-U():O.

/fdm = / udx = 0, (1.3)
Q Q
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We assume in addition that
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which could be achieved by the Galilean transformation with suitable vectors ¢(t) and e,

u(x,t) = u(x + c(t) + et t) — % —e.

c(t) :/Ot /Or/f(:v,s)dxdsdr, e:/uodx.

By the classical results of Leray and Hopf ([12], [5]), there exists a global weak solution of
the Navier-Stokes equations in a three dimensional torus. It is also known that the solution
becomes necessarily strong(regular) for all regular data in a two dimensional domain. But in a
three dimensional domain, global strong solutions have only been guaranteed for small initial
data(See, for example, [3], [4], [15], [16] and the references therein).

In [14], Raugel and Sell treated the problem on thin periodic domain and they obtained a
significant existence result on global regular solutions. The main idea is that if the thickness
of the domain is small enough, the solution of the Navier-Stokes equations is close to the 2D
Navier-Stokes equations. They proved that there are large sets R(¢) C H'(2) and S(e) C
L>=((0,00), L*(Q)) such that if u(0) = ug € R(e¢) and f € S(e), then there exists a strong
solution u(t) that remains in H'(§2) for all ¢ > 0. The sets R(¢) and S(e) get larger and larger
ase — 0.

Since then, there have been many improvements on the estimates of the size of these sets
R(e) and S(e€) under various boundary conditions(see [2], [6], [13], [7], [8], [9], [10], [17]
and the references therein). Roughly, under various boundary conditions except the periodic
boundary condition, it has been shown that if

Indeed, we can take

uollzrr < Ce™/2 and || f]| poo((0.00).02) < Ce /2 (1.4)

for some constant C' = C(v), then the corresponding global strong solution exists(see [2],
[17]). We note that the above condition can cover very large initial data and forcing functions
if € > 0 is small enough. However, under the periodic boundary condition, it is not known
whether (1.4) implies the existence of global strong solutions. Under the periodic boundary
condition, it is shown in [11] that, when f = 0, the existence of the global strong solution is
guaranteed under the condition

luoll g < Ce/?|log ]2,
and in [7] under the following condition
|(Mug)sl| < Cve?, M f| o0 pein2) < Cr7e 2,
Vol < Cve™ 2, || £l e o.i12) < Cv2e V2.

Here, M is the average operator with respect to the thin direction. We note that the first two
conditions in the above are not so restrictive since Mwug and M f are independent of the third
variable and so they are in fact € independent conditions.
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In this paper, we consider the global existence of strong solutions in a thin periodic domains
and improve the result in [7] in a simple way for forcing function f € LP([0,00); L?), 2 <
p < oo. Concretely, we show in a simple way that the global regularity is guaranteed if

Mug)s|| < Cve', |IM |l o002y < Cr2P=D/P/2, (1.5)
(0,00;L2)
[Vuoll < Cve™ 2, || £l o(o,00,12) < Cr PP~ D/Pe1/2 (1.6)

for some 2 < p < co. The above result generalizes the result in [7] to the case p € [2, o0].

This work has been partially done while the first author is visiting the University of Min-
nesota for a sabbatical year and he is grateful to the School of Mathematics for their warm
hospitalities and specially to Prof. G. R. Sell, Vladimir Sverak and Luan Hoang.

2. PRELIMINARY ESTIMATES

From now on, ) is assumed to be a three dimensional thin torus, [0, [1] x [0,l] x [0, €],
0 <e<landly,ly > 0are fixed. Also, Q = (0,11) x (0,l2). We denote

H={ucL*Q)|V u=0, /u:O}
Q

and V = H N WH2(Q). It is well known that || Vu| 2 is an equivalent norm for V due to the
Poincaré inequality. For convenience’s sake, we also denote
- llze = 1-Hlps -lle= 111 W e o.00izac) = I o

the Leray projection on L?(f2) into H by PP, and the Stokes operator by A = P(—A). We
define the bilinear form B(u,v) = P(u - V)v and the trilinear form b(u, v, w) by

b(u,v,w) =< B(u,v),w >= / B(u,v) - wdz.
Q
We now define an orthogonal projection M on L?(Q) by
€
Mu = / u(xy, o, s)ds (2.1)
€Jo

and denote v = Mw and w = (I — M)u for simplicity. We recall that the following Poincaré
inequality holds for w since Mw = 0:

2
€
lwl® < Vel 22)

Lemma 2.1. For w € V with Mw = 0, there exist absolute constants K| and Ko independent
of € such that

wlls < Ki|lw]| 2| Vw2, (2.3)
and
2— —2
V|| 1e < Kae 2 |V20[|7 |Vo]|2/4, 2 <Vg<4 2.4)
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Proof. Since w(-, x3) is average zero on [0, €] for any (x1, z2) € €, there exists a € [0, €] with

w(x1,x2,a) = 0. Then,

x3
/ da:383w2

Then, integrating the above on (2,

1/2
J 1wl < [l o 19uliy., [ deslor
10/3 3/4
< ([ 1l pde) " 15wl

Q(ﬂi‘l,l‘Q) E/d!L‘3|w2,

and applying the Holder and Sobolev inequality to ) in Q, we have

ferae< (o) (fo)"

4/3
< Clul®* (1@l @) + 1VQl 11 )

. 4/3
< ]2 (uw||2+ [ |Vw||w|)
QJo

4/3
< Cllwl® ([lwl]? + [Vl ]

1/2
w[? (-, 23) =

Denoting

Thus, plugging the above into the previous inequality and using (2.2), we obtain (2.3).

1/2
[w[2( 23) < [wl(@) ]l g o IVl o

Next, we show (2.4). Since v is two dimensional and average zero on 2, v satisfies the

following two dimensional Gargliardo-Nirenberg inequality.

19012, ) < CIVRIEE [V0]2, g

Integrating the above with respect to =3, we then have
72

/dl’g/ |Vol? < C’e —g= (/ |V2 |2> HU||2,

which gives (2.4).
We now present estimates for the trilinear form b(-, -, -).

Lemma 2.2. Givenu € V, let v = Mu and w = (I — M)u. We have
[b(w, w3, v3)| < Ce*|[ V||| Aul?,

[b(v,w, Aw)], [b(w, v, Aw)|, [b(w, w, Av)| < Ce'/?||Vul|[| Aul]®

(2.5)

(2.6)
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[b(v, v, Av)| < Ce™ 2| Vug|[| Vol ||| Av, 2.7)
b(w, w, Aw)| < Ce'?||Vw|||| Aw]|?. (2.8)
Here, all C = C (K1, K2)’s are independent of .

Proof. By the Holder inequality, (2.3), and (2.4),

/(w‘V)’LUg"Ug —’/(W‘V)U?)'ws

< wlllwlls|Voslle < O3 [wl* (V||| Vo] /2] Av] >,

|b(w, w3, v3)| =

Further, by (2.2),
|b(w, w3, v3)| < C2 (V||| Aw|| /3| Vo ]|'/3] Av||*/3.

This verifies (2.5). Next, for b(v, w, Aw), we use sequentially integration by parts, and diver-
gence theorem to have

b(v, w, Aw) = — /(v Vw - Aw = /(Vjv -V)w - Vjw+v-V(Vjw)Vw

= /(Vjv -V)w - Vw.
Then, since MVw = 0, applying (2.3) to Vw and using (2.4), and (2.2),
[b(v, w, Aw)| < [[Vol6l| Vwlls|[ V|
< Ce 3|V V3 Av| P3| Vw2 ]| Awl |
< C2 ||Vl Av |2 Vw2 Aw|| V2.
For |b(w, v, Aw)|, again by (2.3), (2.4), and (2.2), we have

[b(w, v, Aw)| < [[Vo|] |
< Ce 2|Vl V3 ) Aw| P2 w2 w2 Awl|

< C 2|Vl Av || P3| Vw73 Aw] |2,

Similarly, by integration by parts and the above estimates

w||3]|Aw

|b(w, w, Av)| < /Vw-Vw-VU

—I—‘/w-VQquU

< O Vol Av|P? || Vw2 ]| Aw]| .
On b(v, v, Av), by the two dimensionality of v and integration by parts,
b(v,v, Av) = b(v,vs, Avs) = /VU - Vg - Vus.
Then, by (2.4),
[b(v, v, Av)| < | Vo[[[ Vo3 < ClIVolle /2| Vs []| Avs]|.
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Finally, by integration by parts, (2.3), and (2.2),
b(w, w, Aw)| = ’/Vw SV - Vw‘ < C|Vuw|*?||Aw|*? < Ce?||Vwl||| Aw||?.
0

3. REGULARITY

In this section, we give our regularity result and its proof. We first reformulate (1.1-1.2) in
the standard nonlinear evolutionary equation on the Hilbert space V,

up + vAu + B(u,u) = Pf. (3.1
We shall consider solutions of (3.1) with the initial data ug and f = f(¢) in the class
up €V, f(t) € LP([0,00), H), p > 2. (3.2)
Theorem 3.1. For any € < 1, there exists a globally regular solution v of (3.1) if
2
2 —(2p—2 2 vt 1
IVuol|* + v~ =2/ £12 5, < YTohi (3.3)
2
2 —(2p—2 2 v
[(Muo)s||* + v~ =220 f|2 , < Toh (3.4)

for some C > (0 independent of e.

Proof. We shall write differential inequalities for || Vu/|| and ||vs]| at the same time and derive
an estimate for the suitable sum of them. Since

/B(u, u)gvsdr = /u - Vwsvy = /w - Vwsvs,

taking the scalar product of (3.1) with v3 and using (2.5), we have
Dol + 209051 < 20 71 | + 262 Au] (5
While, using (2.6)-(2.8) and the orthogonality of v and w,
| < B(u,u), Au > | =| < B(v,v), Av > + < B(w,w), Aw >
+ < B(v,w), Aw > 4+ < B(w,v), Aw > + < B(w,w), Av > |
< Ce 2|V [[|Vus]|[|Aul| + Ce'/? || Vu||| Aul|?.

Taking the scalar product of (3.1) with Au and using the above estimate and the Young inequal-
ity, we obtain

d
£\|Vu||2+2y||AuH2 < 2’/fAu + ’/B(u,u)Au
2 \V/ 2
v €

€
+C— |Vl | Aul[* + C(IVul)Aul®. (3.6)
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Now, we divide (3.5) by € and multiply (3.6) by € and add them to have

d 2 Vos||?
7(6”VUH2+ HU3H )—1—1/e||Au||2+1/H U3H
dt € €

el f1I? €
eI (0 wult + cer2yupau?
2
- EIIMfH [[vs]]- 7

By the Young inequality and the Poincaré inequality for v,

1
Ce'?||Vul| < Sv+C=||VulP,

C M fH v
*HMfH losll < =M £ [[Vus]| < CT=—+ o[ Vus*
Thus, denoting G? = €||Vul|? + ”v%”, (3.7) becomes
4o 2, vIVus|? 2 ||f||2
— - —— — M h.
e A F T ek e R e
By the Poincaré inequality, we arrive at
d o 2, C 2
— - — = < Ch.
dtG + 4)\1G (4 VG' Je||Aul|* < C

Here, A1 is the first eigenvalue of A. Now, we apply the Gronwall lemma to the above inequality
with typical smallness argument. That is, let G(0) < % initially and suppose that G (¢)? > %

for some ¢ > 0. Then there would be the first time t = 7" such that G(T") = % However, for
0<t<T,
d
—G? >\ G? < Ch.
dt +

Then, applying the Gronwall lemma to the above inequality, we would have

T
G(T)? < G(0)>+C / he? M=)/
0
p—2

T P
S<N®2+Cwmmm</ &MmSﬂmwzv
0

A(p — 2)\ P2/
< GOP +Clhl (@m))

||f||

< G(0)? + Cv P72/ |nyH2+c

Lp/2
< G(0)* + CV_(QP_Q)/p(E_lllellp,z + €HfH2,z)-
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Note that the above estimate holds true even for p = oco. Redefining C if necessary, this

leads a contraction with (3.3-3.4). Therefore, G2 < % for all £ > 0 and u becomes globally
regular. g

Clearly, the condition (3.3-3.4) is in particular satisfied by (1.5-1.6). The condition (3.3-
3.4) is in a sense a condition of smallness of the initial data and external force. However, this
condition allows for initial data with large H' norm when e is small enough.
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