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L? Decay for Navier-Stokes Flows in Unbounded Domains, with
Application to Fxterior Stationary Flows

WOLFGANG BORCHERS & TETSURO MIYAKAWA
(- R v XE) (R xUB)
QLI 3:

1. Introduction

The motion of a viscous incompressible fluid filling a domain D C R" is governed by

the Navier-Stokes initial value problem:

du
tu-Vu=Au-Vp+f (z€D,t>0),

ot
V-u=0 (z € D,t >0), (NS)

u|5:0 y u|t=o=a

for unknown velocity u = (u;)7_; and pressure p. Here S is the boundary of D, z =
(z1,-+,2,) 1is a point of R* a and f denote, respectively, given initial velocity and
external force ; and u- Vu = T u;0;u;, V- u =3, 0;u;, Vp = (0;p)}-,, 0; = 0/0z,. The
fluid density and the kinematic viscosity are normalized to be one. It is known [16] that
problem (NS) possesses at least one weak solution for an arbitrary initial velocity a in L?.
Uniqueness of weak solutions is proved by now only when n = 2.

This paper studies the existence problem of a weak solution, in an arbitrary unbounded
domain, which goes to zero in L?, as t — oo, with explicit rates. The L? decay problem for
Navier-Stokes flows was first raised by LERAY [14] in case D = R3. The first (affirmative)
answer was given by KATo [13] in case D = R™, n = 3,4, through his study of strong
solutions in general L? spaces. A different approach was then given by SCHONBEK [20]
which is based on the Fourier decomposition for the fluid velocity u ; see also [12,21,23].
The idea of SCHONBEK was then applied by the present authors [2,3] to the case where D
is a halfspace of R*, n > 2, or an exterior domain of R*, n > 3. In this paper we first
show, in Sections 2 and 3, that the method developed in [2,3,12] can be modified so that
it applies to the case of an arbitrary unbounded domain in R®, n < 4. The arguments
developed in Sections 2 and 3 are then applied in Section 4 to the stability problem for
exterior stationary flows in three-dimensions.

To state our main results, we use the standard notation : Cg°, (D) denotes the set of
smooth and compactly supported solenoidal vector fields on D. We denote by H (resp. V)
the L?- (resp. H'-) closure of Cg° (D). The following orthogonal decomposition

(LXD)"=He H*, H*={Vpe(L*(D)"; pe Li (D)},
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is well known [22, Chap.I]. We denote by P the associated orthogonal projector onto
H. To the bilinear form (Vu, Vv) defined on V x V, we associate a (unique) positive
and self-adjoint operator A in H such that D(AY?) = V and ||AY?u||; = ||Vul|2, where
|1, (1 <r < oo) is the usual L"-norm. By V we denote the completion of Cso (D)
in the norm ||V - ||z, and by V* its dual space. For simplicity in notation we assume that
f = Pf, using the above orthogonal decomposition. Then the function

’ t
u(t) = e~ta + / e=(=94 £(5)ds
4]

with a € H and f € L ([0, 00); H) solves the nonstationary Stokes system

?—U-—szf—Vq (z € D,t>0)

at
V-v=0 (z € D,t > 0) (S)

vls =0 ; vl =a

with an appropriate scalar distribution ¢ ; so the problem (NS) is formally transformed
into the integral equation :

u(t) = e~ 4a+ [ IR [(s) = Plu- V)u(s)]ds. (1

Given a and f as above, a weakly continuous function wu : [0,00) — H is called a weak
solution of (NS) (or equivalently of (I)) if it belongs to L>(0,T; H) N L?(0,T;V) for all
T > 0, and satisfies u(0) = a and

(), #0) + [ (T V) + (- Vi, ) dr = (u(s), 6(s)) + [ [0, 8) + (£, 9)ldr (W)

for allt > s >0, and all ¢ € C([0,00); V)N C*([0,0); H), where (-,-) is the standard L3-
inner product and ¢' = 9¢/dt. The existence of a weak solution corresponding to arbitrary
a and f is well known ; see, e.g., [16]. All the weak solutions obtained so far satisfy the
energy inequality

)13 +2 [ IVulds < llalld +2 [ (f,w)ds

for all ¢ > 0, and the equality sign holds in case n = 2. In Section 4 we shall deal with a
more stringent form of the above energy inequality. Our main results are the following

Theorem 1.1. Let n = 3,4, and let D be an arbitrary n-dimensional unbounded
domain for which the Poincaré inequality for functions in C§°(D) does not hold. Ifa € H,
if f€ L}.([0,00); H) N LY(0, 00; H) N LY(0,00; V*), and if

|t @lldt < +oo,

then there 1s a weak solution u of (NS) such that, as t — oo,
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® @l — 0.
(i) If |[le~*al|ls = O(t™*) for some o > 0, then,

| o) if a<1/2
Il ={ iy o5 1a

where 0 < & < 1/2 is arbitrary in case n =3, and e =0 in case n = 4.

Theorem 1.2. Let D C R? be an arbitrary unbounded domain for which the Poincaré
inequality does not hold. Given a € H and f as in Theorem 1.1, there is a unique weak

solution u such that, ast — oo,

©) @] — 0.

(i) If ||le~*4all, = O(t™®) for some a > 0, then
”U(t)HZ = O((]Qg(t + 6))—171/2)

for all integers m > 1. .
(iii) If in addition ||ally and [°|f]|ads are small enough and f € L*(0, o0; V*), then

t™) i a<1/2
(=) if a>1/2,

ol = { o

where € > 0 1s arbitrary.

(iv) If a € R(A®) for some 0 < a < 1/2, then assertion (iii) holds irrespective of the
size of |lallz and f5 || fll2ds.

When D is the entire space R" or the halfspace R}, n > 2, and f = 0, it is known
[2,12,21,23] that there exists a weak solution u satisfying k

O(t=%) for a < (n+2)/4
O 1) for a3 (n+2)/4,

ool = {

provided that ||e™*4all; = O(t™) for some o > 0. When n > 3, f = 0, and D is an
exterior domain with smooth boundary, we have recently proved in [3] the existence of a

weak solution u such that, under the assumption |[e~*a|, = O(¢7*),

_Jo@) i a<n/4
L

All these results were deduced by essential use of various properties of the operator A in
general L spaces. In our present case, however, the class of domains D is so large that
we cannot appeal to L-theories. So we restrict ourselves to the case of space dimensions
n < 4 and deduce our results by applying only L?-theory of the operator A. We note that
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Theorem 1.2 partially extends our previous result in [3] to the case of two-dimensional
exterior domains (with nonsmooth boundaries). ‘

We prove Theorem 1.1 in Section 2, using a specific approximation scheme. Since the
uniqueness of weak solutions remains open in case n > 3, we first consider in Section 2
the decay problem for general weak solutions satisfying the energy inequality and show
that the time-average ¢! f; ||ull2ds of any such weak solution u decays in the same way
as stated in Theorem 1.1 ; see Theorem 2.1. It turns out that Theorem 1.1 immediately
follows from Theorem 2.1. 7

Our proofs of Theorems 1.1 and 2.1 systematically use the weak version of the Holder
and Young inequalities, thereby avoiding a direct application of the spectral measure as-
sociated to the self-adjoint operator A. However, this approach does not work in two-
dimensional case. So, we give in Section 3 a detailed proof of Theorem 1.2 which uses the
spectral decomposition for A. This approach was first suggested by SCHONBEK [20] and
then systematically studied by [2,3,12]. Tt is also possible to prove Theorem 1.1 by using
the spectral decomposition. But, we do not employ this approach, since our argument
in Section 2 provides not only Theorem 2.1, which is difficult to obtain by applying the
spectral decomposition, but also a stability result given in Section 4, which directly deals
with a non-self-adjoint linearized operator instead of the self-adjoint operator A.

In both of Theorems 1.1 and 1.2, it is in general difficult to completely characterize
the class of functions a € H satisfying the condition ||e™*4all, = O(¢~*). In Section 3 we
show that this condition holds for a in some L” spaces. This result is deduced from the fact
that the range R(A®) of the fractional power A® remains invariant under the Navier-Stokes
flow if & > 0 satisfies an appropriate condition depending on the space dimension ; and
this invariance property not only enables us to prove assertion (iv) of Theorem 1.2, but
also implies the following

Corollary 1.3. (i) If n = 2 and a € H N(L"(D))? for some 1 < r < 2, then the
corresponding weak solution u satisfies

lu(t)]]2 = O~/ =1y

provided that f satisfies the assumption in Theorem 1.2 (iii).
(i) If n = 3 and a € H N (L7(D))® for some 6/5 < r < 3/2, then there is a weak

solution u with u(0) = a such that

lu(lo = 0@~ 1212,

(iii) If n = 4 and a € H N (L*3(D))*, there is a weak solution u with u(0) = a such
that
lu()ll: = 0(~/2).
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The problem of L? decay for Navier-Stokes flows is closely connected with the notion
of energy stability in viscous fluid motions (see [6]). Indeed, Theorems 1.1 and 1.2 assert in
particular that the trivial steady state : u = 0 is globally asymptotically stable in this sense
in arbitrary unbounded domains. In Section 4 we apply the method of proof of Theorems
1.1 and 1.2 to the stability problem for exterior stationary flows in three-dimensions. We
prove that an exterior stationary flow is globally asymptotically stable in energy sense
provided that the associated Reynolds number is small enough. See Theorem 4.2. This
result improves and supplements the known results as given for instance in [6,8,9,10,15]. A
novel feature of our result is that we deal with global L?-norms of disturbances and deduce
their explicit decay rates. However, we believe that our result in this section is not the
optimal one. ,

We thank Professors J. G. HEYwooD and A. MATSUMURA for their interest in L?

decay problem. Parts of our results are announced in [24].

2. Proof of Theorem 1.1
First we deal with general weak solutions satisfying the energy inequality :
¢ t
@)1 +2 [ I19ullds < llali +2 [ (7, w)ds (E)

for all £ > 0. The following result can be regarded as a refinement of the decay result of
Masupa [16].

Theorem 2.1. Let the assumptions in Theorem 1.1 be satisfied. If u 1s any weak
solution satisfying the energy inequality (E), then, ast — oo,

(i)
t+1
ﬁ l[ul|2ds — 0.

(i) If |le"*4ally = O(t™*) for some a > 0, then,

1 gt ot ) i a<1/2;
- ')d =
t/o s { Ot if a>1/2.

where 0 < & < 1/2 is arbitrary in case n =3, and e =0 in case n = 4.
For the proof we prepare three lemmas.

Lemma 2.2. Let L?, = L?(R), 1 < p < oo, denote the Banach space of measurable

functions f on the real line R with norm

1l = sup [ B[ [ |]ds < o0
E JE
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where |E| is the Lebesque measure of a measrable set E.

(i) Iffelr,ge L and 1/p+1/qg=1/r, then fg € L7, and

I fgllrw < C”f”p,wugnq,w

with C > 0 depending only on p and q.

(i) Iffelt, g€ Ld and 1/p+1/qg =1+ 1/r, then the convolution f* g is in L,
and there is a constant C > 0 depending only on p and q so that

17 % gl < Cllllpollgllae-

(iii) If f € L2 and g € L, then fxg € L%, and

w!

1/ * gllew < W fllpwllglls

It is easy to see that L? C L2 with continuous injection. A typical example of L?-

functions that we need is
VP (¢ > 0)
0 (t<0)

| f(t)={

Lemma 2.2 (i) is the weak version of Holder’s inequality, while (ii) and (iit) are the weak
versions of Young’s inequality. Although these inequalities seem to be well known (see [19,
p.32] for (ii)), we give here an elementary proof for the reader’s convenience.

Proof. (i) First observe that f is in L? if and only if
/115, = supt| E(f] > OI'/* < +oo,
where E(|f| > t) = {s € R;|f(s)| > t}, and that
* p *
“f”p,w S ”f”p,w S };_—lnfnp,w
as shown for instance in [7, p. 585]. Applying the classical Young’s inequality :
[fal < ZeIfPr 4 Zemelglel
p q
for any € > 0, we get
E(|fgl > ) C E(|f| > cxe ") U E(|g] > coet!?)
with c¢; and ¢, depending only on p and ¢. Direct calculation thus gives
* T * p - * q
(I9llz0)” < Cr” (Ifll5)" + Co=™ (lll;.0)
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for all € > 0, where C; and C, depend only on p and ¢. The result now follows by taking
the minimum with respect to € > 0.

(i) Fix an arbitrary o > 0 and let

[N U<
K“)‘{o (1F()] > o)

and K,(7) = |f(7)| = K1(7). Then
|f *gl(s) < Ky *|g|(s) + K3 x|g|(s) = L(s) + I2(s). (2.1)
By the definition of the Lebesgue integral,

L) = [T dt [ lo(Dldr < llgllow [ 1B odk,

where By = {r; Ki(s — 7) > t}, so |E < (||f||]’§7w)pt_p, and |E¢] = 0if t > a. Since
p(1—1/q) < 1 by assumption, we obtain, with 1/¢'=1—1/g,

* p/q’ a _ I _ ' " P/q’
I(s) < llgllgw (I1£15.) /0 t27dt = Ca’ 1 \gllgw (1£150)"

with C depending only on p and ¢g. We thus have

— « \PId
[ Bls)ds < Cat1 1B - ligllw (1£115.)"" - (22)
On the other hand, denoting by 1 the indicator function of the set F, we have
/1312(3)(15 = // 1(s)Ka(s — 7)|g(7)|dsdr |
= /[g(7)|d7/lE(s—I—T)I\”g(s)ds = /Ix"g(s)ds/1E(3+T)|g(r)|d7
lgllgul EP=2 [ Ka(s)ds.

IA

Since |E(|f] > t)| < (”f”;’;’w)pt"’, the definition of the Lebesgue integral shows

[Kals)ds = alB(f > )|+ [T 1B(f > 0)lat
< C(Ifl0) o

with C' depending only on p and ¢. Hence

[ Bls)ds < Gt B gll (I1£110)" (2)

Combining (2.1), (2.2) and (2.3) gives
[ 17 alds < Cllaly [ (17150 11+ 077 (1515,0)" 11

7
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Taking the minimum with respect to a > 0 yields
J1F x glds < CUSI ullgllan BT

and this proves (ii).

(iii) Direct calculation gives

/E lf *glds < // 1E(S)|f(s — 7—)| . lg(T)ldeT
= [l [ 1ot DFCe s < ll ol
This proves (iii).

Lemma 2.3. Let f > 0 be a measurable function on R. Suppose there exist constants
M>0,C>0andp>qg>1s0that0< f <M and ‘

[ fds < (|BF + |BP)

E

for all measurable subsets E. Then, there is another constant C' > 0 such that
| fds < c'\Bp=e
E

for all measurable E.

Proof. Since 1—1/p > 1— 1/q, the result is obvious for £ with |E| > 1. So we may
assume |E| < 1. Then, since
[ fds < 201B0,
E

Hoélder’s inequality yields, with § = 1 — ¢/p,
/ fds < Me/ s
E E
1-6 ‘
< M°|Ef [ /E fds] < M°(2C)'°|E|*- e,
which completes the proof.
Lemma 2.4. Let n=3,4. Then for allveV and w € HY(R") with V- w =0,

le* P(w - V)olla < O ([Jwllallolla) ™ (IVwlla|Voll2)*

Proof. Let ¢ € Cgo,(D). Since

Ve~ gllo = |42~ ]l < t7/7||¢|2
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direct calculation gives

[ P(w Vv, )] = |(v,w- Ve ) < |Jullallwlle][ Ve~ ¢ll:
< TP ollllwllall -

The result follows by applying the Sobolev inequality :
171l < CUALT IV A1
Proof of Theorem 2.1. First observe that the energy inequality (E) gives
t t
luIB+2 [ I19ulBds < llallg + [ 151 (1 + l1ull3) ds.
Applying Gronwall’s lemma yields
t [ele] 00
lu@IE +2 [ 1Valids < (lal+ [~ lads) exp ( [ 17llds)

Thus, |Jull; € L* and ||Vu|]} € L'. Now, substituting ¢() = e"*="4y, with ¢ € C52 (D),
into (W) we obtain

(u(t), ) = (4uls), ) = [ Valr), e Mpydr + [ (e p)ar

We apply Lemma 2.4 to estimate the nonlinear term, to get
t ‘
lulle < e *u(s)lla +€ [ (= (I Tull” + 1) dr (24)

when n = 3 ; and

la)l < e us)l+ € [ = )2 (IVulE +1fl-)dr - (23)

when n = 4, with C independent of s > 0. From now on we regard ||u||; and ||Vul|, and
|flly» as defined to be zero for 7 < s. Suppose first that n = 3. Since ||[Vul2?||ulli* €
L% C LA it follows from Lemma 2.2 that the last term of right-hand side of (2.4) belongs
to L + L2 and the norm is bounded by

¢ ([ 1vutgar] "+ [

with C independent of s > 0. For an arbitrary ¢ > 0, we choose s > 0 so that the above

V‘dT

quantity is less than e. Then, by the definition of L2 -norm we get for all ¢t > s,

t+1 t+1
[ Mulladr < [ e us) adr + <.
4 t
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Since |le~*4al|, — 0 because of the injectivity of A, application of the bounded convergence
theorem yields
t+1
limsup [|ull2dT < e
t— o0 t

and this shows (i) in case n = 3. The case n = 4 is similarly treated by using (2.5) instead
of (2.4). To prove (ii), we consider (2.4) and (2.5) with s = 0 and integrate both sides in .
t, to get

1 gt 1/t

—/ llllods < —/ le=*allads + C (178 + ¢71/2) (2.6)

t Jo t Jo

where f = 1/4 when n = 3, and 8 = 1/2 when n = 4. This proves (ii) with n = 4. To
prove (ii) with n = 3, we systematically apply Lemmas 2.2 and 2.3. First observe that

(2.6) shows the result for & < 1/4. When « > 1/4, (2.4) shows that ||u||; is bounded from
above by a function belonging to LY/* + L% + L2. Since ||u||; € L*, Lemma 2.3 implies
that ||ulj, € L%, and so ||u||}/* € L. Thus, by Lemma 2.2 (i), ||ull3*||Vul/3® € L7 with

w)?)

1/p=1/8+3/4. Since 1/2+1/p=1+1/4+ 1/8, Lemma 2.2 (ii) implies
1t —a  =1/g 4 4—1/2
?L llullods < € (t7 + 177 4 ¢71/2)

with 1/¢ = 1/4 4+ 1/8, and this shows the result for o < 1/¢q. When o > 1/q, (2.4) shows
that ||ul|, is bounded from above by a function in LY/*+ L% + L2 ; so ||u||, € L% by Lemma
2.3. Thus, the same argument as above gives

t
[t = 9 PPV ullyds € L,
with 1/r =1/4+1/8 4+ 1/16. Hence
Y ,
?] lullods < € (7 + 717 4 ¢711)
0

and this proves the result for & < 1/r. Repeating these processes eventually proves the
desired result all the way. The proof is complete.

Proof of Theorem 1.1. We first construct approximate solutions of (NS), for n =
3,4, by solving

t
ui(t) = eay — / e~ =4 (P(Ty - V)uy — f) (s)ds, k=1,2,- - (IE)
0

where ap = (I+k7'A) a, fr = (I +k71A)7' f, and Ty = Jy/xTy is the spatial mollification
of the zero-extension 4 of uz. The unique solvability of (IE) in the space C([0,T];V) as
well as the fact that uy solves, in L(0,T; D(A)) N W2(0,T; H), the problem

dux

i + Aug + P(Tr - V)ug = fk, a.e. t>0; ur(0) = a (2.7)

10
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can be shown as in [2,18]. From (2.7) we get, for ¢t > s > 0,
I +2 [ IVl = (9 +2 [ (i) (2.8)
Upon taking s = 0 and using ||ax|| < ||al}2, (2.8) implies |
| uy is bounded in L°(0,T; H) N L*(0,T; V).

Hence we may assume that a subsequence of u; converges weakly-star in L>(0,7"; H)
and weakly in L%(0,7;V). Moreover, a standard argument ([22, Chap.III]) applies to
show that if we define vi(t) = ux(t) for ¢ € (0,7) and vi(t) = 0 otherwise, then the
fractional derivatives D/ vy, defined via the Fourier transform of v (¢) in ¢, remain bounded
in L?(R; H) provided 0 < v < 1/4. We thus conclude that a subsequence, denoted again
uy, converges in L7 ([0,T] x D) to a function u, and it is readily seen (cf. [16]) that the
limit function u is a weak solution of (NS). In view of the convergence mode of u; as
mentioned above, we need only show that u;(¢) decays in L? as indicated in Theorem 1.1
uniformly in k.
Now the energy equality (2.8) implies that

t t
eI +2 [ 19l < fun)E+ [ 1Al (1+ llael3) dr

so that, by Gronwall’s lemma,

eI+ 2 [ 19eliZdr < € (o) B+ [ 1flodr)

where €' = exp ([5° ||f]lzds). Hence [5° ||Vux||3ds is bounded uniformly in % and

st < sl + ([ 1) ]

Integrating this in s gives

t+1 t+1 1/2
o+ 0 < € [ Bl + ([ 151) | (29)
Jt t
and
t t 1/2
la@ll < € [ Nunllads + e [ [ rll () adr]
Jo, 0 (2.10)
< Ct'I/ l|url|2ds + C2,
0
On the other hand, applying Lemma 2.3 to (IE) gives
(Dl < Bl + € (=) (IVlB 4 ) dor 211)

11
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when n =4 ; and
(Dl < e (@)l +C [ (7 = o) (laal*ITurl3 + 1) do - (2.12)

when n = 3. Note that we have used ||Tx||s < ||ui]l2 and ||VTr|ls < ||Vug|l2. Since

lle*ag|l2 < |le~*all2, and since ||ux||s € L™ and ||Vui||3 € L* uniformly in k, we see from
(2.11) and (2.12) that the assertions of Theorem 2.1 hold for wu, uniformly in k. Hence
(2.10) implies that u; have the decay properties listed in Theorem 1.1 uniformly in k. This
completes the proof of Theorem 1.1.

3. Proof of Theorem 1.2

In this section we first prove Theorem 1.2, using the spectral decomposition of the
positive self-adjoint operator A. To prove assertion (iv) of Theorem 1.2, we establish the
invariance of some of the ranges R(A®) of the fractional powers A%. As a byproduct we
obtain Corollary 1.3. The argument below originates from those of [12,21,23] and, as in
Section 2, relies on the following

Lemma 3.1. (i) Let A = [{° AdE)\ be the spectral decomposition of A. If n = 2, we
have the following estimate : forv € V,

IBAP(v - V)olla < CAV2Jollof[Tulla, A > o.

(i) Under the same assumption as in (i), we have
=4 P(v - V)olls < G Pfolll| Vo, ¢ > 0.
Proof. By the definition of P and E) we easily see that, for ¢ € C§%, (D),
(BsP(o-V)0,8)| = |(v,0- VEs)| < [olBIV Exdll
= [llEIIAY2Exgllz < A2l 3Nl

Applying the Sobolev inequality :

£l < ClARIV £1152,

to the last term yields the desired estimate. This proves (i). Assertion (ii) is proved in the
same way as in Lemma 2.4. The proof is complete.

Proof of Theorem 1.2. The standard theory of the two-dimensional Navier-Stokes
equations as given in [16,22] asserts the existence of a unique weak solution u satisfying
the energy equality '

t
0

t
@)1 +2 [ I19alids = llall3 + 2 [ (£, w)ds

12
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for all ¢t > 0. Hence we have
Sl + 2Vl = 20£,) < 2]l (31)
Using the estimate 2||f||2]|ulla < ||f|]2(1 + ||u]|3) and Gronwall’s lemma, we easily see that
@I +2 [ 19ulzds < (el + [ fds)exp ([Nrlds)  (32)

and therefore ||lu|l, € L and ||Vu|]2 € L'. Now, since ||Vull; = ||AY?u|},, using the

estimates
24l =2 [T Adl Bl 2 20 [ dl B3 = 20(full; ~ [1B,ulf)
and [|Eyullz < ||ull2, we see from (3.1) that
d, |
lllla + pllullz < pll Bpullz + 11 £1]2 (33)

for all p > 0. To deal with the right-hand side we substitute ¢(7) = e *"4E 4 o €
C5o (D), into (W) and get :

(Bout), 9) = (Bpe™a,) + [[(Bye™ 41, p)ds — [[(B,e™=94 Pl Tu), p)ds
so that, by duality and Lemma 3.1 (i),
1Bu@)ll < lle*ally + Co7 [ (ullalVollo + [1£115-) ds
Combining this with (3.3) and applying Hélder’s inequality gives
d t 1/2 ,
Sl + llll < O e+ ( [ ulas) "+ pm} il G4

since ||Vull3 € L! by (3.2). We take in (3.4) p = 2/(t + ¢)log(t + ¢) and then multiply
both sides by (log(t + €))? to obtain

%((log(t—{-e) Vllull2) < 2C(t + ¢)log(t + ¢) [[le” *Aa||2+0(1og(t+e)) 2]

+C (log(t + ) (t + €)7!||flla(¢ + ).

Since |le™*all, < ||alla, since ||e~*4al|; — 0 as ¢ — oo because A is injective, and since
Js° 1 f1l2(¢ + €)dt is finite by assumption, we obtain

(Ol < Qog(t + ) [llalls + © [ (s + €)™ og(s + €)= *alads
+C(log(t + €)1 + C(log(f +e)2—0 as t — oo.

13
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The proof of (i) is complete. We next prove (ii). Since ||e~*al|, < C(t+¢)~ by assumption,
the proof of (i) shows :

lut)ll2 < € [(log(t + €))% + (log(t + €))™/?] .

This shows (ii) for m = 1. From this we obtain (see [21,23])

/Ot lull2ds < CAt(log(s + ) tds < C(t +e)(log(t +e))?

so that, as in the proof of (i),

%w%a+mmwasca+aﬁ%u+aW+@w+u%u+m*]

+ (log(t + ) (t + &) | fllalt + e).

Integrating this gives
lu(®)ll2 < Cllog(t + €)™,

This proves (ii) for m = 2. Now suppose (ii) is true for some m > 2. Taking in (3.4)
p=(m+1)/(t+e)log(t +e) and then multiplying by (log(t + e))™** we obtain, since
~Jo(log(s +€))™™ds < O (t + €)(log(t + €)™ ([21,23]),

% ((log(t + 8))m+1”u“2) <C(t+ e)_l(log(t +e))™ [(t +e)™* + (log(t + 6))—(m+1)/2]

+C(log(t + €)™ (t + &) || fll2(t + €).

Hence
”U(t)Hz < C(log(t + e))-(m+1)/2

and this completes the proof of (ii).

We next prove (iii), following [12, pp.142-143]. Inserting ¢(7) = e~(t=TAy ) €
Cso (D), into (W) and applying Lemma 3.1 (ii) gives |

t
lu(®ll2 < lle™all> + C/O (t = )2 (Jlull2ll Vullz + 1]

) ds. (3.5)
Assume first that 0 < o < 1/2 and choose ¢ > 2 so that ga < 1. Since 1+ 1/¢ =
1/2 + (¢ + 2)/2q, the Hardy-Littlewood-Sobolev inequality [19] applied to (3.5) gives

| | (a+2)/2q

t 1/q V ¢
[/ HUHgdS] < Ci(t+ )+ C [/ (el |V ullo) 4+ ds
0 0

2¢/(q+2)
e ds

e [ 11

] (g+2)/2q

14
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Notice that the last term is bounded in ¢ by the assumption f € L?(0, co; f/*) for p=1,2.
Since (g + 2)/2q = 1/2 + 1/q, Holder’s inequality and (3.2) together yield
1/q

t 1/q t
[/0 ||ungds} gcl(t+1)1/q—a+cz[/0 ]|-u|]gds] +Cs

where C} and Cj are constants and Cy = Cs(a, f) is the square root of the right-hand side
of (3.2). Here we assume ||all; and [;° ||f|l2dt are so small as C; < 1/2, to obtain from

the above

t 1/q
[/ ||u||gds} <Ct+Dreqo <o+ 1)t
0

because 1/¢ — o > 0. Inserting this into (3.4) gives

d _ , _ t 1/q
St sllalls < O (e 17+ e 02 [ ulas) ™+ P 4l

< Co((t+ )7+ 20+ DY) 4 |f £

Taking p = m/(t + 1), multiplying by (¢ + 1), and then proceeding as in the proof of (ii)
we obtain ||u(¢)|]2 = O((¢ +1)7*), and this proves (iil) in case a < 1/2. If a > 1/2, then
ga > 1 for all ¢ > 2, and so [;° |le~*4a|4dt < +o0. The foregoing argument thus gives

¢ 1/q ¢ 1/q
[ / nuugds] <Ci+C / ||-u||gds] Y C
0 0

so that [fy||u||ds]'/¢ < C if C; < 1/2. Inserting this into (3.4) and repeating the same
argument as in the case o < 1/2, we obtain

[u(®)ll2 < € ((t+1)7 + (t +1)7H9) .

Since ¢ > 2 was arbitrary, the proof of (iii) is now complete.
To prove (iv), we need only show that the (unique) weak solution u(t) belongs to
R(A*) for all t > 0 provided a € R(A®) ; because it then follows that

e 4u(s)lla = O(=)

for any fixed s > 0 and so the proof of (iii) applies if we choose s > 0 as the initial time so
that ||u(s)||2 and [ ||f]|l2d7 are small enough. To this end we use

Proposition 3.2. Letn=2 and 0 < o < 1/2. Ifv €V, then for all X >0,
A+ A)7*P(v- V)oll: < Clloll*||Vo]l37>
with C depending only on a. Moreover, we have \

A+ A)7 fllz < A1

2a
V=

15
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We continue the proof of Theorem 1.2 (iv), admitting Proposition 3.2 for a moment. k
Let '
ur(t) = A+ A)™u(t) ; arx=(A+4) %
Since a € R(A*) by assumption, ||ay||; is uniformly bounded in A > 0. On the other hand,
inserting ¢(7) = (A + A)~*e=="4y ¢ € C (D), into (W) and applying Proposition 3.2
(1) we obtain :
t ¢
fa@ll < Hoalla+ [ 10+ 4)7Plu- Duls)llads + [ 10+ 4) s
t t
< G+ G [ ulElValBods + [ NFIR A ds
t a
< Ci+C UO ||u||§ds] +Cs.

This shows that u,(t) remains bounded in H for any fixed ¢ > 0. Hence we may assume
that uy(t) — w(t) as A — 0 weakly in H, and therefore, for any ¢ € D(A*),

(u(?), ) = (ualt), (A + 4)*¢) — (w(?), A%¢).
Hence u(t) € R(A*) for all ¢ > 0 and this proves (iv). The proof is complete.
Proof of Proposition 3.2. First we show the estimate
I8ll, < CllA%¢]| (3.6)

for 1/p=1/2—«, and 0 < a < 1/2. This is deduced from the following : (i) The family
{D*;0 < o < 1/2} of the completion D* of D(A?®) in the norm ||A® - ||, forms a complex
interpolation family (see, e.g. [17]) ; (ii) D¥/?> C BMO with continuous injection (see, e.g.
[7, Prop. 3.4]) ; and (iii) [L?, BMOJs = L*/=% 0 < 8 < 1, where the bracket denotes the
complex interpolation (see [11]). Now, estimate (3.6) implies that

[((A+A)"*P(v-V)v,¢)| = |(v-Vu,(A+ A4)7¢)]
< IVollaliollyall(X + A) 74l
< ClVolR vl 14 (A + A) 4]l
< ClVoll el Nl

for &« < 1/2, and

(A + AT P-V)v,9)l = |(v,0- VO +A) )] < 0lEIV O+ 4) 72l
= ClPIEIAT2 (A + A)7g)l: < Cllollal|Vollzll 2,

for o = 1/2. This proves the first assertion. The second assertion is obtained as

I+ )= Fllz < IFIET> IO+ AT2ABR < AR AR

16



by using the estimate - I
IO+ A7 fll < N1
This completes the proof of Proposition 3.2.

‘},,.

Using the estimates :
6l < CllA“H|l
where 1/p=1/2 -20/3,1/4< a <1/2,ifn=3;and p=4, a = 1/2, if n = 4, we can

also prove
Proposition 3.3. Let v € V and w € H'(R") with V- w = 0.
(i) Ifn=3 and 1/4 < o < 1/2, then for all X > 0, |
I+ A) = P(w - V)olls < Clllp* ™|Vl [372) Vol
with C depending only‘on a.
(il) If n =4, then for all X > 0,
I(A + 4)7 2 P(w - V)oll2 < Cl|Vull||Voll,

with C independent of v and w.

(iii) R(A®) is invariant under the Navier-Stokes flow provided either n = 3, 1/4 <
a<1/2;0orn=4, a=1/2.

Finally, Corollary 1.3 is immediately obtained from Theorems 1.1, 1.2 and the following
Corollary 3.4. There holds the inclusion :
HN(L'(D)* C R(A%), a=n(l/r—1/2)/2

where 1 <r<2ifn=2;6/5<r<3/2ifn=3;andr=4/3 1f n=4. More precisely,
to each a € H N (L(D))" there corresponds a unique b € D(A®) such that a = A%b and
16l < Cllal, with C > 0 independent of a. ‘

Proof. We consider only the case n = 2 ; the other cases are treated similarly. The
function ay = (A + A)™*a satisfies

l(ax, @) = (e, (A + A)7%¢)| < [lall [|(A + A)™*¢]|,
< Cllall-l|4*(A + A)7*¢ll2 < Cllall.[|#ll2

for all ¢ € H, where 1/r' = 1 — 1/r. This shows that a), A > 0, is bounded in H ; so a
subsequence converges weakly in H, as A — 0, to a function b € H with ||b]|> < C}a]|,.
But then,

(a,8) = (ar, (A + A)*¢) — (b, A°$)

17
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for all ¢ € D(A®), soa = A%b and b is thus determined uniquely. The proof is complete.

Remark. When n > 3 and D is an exterior domain of R® with smooth boundary, the

L™-theory of the operator A as developed in [3] gives the estimate

18]I, < CllA%4]|,

for1 <r<mn,1<p<ooandl/p=1/r—2a/n. Thisimplies that R(A®%) is invariant under |
the Navier-Stokes flow (with f = 0) provided o < n/4, and that the inclusion relation of
Corollary 3.4 holds for all 1 < r < 2. More generally, the L"-theory implies that

L7 N LI C R(A?)

whenever n’ < ¢ < 00,1 <7 < 00, and 1/r = 1/q+2a/n. Here 1/n' = 1-1/n; L} denotes
the L"-closure of C§%, (D) ; and A, is the operator A regarded as a closed linear operator in
L2. We can further show that the space L” N H is invariant under the Navier-Stokes flow
provided 1 < r < n'. See [3, Sect.4-5] for the details.

4. Energy Stability of Exterior Stationary Flows

This section deals with the problem

0
—E+U'V'U=AU—VP+]C0 (z € D, t>0),

ot
V-v=0 (z €D, t>0), (4.1)
vls=v*; v—=v* (Jz] = 00),

vlt:O = Vo,

in an exterior domain D in R® with smooth boundary S. Here v* = v*(z) is a given smooth
vector field on S ; v™ is a given constant vector ; and fy = fo(z) is a given external force.

Under some assumptions on v*, v™ and fo, FINN [4,5] and BABENKO [1] proved the
existence of a stationary solution w to problem (4.1) satisfying

w—v* € L3(D); Vw € L¥(D) ; Cy=sup|z|-|w(z) —v*°| < +co. (4.2)
D

In this section we study the stability of these stationary solutions with respect to L2
disturbances. Given a stationary solution w and disturbances f and a = vy — w, the
time-evolution of u = v — w is governed by

0
—u+u'Vu=Au—w~Vu—-u'Vw—Vq+f (z € D, t >0),

ot
V-u=0 (z € D, t>0), (P)
uls =0; u—0 (|z] = o0),

Ul¢=0 = a.

18
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The problem (P) is formally transformed into the integral equation :

u(t) = e La — /te"(t"s)l’ (P(u-V)u— f)(s)ds (4.3)

0

where

L=A+B; Bu=Pw-V)u+ Plu-V)w

and {e7'f; ¢ > 0} is the analytic semigroup in H generated by —L. (See [18].)
Given a € H, a weakly continuous function u : [0, 00) — H is called a weak solution

of (P)if u€ L*(0,T; H)N L?(0,T; V) for all T'> 0, u(0) = a, and satisfies

(u(t), () + /: (Y, Vo) + (w- Vut u- Vo + u- Vu, d)] dr (4.4)

t
) + / u, &)dr + / (f, d)dr
for all ¢ > s > 0 and all ¢ € C(][0,00); H) N C°([0, 0); V).

For the existence of weak solutions, we already have the followving result:

Theorem 4.1([18]). Given a € H and f € L}, ([0,00); H), problem (P) possesses a
weak solution u which, moreover, satisfies the energy inequality of the following form :

t t t
(1B +2 [ IVulBdr +2 [ (- Vo,u)dr < u(s) 3 +2 [ (fupdr  (SE)
fors =0, a.e. s >0, and allt > s.
In this section we shall prove

Theorem 4.2. Let Cy < 1/2, a € H, and suppose f satisfies the assumption of
Theorem 1.1. Then any weak solution u of problem (P) satisfying the energy inequality
(SE) has the following decay properties :

i) JJu@®]—=0 as t—oo.

(i) If le™alls = O(™®) for some a > 0, then for an arbitrary ¢ > 0,
lu(®)ll = O ((logt)==1/2) .
(iii) If v>® =0 and |le~tLalls = O(t~%) for some a > 0, then

o)l = { 0(=) if a<1/2

ot="?) if a>1/2

where € > 0 1is arbitrary.

Theorems 4.1 and 4.2 mean that an exterior stationary flow w is globally asymptotically
stable in energy sense provided Cy < 1/2. The enrgy inequality (SE) was first deduced by

19
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LERAY [14] in the case D = R®, w.= 0 and f = 0. Part (i) of Theorem 3.2 is already
proved in [18]. HEywooD [8,9] and GALDI & RIONERO [6, p.41] discuss the decay of local
L?-norms of strong solutions in case Cy < 1/2. Contrary to these \vorké, our Theorem
4.2 deals with global L?-norms of weak solutions satisfying (SE). The decay properties of
strong solutions in other function spaces are discussed in detail by HEywooD [10] and
MasuDpA [15]. For various problems related to the stability of fluid motions, we refer to [6]
and references therein.

We begin the proof of Theorem 4.2 by establishing the following

Lemma 4.3. Let Cy < 1/2, and let L* denote the adjoint operator of L. Then :
(i) {e7™; t >0} and {e7*L" ; t > 0} are contraction semigroups in H.

(i)  |le7*all, —0 as t—oo.

(iii) The estimate

| Bpe ™ P(u- V)ulla < € (012 + 1) Jlull3 |9 w3

holds for allu € V and p > 0, where E, is the spectral measure associated to A.
(iv) Ifv™ =0, then for allu €V andt >0,

le™* P(u- V)ully < Gl Vull3”.

Proof. As shown in [15], we have the estimate

¢+ T, 6)] < 26|Vl | (45)

Since (w - V¢, ¢) = 0, (4.5) implies

(Lo, 8) = (6, L*¢) > (1 - 2C)[| V4|2 . (46)

for all ¢ € D(L) = D(L*) = D(A). Hence, we get (i) if Cy < 1/2. To show (ii), suppose
first that @ € R(L) and hence a = Lb for some b € D(L). Then e~*a = —o/(t) with
v(t) = e~tLb. Since

v"(t) + LY'(¢t) = 0,
we get

@B +201 - 260) [ I9vBdr < [ )E (@.7)

for all t > s > 0. This implies that ||V+'||2 is in L? on the interval [1,c0). Next, from the
Sobolev inequality :

17l < 2911l | (18)
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we see that ||Bv|lz < (J[w||e + C||Vwl|3)||Vv]|2. Direct calculation thus gives

(v, ')

—(v', Av) = (¢', Bv) < [|VV']|2]| Vo2 + CllY||2|[ Vo]l
! 2 1 2
< VY3 +11Voll; + 5!|U'H§ + C|IVell3
so that '
1Vl < ¢ (193 + 1IV')13)
and hence ||v']|; € L? on [1,00). From (4.7) it follows that

(¢ = DIR@IE < [ 1Bds < [~ '1ds < +oo

and we conclude that
lle™**allo = |[v"(£)]l2 — 0

as t — oo. This shows (ii) in case a € R(L). To complete the proof, it suffices to show
that R(L) is dense in H. But this follows from N(L*) = 0 which is a consequence of the
assumption Cy < 1/2. The proof of (ii) is complete.

To show (iii), observe that (4.6) gives
19~ B,dlls < Il B3PI B4IY° < CILL” B, gl 113"
By the definition of L we easily see that
127 Epdllz < [[AEp4]l2 + C ([|wlleo + IV wlls) [V Bl
The Holder and Sobolev inequalities then imply

(e P(u-V)u, E,¢)| = |(u,u- Ve Eg)|
< CllulBIVe™ Byl < € (02 + ) Nl 19 ull5 112
This proves (iii). To show (iv), consider the equation

d .
E:— + e?L'v=0; v(0)=a

in the complexification of the Hilbert space H. The standard argument then gives
(0 + 2Re [ (L%, v)dr = [l
Estimating each term of | ‘
Re(e” L*v,v) = Re(e'* Av, v). + Re(ev, w - Vv) + Re(ev, v - Vw)

by (4.5) and the inequality

I—U—l—z—dm < 4{|Vv))3
plz2 "~ >
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we see that
‘ ¢
lo()I5 + 2 [cos § — 2Co(1 4 2|sin 9[)]/ IV oll3dr < {lv(s)l3-

Hence .
lv@ll> < llall2

provided |6 is small enough. This means that {¢™*/"; ¢ > 0} is a bounded analytic
semigroup in A [19] ; so we have

117~ all> < Ct7Y|all2.
Thus, (4.6) yields
Ve™*"¢

B < CllL e gllalle= 6l < Ot |2

We therefore obtain

(e P(u - V)u, 9)| |(u,u- Ve ¢)|

< Pl ulls g,

‘which proves (iv).

Proof of Theorem 4.2. Since (Lu,u) = ||Vul|2 + (u - Vw, u), (4.6) and the energy
inequality (SE) yield

Ju()I +20-260) [ IVulBdr < Ju@IE +2 [ (Fwar — (@49)

for a.e. s > 0 and allt > s. Thus, if Cy < 1/2, then as in Section 2, we see that ||ul|, € L™,
[[Vul|2 € L. Asin Section 3 we get

lu(®)l3 + g(t, 5) < llu(s)lf3 + A, ) (4.10)

for a.e. s > 0 and all ¢ > s, where

ot,7)=C [ pllulds 5 bty = ( [ plBulBde + [ 1fllada).

and the function p(7) > 0 of 7 > 0 is to be fixed later. Since

g—g = —=Cp(r)|lu(r)|3 < =Cp(r) [llu®)I} + 9(¢,7) - A2, 7)),

assuming the existence of a function F(r) > 0 with F' = CpF, we obtain by Gronwall’s
lemma and (4.10),

FOIIE < POl — [ Fardr
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Letting s — 0, we thus have

t
lu@®IE < POl +CF@™ [ F()IEulidr

t (4.11)
+CF(®) [ F()(1+ )l + 7).
Next, we take in (4.4) ¢(1) = e~ "L Eyy, o € C§(D), and set s = 0, to obtain
t
60, Bl <l [l el + [ B Pl Dl
¢
Hglla [ 1Bre™ " fladr.
Applying Lemma 4.3 and Hoélder’s inequality yields
s 5 1/4 s
1Bru(s) < lle=*“alls + € (A2 4 A1) [(/O ||u|]§d'r> + /0 fllpdr| . (4.12)

We here set p(7) = 2C/(7 + ¢)log(r + ¢) and F = C(log(7 + ¢))?. Assertions (i) and (ii)
follow from (4.11) and (4.12), by repeating the argument in the proof of (i) and (ii) of
Theorem 1.2. ’

We finally prove (iii). As in Section 2, applying Gronwall’s lemma to (4.9) gives

() + 201 = 2C0) [ vuldr < ¢ (futs)lE+ [ 1flldr)

for a.e. s € (0,1). So we get ||ull, € L®, ||Vu||; € L?, and

1/2

e e T AL
< ot [[lulads ++0 [ [ sl )lcs] (+.13)

t
< ot / l[ul|2ds + C=112,
0

On the other hand, taking ¢(r) = e """y o € CZ (D), in (4.4) and then applying
Lemma 4.3 (iv) yields '

lu(lls < e Fus)lls + € [ (7 = )72 (lalBPIValld? + 17l-) do. (414)

The result now follows from (4.13) and (4.14) in the same way as in the proof of Theorem
1.1 (ii). The proof is complete.
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