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EXISTENCE OF TIME-PERIODIC SOLUTIONS TO THE
NAVIER-STOKES EQUATIONS AROUND A MOVING BODY

GIOVANNI P. GALDI AND ANA L. SILVESTRE

We demonstrate the existence of time-periodic motions of an incompressible
Navier-Stokes fluid subject to a time-periodic body force, occupying the
region exterior to a body that performs a periodic rigid motion of same
period.

1. Introduction

Consider a rigid body % moving through an infinitely extended Navier—Stokes
liquid ¥, which is subject to an external force f. If Q is the three-dimensional
region exterior to %, with boundary X, the equations of motion of & with respect
to a frame attached to % and with the origin at the center of mass of % are

ou=vAu—Vp+V —u)-Vu—oxu+f
nQ xR,
V-u=0
a-n u=YV on X xR,

lim u(x,t)=0 forreR;
|x|—o00
see [Galdi 2002]. Here u = u(x,t) is the velocity field of the liquid, v is the
kinematic viscosity coefficient of &, and p = p(x, t) is the pressure field divided
by the (constant) density of &£, and w is the angular velocity of %. The velocity
field associated with the rigid motion of & is

Vi, t)=¢@)+ o) x x,

where ¢ is the velocity of the center of mass of .

The question we address is the following. Assume that B moves periodically
with period T (that is, £ and w are periodic functions of time), and that f is also
periodic with the same period. Then, does the fluid execute a time-periodic motion
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of period T'? Though simple in its formulation and physically significant, this prob-
lem seemingly has been solved only when % is at rest [Maremonti 1991a; 1991b;
Kozono and Nakao 1996; Maremonti and Padula 1996; Salvi 1995; Yamazaki
2000; Galdi and Sohr 2004]. (See also [Morimoto 1971/72] and the references
therein for the case where Q is a bounded domain.) The methods adopted in all
these papers do not extend directly to the case when % undergoes periodic motion;
they basically revolve around the properties of solutions of the linearized problem,
%, obtained by disregarding the nonlinear term « - Vu in equation (1-1);. If the
body is at rest, Py involves only the Stokes operator, A = —P A (where P is the
Helmbholtz projection), and it reduces to the well-known Stokes problem. If & is
in motion, by contrast, ?; involves the linear operator

A+l +wxx) - Vu—wxu.

(In the appropriate function class, we have P((¢ +w x x) - Vu —ow x u) = (£ +
o X x) - Vu —w x u.) Then, especially due to the presence of the unbounded
coefficient w x x, the linearized problem is much more complicated than the Stokes
problem and its functional properties, to date, are not completely understood; see
[Hishida 1999; Galdi 2003; Farwig et al. 2004]. One must therefore resort to other
approaches. Note that exactly the same difficulty arises in the study of the initial-
boundary and boundary value problems associated to (1-1), for whose results and
corresponding methods we refer to [Hishida 1999; Galdi and Silvestre 2002; Galdi
2003; Silvestre 2004] and references therein.

To our knowledge, even for the simpler case when w = 0 and ¢ # 0 no results
are available.

In this paper we show the existence of weak and strong periodic solutions to
problem (1-1) in the case when % moves by an arbitrary time-periodic motion
and f is time-periodic with the same period. We prove these results by means
of the classical Faedo—Galerkin approach suitably coupled with an “invading do-
mains” technique [Ladyzhenskaya 1969; Heywood 1980]. Specifically, in each
bounded domain €; of an increasing sequence of domains covering €, we show
the existence of a periodic solution (u®, p®)). This solution is “weak”, in the
sense of Leray and Hopf, for &, w and f of arbitrary size in a suitable function
class, and for an arbitrary exterior domain Q. Moreover, if Q is of class C? and
the size of &, w and f is appropriately restricted, we prove the existence of more
regular solutions such that du(k)/dt, u®, vu®, p2y® ¢ L*(Qy x [0, T]), and
p(k), Vp(k) € L*(Q x [0, T1). Because the term (& + o X x) - Vu® — ¢ x u®
possesses nice functional properties on each bounded €y [Galdi and Silvestre 2002;
2005; Silvestre 2004], we are able to obtain estimates for u®, uniformly in k, that
allow us to pass to the limit k — oo and to prove that weak (Theorem 3.2) and
strong (Theorem 4.1) periodic solutions to (1-1) exist in the whole of Q. In the
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special case £ = w = 0, our results improve those previously known, in that we
require no regularity on Q (versus the C?-regularity needed in [Maremonti and
Padula 1996]) in the case of weak solutions, and only C>-regularity (versus the
C 3—regularity needed in [Salvi 1995]) in the case of strong solutions.

The uniqueness problem is left open, even for strong solutions. As shown in
[Galdi and Sohr 2004] for the simpler instance ¢ = o = 0, uniqueness is not related
to the local regularity of solutions but, rather, to their asymptotic behavior in space.
The determination of this latter for the case at hand appears to be a challenging
question that will be treated elsewhere.

The paper is organized as follows. After recalling in Section 2 some notation and
preparatory results, in Section 3 we show the existence of weak periodic solution,
while Section 4 is dedicated to the existence of strong periodic solutions.

2. Notation and preparatory results

Let s be a domain of R?. We denote by J(s{) the diameter of s{ and, for R > d(s4),
we set sig = A N Bg and AR = &Q\JR, where Bg = {x e R®: |x| < R}, and the
bar denotes closure.

An exterior domain is the complement of the closure of a bounded domain in
R3.

We shall use standard notation for function spaces [Adams 1975]. For instance,
LI(sd), H™(A) := W™2(d), HY' (sA) := W,"? (sd), etc., denote the usual Lebesgue
and Sobolev spaces on the domain &, with norms || - |4, and || - [I,,,,2,4, respec-
tively.

If G, H are second-order tensor fields and g, & are vector fields on o, we set

(G,H)&i=/Ginija (g,h)&i=/gihi»
s s

whenever the integrals make sense. If there is no danger of confusion, we shall
omit the subscript «.

The trace space on dsi for functions from H™ (s4) is denoted by H™~1/2(a)
and its norm by || - |ln—1/2,04. Classical properties and results related to these
spaces can be found in [Adams 1975; Galdi 1994a]. The following spaces of
solenoidal functions will be needed:

D(A) ={p € C57(A): V- ¢ =0},
H () = completion of @(s4) in the norm || - ||2,
V() = completion of %(s4) in the norm ||V (-)]|>.

The dual space of V(s4) will be denoted by V'(s) with norm | - || 4 and the
duality (F, u)y will indicate the value of F € V'(A) at u € V(). If oA is locally
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Lipschitzian with outward unit normal N, we have
H(‘Sd):{(DELZ(Sﬁ)V(D:OaHd (I)|a&g~N:0},
V(sl) ={® € Hjj,.(A) : VO € L*(sl), V-® =0 and ®jpy = O};

see [Temam 1984; Galdi 1994a]. The orthogonal complement of H (s{) in L2(s4) is
G(sd) = {Vr € L*(sl) : € H}, ()}

The orthogonal projection of L?(s1) onto H(s{) is denoted by P.

If X is a Banach space, we denote by L7(0, T'; X) the space of all measurable
functions from [0, 7] to X, such that fOT ||u(t)||§ dt < oo, and by C([0, T]; X)
the space of continuous function from [0, 7] to X.

Lemma 2.1. Let X, X1, X be Hilbert spaces such that the injection of X into X
is compact and the injection of X into X is continuous. Then the injection of the
space

{v e L*(0,T; Xo) : fl—lt) e L'(0, T; X))).
into L*(0, T; X) is compact.
Proof. See [Temam 1984]. O
The boundary velocity u(x, t) = £(¢) + w(t) x x has a solenoidal extension:

Lemma 2.2. Let Q be an exterior domain of R3, and let &, 0 € H'(0, T). Given
€ > 0, there exists a solenoidal function ii € H' (0, T; W™4(Q)),meN, g €[1, oo],
such that

Nl g 0,7:wma @)y < C(Z, m, )€ a1©,7) + ol gio,7))s
N (@)lm,q < C(Z, T,m, Q) gro,7) + @l gro,ry) forall t €]0,T].

Moreover,

/ v(x,t)-Vulx,t)-v(x, t)dx| < e||Vv(t)||%,

Qr

forallv € C([0,T]; V(Qg)),t €[0, T], R > 6(B), and u is T -periodic if ¢ and »
are T -periodic.

Proof. Using Lemma [Galdi 1994a, 111.6.2], we consider a function 7, € C;° Q)
such that 0 <7, <1, 5, = l if dist(x, £) <e~1/%/2, 5, = 0if dist(x, L) >2e~ /%,
and |V, (x)| < adist(x, X), for all x € Q, with o > 0. The extension is defined by

i(x, 1) = =V x (7 ()& (Ox(+1) mod 3€i + 31x1*0(2))).

Taking into account the properties of the function 7, [Galdi 1994b, Chapter IX], it
is possible to choose a such that # satisfies the desired properties for a given €. [J
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We end this section with some fundamental estimates of suitable three-linear
forms.

Lemma 2.3. Let Q be an exterior domain of R?, and let v € V(Qg) N H*(QR),
we HY(0, T). Then, for any & > 0 there is C = C(Q, ) > 0 such that
(i) (- Vo, PAv)g, <C (IVoliq, +1IVolSg,) +ellPAV3 g, and

(i) ((@x0—wxx-Vo), PAv) g = C (lollgior) + ol o) IVOI5 0, +
e PAVIZ g,

Proof. The inequality in (i) is well known; see [Heywood 1980], for example. The
proof of (ii) is given in [Galdi and Silvestre 2005]. O

3. Existence of periodic weak solutions

Denote by 97 , the class of functions ® that are infinitely differentiable in Q x
[0, T'], of compact support in Q, and satisfying div ®(x, ) =0 in Q x [0, T] and
D (x,0)=d(x, T) in Q. If we formally multiply through both sides of (1-1); by
® € 97, , and integrate by parts over Q x [0, T'], we obtain

(u(T) — u(0), ®(0))
= /T((u, Q) —v(Vu, VO) + ((V —u) - Vu, ®) — (0 x u, ) + (f, D)).
0

Thus, if u is time-periodic of period T, the right-hand side of this equation vanishes.
Conversely, if u is a sufficiently regular field (in space and time) for which the right-
hand side of the relation above vanishes for all ® € %7 p, it follows by standard
arguments that u satisfies (1-1); > for some pressure field p and that u(0) = u(T).
We are thus led to:

Definition 3.1. A vector field u is a periodic weak solution to (1-1) if
() u—i € L?*(0, T; V(Q)), where i is the extension given in Lemma 2.2;
(ii) for all ® € 97,

T
(3-1) /0 ((u, D) —v(Vu, VO)+((V —u)-Vu, ®)— (v xu, ®)+(f, (D)) =0.

Remark. It is easy to show that, if f € L'(0, T; V/(Q)) and &, w € H'(0, T),
every periodic weak solution satisfies

d
d—”t‘ e L'0,T: V'(Qg)) forall R > 6(%),

and so, in particular,

ueC(0,T]; V'(Qr)) forall R > 5(%B).
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In fact, set @ = gy in (3—1), where ¢ € 9(Q) and y € C;°(0, T'). We obtain

/ L), o0 = - / G, p) forall y € CRO.T),
where
Gy(1) =—v(Vu, Vo) +((V —u) - Vu, ) — (0 xu, p) +(f, ).
Using the inequality
lull2.0p < CQR)(IVull2+ llll1,2),
along with the assumption on f, we obtain for a.a. t € [0, T']

|Gy (1) = C(Qg,v)
< (A4l 10,7yl o) I Vi l2.apt VU253 + 117 5 +1F1-1) Il 2.04-

Thus, with the help of Definition 3.1(ii), we find G, (1) = (g(t), ) with g €
L0, T; V'(Qg)) and

d
in the sense of distributions on [0, T']. The desired property is then proved.
The objective of this section is to show:

Theorem 3.2. Let Q be an exterior domain of R3. Let &, w € H(0, T) with
E(0) = &(T), w(0) = w(T), and let f € L*(0, T; V'(Q)) be periodic in time of
period T. Then there exists at least one periodic weak solution to (1-1).

For the proof we use the “invading domains” procedure (see [Heywood 1980],
for instance), in two steps. In the first, using the method of [Prouse 1963], we
show the existence of a periodic weak solution u,, on bounded domains Qp ,
Ry > 0(B), m € N, and establish suitable a priori estimates. In the second step,
we let R,, — oo and show that u,, converges, in a suitable sense, to a periodic
weak solution to (1-1).

Step 1: Construction of approximating periodic weak solutions in Qpg,. LetS =
{R,;, : m € N} be an increasing and unbounded sequence of positive numbers with
Ry > 0(®) and let {Qg : R € ¥} with |z Qr = Q be the corresponding sequence
of bounded domains covering €.

In each Qg, R € &, we shall look for a T-periodic solution ug in the form
ug = v+ u, with & given by Lemma 2.2, and vy (in the appropriate functional
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class) satisfying the identity

d ~
(3_2) E(DRa ¢)QR = —V(VUR, V(/))QR +((V _DR) : VDR: ¢)QR - (DR : Vua ¢)QR

- (ﬁ . VDR, (/’)QR - (C() X OR, (/))QR + <f9 ¢>QR
for all ¢ € W(Qg), and a.a. ¢ € 10, T[, where

(3-3) f=f+vAi—6ii—ia-Vi+V -Vi—oxi.
Under the hypotheses of Theorem 3.2 and with the help of Lemma 2.2, we deduce
that f is periodic of period T, f € L?(0, T; V'(Q)), and that
34 ||f||L2(o,T;V/(QR)) < ||f”L2(O,T;V/(Q))
< CE)IE a1 0,7) + ol gr0,m) + 1 f l220,7:v/(0)-

For each R € ¥, we consider a base {wpg;}ien of V(Qp) orthonormal in H (Qp).
We let k
vRe(x, 1) = D crri (Wi (x),

i=1
where the coefficients cgx = {crk1, - - ., Crik} are required to solve the system of
ordinary differential equations

k k
dCRk‘ .
(3-5) 7} = Z}:Aij(t)CRki + IZ:1 Bijjcrricru +Cji(t), j=1,...,k,
1= l,l=
where
Aij = —v(Vwg;, Vwgj)ay — (@ X wgi, wrj)az + (V- Vwgi, Wrj)ay,
—(wg; - Vit, Wrj)ag — (- Vg;, WRj)Qg»
Bjjj = —(wgi - Vg, WRj)Qg»

Ci= (/. wrj)a-

Following [Prouse 1963], we begin to show the existence of a T-periodic solu-
tion to the system (3-5).
Lemma 3.1. System (3-5) has a solution cgy € H'(0, T), such that cgi(0) =
cri(T).
Proof. For each R € ¥ and each k € N, we choose an initial velocity vopx €
span{u)R1, ey U)Rk} and set CRkj(O) = CORkj = (U)Rj,UORk)QR. Since cf,a) €
H'(0,T) and f € L%(0, T, V'(Q)), the system (3-5) has a unique solution cg; €
HY(0, Tri) for some Try < T. Multiplying (3-5) by cgkj, summing over j, inte-
grating by parts, and recalling that

(3-6) ((VRk —vRk) - VORk, Vri) = (@0 X Rk, Vpi) = (it - VOgg, vri) =0,
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(where we have omit the subscript Qg for simplicity), we see that v gy satisfies the
equation

1d o -
(3-7) anmn% + V|| Vorell3 = (f, vre) — (0rk - Vii, vi).

Using Lemma 2.2 with € = %v, we get

~ 1 2
— (k- Vi, vpe) < 3v[IVorell;
and since

(f,ori)ar < I FIl-1IVoRellz < 3vIIVoRell3 + CO)IFIZ,,

we obtain
d -
(3-8) SRS VI VoRdl < COIFIZ,
Using the Poincaré inequality
C

(3-9) IVwlz = Zlwla,  w e Hy(Qe),
with C a positive, absolute constant, we get

d VCI 2 )

Tlordls + 5 lorelz < C:OIFIZ,-
Consequently,

vCit/R? 2 2 T vCit/RY || F 2
(3-10) " ore ()15 < llvorklls + Ca(v) e I f(D)I7dz
0

for all ¢ € [0, Tgi]. From this inequality it follows that

T
2
(3-11) lore 113 < llvorkll3 + C2(v) / "R ()12 dr
0

for all ¢ € [0, Tgi]. Using the orthogonality properties of {wgy, ..., wgy} we have
lcri ()] = llogk (2) ]2, from which we conclude that Tg, = T.
Let p be such that

s QO @I @R de

(3-12) 1 — ¢—vCiT/R?

and let BZ be the ball of radius p in R¥. In view of (3-10) and (3—12), if |c gk 0=
loorkll2 < o then

lere ()] = llore (T2 < 0,
and thus the map 7 : [E’B’; — B’; such that J (cork) = cri(T) is well defined. By the
same procedure used in [Prouse 1963], we can show that the map J is continuous,
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and therefore has a fixed point; that is, there exists a solution to (3—5) such that
cri(0) = crie(T). u
Here are some useful estimates for the approximating solution in Q.

Lemma 3.2. There exists a positive constant C = C (v, X) such that

T
(3-13) /0 IVork(@)113d7 < C(1F 172072 v7cy F 1E 0T 0.0 F 101500 0.19) -
Moreover, there exists a positive constant C independent of k € N such that
(3-14) lork @)Nl2 < C  forallt €[0,T] and all k € N.

Proof. Since, by Lemma 3.1, vg; is T-periodic, integrating (3—8) over [0, T'] we
find

T T
(3-15) | vom@izar<co 170, ar
0 0
and then we use (3—4). This proves (3—13).
Equation (3—14) is an immediate consequence of (3—11). O

We can now easily show the existence of a periodic weak solution on each Qg,
for R € &¥. Actually, using Lemma 3.2 and well-known procedures (see [Galdi
2000], for example), we prove the existence of a field vz and of a subsequence,
again denoted by {v g }ren, such that

vr € L2(0, T; V(Qg)) NL®(0, T; H(QR)),

vrk — vg weakly in L2(0, T; V(Qg)),

DRk — O strongly in L2(0, T; H(QR)),

vri(t) = vg(t) weakly in L?(Qg), for all # € [0, T].

(3-16)

Recalling that v g (0) = v i (T), for k € N, the last condition in (3—16) implies that
vr(0) = vR(T), namely, that vg is T-periodic. Moreover, in view of (3—16), and
of (3—-13), we find

T
(3-17) /0 IVor(15 0,47 < CUF 20,1 v0y + 1€ 03 0.7 T 01501 0.7))5

with C = C(v, Q) > 0. Finally, coupling (3—16) with classical arguments, we can
prove that, for all R € &, vg satisfies condition (3-2). Using (3—-16); along with
a standard procedure (see [Temam 1984], for instance), we can also show that the
right-hand side of (3-2), with v = vg, defines a continuous (linear) functional on
V(Qg), and that

<dUR

TR ¢>QR for all p € V(Qg) and a.a. t € 10, T,

E(DRa w)QR =
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where

d
% e LY3(0, T; V/(Qp)).

Consequently, from (3-2) we deduce that

dv ~
(3_18) <d_tRa ¢>Q =_U(VDRaV(p)QR+((V_DR)'VDR3 (p)QR_(DR'Vua ¢)QR
R

- (I:i : VURa (/’)QR - (C() X OR - (/’)QR + (fa ¢>QR:
forall 9 € V(Qr) and a.a. t € ]0, T[.

Step 2: Convergence of the sequence {vg + it} rcy to a periodic weak solution to
(1-1). We extend vg by zero outside Q, for R € ¥, and continue to denote the
extension by vg. Clearly, the extended fields satisfy (3—17) and (3—18). We shall
next prove some appropriate estimates for them.

Lemma 3.3. Let Ry > 6(B). There exists a positive constant C depending only on
the data and R such that

T T
| e, dr+ [
0 0

forallR > Ry, R € &.

®r )

dt < C,
dt -

V/(Qg,)

Proof. The estimate on vg is an obvious consequence of (3-9) and of (3—17). Let
¢ be any function in 9(Qg,). From Holder’s inequality, Lemma 2.2, (3-9) and the
Sobolev inequalities

lwlle < ClIlVwll2, llwlzs <CR[Vwla, weV(Qg)
with C a positive, absolute constant, we find

—(Vog, Vo) < [[Vorll2Vell,
(V-Vog, 9) = [IVI3,04 IVorl2llells
< C(Z, T)(Roll 0.1y + Rylloll 0. r) I Vorl21 Ve 2,
—(vg - Vogr, Vo) < lorlsl Vorl2llells < C RollVorl31IVell,
—(vr - Vi, 0) < |IVillz2llorllsllelle
= C(Z, D)< ar0,1) + lollgro,r)IVorll2IVell2,
—(u-Vog, ¢) < [lul3llVorll2liels
= C(E, DU a0,y + lollgio,r)IVorll2Vell2,
—(@ X vgi, 9) < lol oll2llll2 < C(E, T) R§lloll 10,7y Vorll2[ Veoll2.
The lemma follows from these inequalities and from (3—18), (3—17) and (3—4). [J
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Lemma 3.4. There exists a field v and a sequence {v, : p € &' C ¥} such that, for
all Ry > o(%B),

v e L*(0,T; V(Q)NL* 0, T; L*(Qk,))
(3-19) v, = v weakly in L*(0, T; V(Q)),
v, = v Strongly in L%(0, T; L*(Qg,)).

Proof. From the bound (3-17), we deduce that there is a subsequence of {vg},
again denoted by {vg}, and a field v € L?(0, T; V(Q)) for which (3—19), holds.
Fix Ry > J(%) and apply Lemma 2.1 with Xo = H](QRO), X = LQ(QRO) and
X1 = V'(Qg,). There follows the existence of a subsequence, still denoted by
{og}, satisfying conditions (3—19)3;. This latter subsequence may depend on Ry.
However, covering €, with an increasing sequence of bounded domains and using
Cantor diagonalization method, we may select a subsequence {v,} for which the
property (3—19)3 holds for all Ry. The lemma is therefore proved. g

In conclusion to this section, we shall prove that u = v + & is a periodic weak
solution to (1-1). In view of Lemmas 2.2 and 3.4, we have only to show that u
satisfies (3—1). To this end, set u, = v, —u in (3-2), where {v,} is the sequence
of Lemma 3.4. Multiplying both sides of the resulting equation by an arbitrary
w € C'[0, T] such that w(0) = w(T), integrating in time between 0 and T and
recalling that u,(0) = u,(T), we obtain
(3-20)

T
/0 (Up d0) — v (Vi V) + (V= 10) - Vitp, ) — @ x 0, $) + L. )}

with ¢ = ye, for any fixed ¢ € @(Q) and all sufficiently large p. We then pass
to the limit p — oo in this relation and use the convergence properties stated in
(3-19). It is routine to show (see [Galdi 2000], for example) that u satisfies (3—1),
with ® = ¢. However, any ® € 97 , can be approximated, together with its first
derivatives, uniformly pointwise by suitable linear combinations of such a ¢ [Galdi
2000], and so the proof of Theorem 3.2 is completed.

4. Existence of Periodic Strong Solutions

We now show that if € and the data are more regular and if these latter are suffi-
ciently small, then a periodic strong solution exists.

Theorem 4.1. Let Q be an exterior domain of R® of class C?. Let &, w € H'(0, T)
with £(0) = E(T), w(0) = o(T), and f € L>(0, T; L>(Q) N V'(Q)). There is a
positive constant Co = Co(Q, v) such that if

(4-1)

Dy =a | fllr20,7:v@) + 1 flle20,7: 02 + & S a10,7) + 0l 51 0,7)) < Cos
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where a = max{1, 1/ T}, then there exists (u, p) satisfying conditions (i) and (ii)
of Definition 3.1 and the following properties for all R > 6(%):

du

u € C([0, TT; L*(Qg)), T

e L*(0, T; L*(Qgr))

(4-2) Vu e L2(0, T; H'(Q)) N L=, T: L2X(Q)),
VpeL*0,T; L*(Q)).

If, in particular, w(t) = 0, we have, in addition,
du
— e L*(0, T; L*(Q)).
e L0, 75 L*(Q)
In any case, u(0) = u(T) and (u, p) satisfies (1-1); a.e. in Q x [0, T].

In order to construct such a solution we choose the basis functions wg; in (3-5)
as the eigenfunctions of the Stokes problem:

(4-3) PAwgj =—Agjwr; wgj € V(Qg) N H*(Qp).

Clearly, by the same argument of Step 1 of Section 3, we show the existence of a
periodic approximating solution v g to (3-5) that satisfies the estimates of Lemma
3.2. Under the assumptions (4—1), we shall now establish further suitable estimates
on the first and second spatial derivatives of the approximating solutions.

Lemma 4.1. Let condition (4-1) hold. Then

T
(4-4) IVoRK(D)l12,0, + /O ID*0Re(2) 172,47 < C,

with C depending only upon the data.
Proof. Multiplying both sides of (3-5) by Agkjcrij, summing over j and taking
into account (4-3), we deduce

1d
(4-5) EEuVuRkn%anRkn%

= — (- Vogk, PAvogi) + (4 - Voge, PAvgg) + (vrk - Vi, P Avgy)
—(f, PAogi)+(ri-Voge, P Avgi)+((@xvri—oxx-Voge), P Avge),
where all integrals are taken over Qg. Using the Schwarz inequality along with
Lemmas 2.2 and 2.3, we easily obtain from (4-5)

d
(4-6) E||Vka||§+v||PAka||§

< CEQ) (7 + 7y HIVorel3 + IVorel3 + I VorellS) + COI F113,
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where y = || g1(0,7) + @l g1(0,7)- In order to obtain the desired estimate from
this differential inequality, we need an upper bound for the quantity ||Vogg(0)]2.
It is clear that

4-7) IVori(0)ll2 = [IVor (T)]l2.

From (3-15) and the mean value theorem for continuous functions, we deduce the
existence of 7 € [0, T'] such that

1 /7 <
||Vka(t‘)II§=7/O IIVka(r)Ilzdr<L I (@), dr.

0

Hence, from (4-6), we deduce that there exists a positive constant C' = C'(Q, v)
such that D, < C’ implies ||Voge(?)ll2 < C(v, Q, D,) for all t € [t, T]. Taking
into account (4-7), we then get

[Vore(0)]l2 < C(v, Q, Dy)
and again, making suitable assumptions about the smallness of D,, we conclude
(4-8) IVogk(O) |2 < C(v,Q, D,) forallrel0,T].

Having established this, we go back to (4—6) and obtain the uniform estimate

T
4-9) / 1P Aoge ()] a,d7 < Cv, Q, D),
0

and since || D*vgill2,0, < C (1P Avgellz,q + I VORKIl2,04) (see [Heywood 19801,
for example), with C independent of k and R, from (4-9) we infer (4-4),. O

We next provide an estimate for the time derivative of v .

Lemma 4.2. Suppose the assumptions of the Lemma 4.1 hold. There exists a
positive constant C depending on the data and on R such that

T
(4-10) | 1oonoB g, <c.
0

d .
Proof. Multiplying (3-5) by Cikj and summing over j we get

1d 2 )
EEHVURkHz +vllowrell>

= —(0Rk - VORk, Oi0Rk) Qg + (& - VORK, O0RK)Qp + (0 X X - VORK, Oi0RK)Qp

—(@X0RK, 00 RK) 0 — W RK-ViL, B0 RE) Qg — (@ VO RK, 00 R g +(f » OV RK) Qg -
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We have
|(@ X vRE, B0 RK) QR | + (@ X x - VUK, 60 RE) Q|

< C(Z, Dllollgo,r RIGvR 2 VORK 2,
and the remaining terms are estimated as in the previous lemma. O

Using the estimates of Lemmas 4.1 and 4.2, and proceeding as in Step 1 of
Section 3, we show the existence of a T-periodic field vg such that
vg € L0, T; H'(Qr)) NL*(0, T; H*(Qg)),
4-11) d
R eL20.T: L @),

and satisfying, in addition, the estimate

T
(4-12) IVor(®)ll2,0, + /0 ID*0R ()72, d7 < C,

with C independent of R. Furthermore, vy satisfies the equation (3-2). Actu-
ally, by well known arguments, (3-2) and (4—11) imply the existence of a scalar
field pgr € L?(0, T; W'2(Qp)) such that the pair (vg, pg) satisfies the following
equations a.a. in Q x [0, T']:

al)R ~ o~ ~
— =VAvgr+(V—0vg)-Vog—vr-Vu—u-Vogr—wxvg—Vpr+f,

4-13) ot rR+( R)-VOR—0R R R—Vpr+f
V'DRZO.

From (4-13) we can now obtain an estimate on dvg/dt, uniformly in R on any
fixed compact set, for sufficiently large R.

Lemma 4.3. Let the assumptions of Lemma 4.1 hold, and let Ry > 6(%B). The
following estimates hold:

T
/ ”atDR(t)”%,QRO dt <C, forallR> Ry, Re Y,
0

(4-14) .

IVprOI3q,dt < C> forallRe,
0

where C1 depends only on the data and Ry, while C, depends only on the data. If,
in particular, w(t) = 0, we have the stronger estimate

T
(4-15) / lor@)E o, di < C.
0

with C depending only on the data.
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Proof. By the Helmholtz decomposition, we may write
(4-16) f=Pf+Vp, pelLl*0,T;GQ)).

Recalling that for all v € V (Qg)NH?*(Qg) we have, by [Galdi and Silvestre 2005,
Lemma 3(1)],

(E4+wxx)-Vo—wxv) € H(QR),

we find from (4-13) that P = pgr— p satisfies the following Neumann problem

(in the sense of distributions):
APR =V-.-F in QR,
4-17) oP
“R_Fon atoQp,
on

where F = —vg-Vog—ovg-Vii—u-Vogr+v Avg. Formally multiplying both sides
of (4-17); by Pg, integrating by parts over Qp and using (4-17), we deduce

IV PgI3.q, = (F, VPg).

Thus, from the Schwarz inequality, from Lemma 4.1 and from the Sobolev-like
inequality

4-18)  llwlloo.ar < C (IV0l20,+IPAW]20,), w € Hy(Qr)NH?(QR),

(for which see [Galdi 1994a]) with C = C(Q), we deduce that

T
/ IVPr(®)II3.q, dt <C,
0

where C depends only the data. Plugging this information back in (4-13); and
using again Lemma 4.1, (4-16) and (4-18) we show (4—-14).

We next observe that the dependence of the constant C on Ry in (4-14) is due
to the presence of the term w X x-Vog —w xvg in (4-13);. Therefore, if w(t) =0,
for all ¢ € [0, T], the constant C becomes independent of Ry and we obtain the
stronger estimate (4—15). O

The proof of Theorem 4.1 is now achieved as follows. We multiply (4-13) by
® € Y7,, and integrate over Qx [0, T']. We then let, in the resulting equation,
R — o0, along a suitable sequence, and take into account (4—12), Lemma 4.3, and
the embedding H'(0, T; L?(Qg,)) C C([0, T1; L*(Qg,)), for all Ry > 5(%B).
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