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Abstract

Consider the stationary Navier-Stokes flow in 3D exterior domains with zero
velocity at infinity. What is of particular interest is the spatial behavior of the
flow at infinity, especially optimal decay (summability) observed in general and
the asymptotic structure. When the obstacle is translating, the answer is found in
some classic literature by Finn; in fact, the optimal summability is L? with g > 2
and the leading profile is the Oseen fundamental solution. This presentation is
devoted to the other cases developed in the last decade, mainly the case where
the obstacle is at rest, together with several remarks even on the challenging
case where the obstacle is rotating. The optimal summability for those cases is
L3> (weak-L?) and the leading term of small solutions being in this class is the
homogeneous Navier-Stokes flow of degree (—1), which is called the Landau
solution. In any case, the total net force is closely related to the asymptotic
structure of the flow. An insight into the homogeneous Navier-Stokes flow of
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degree (—1), due to Sverék, plays an important role. It would be also worthwhile
finding a class of the external force, as large as possible, which ensures the
asymptotic expansion of the flow at infinity.

1 Introduction

Let Q be an exterior domain in R occupied by a viscous incompressible fluid,
where a compact set R® \ Q is identified with an obstacle (rigid body) and the
boundary 92 of Q is assumed to be sufficiently smooth. Given external force
f = (fi(x), fo(x), f3(x))7, the stationary motion of the fluid is described by
the velocity u = (u;(x), uz(x), u3(x)) " and pressure p = p(x) which obey the
Navier-Stokes system

—Au+Vp+u—n—wxx)-Vu+owxu=f divu=0 nQ (1)
subject to the boundary conditions

U=n+oxx on 052, 2)

u—0 as |x| — oo, 3)

where (2) is the usual no-slip condition in which the flow attains the rigid motion in
the sense of trace, while (3) is understood from the class of solutions, mostly either
pointwise or summability. All vectors are throughout column ones and (-) " denotes
the transpose of vectors or matrices. To understand the Eq. (1) of momentum, one
should start with nonstationary Navier-Stokes system in a time-dependent region
exterior to a moving body and make a suitable change of variables to reduce the
problem to an equivalent one in the reference frame attached to the moving body
(see Galdi [26] for the details). The translational velocity 1 and angular velocity
w are then in general time dependent; however, both are assumed to be constant
vectors, and the flow is assumed to be stationary in the reference frame. The
main issue one would like to address here is the spatial behavior of solutions at
infinity. It turns out that the rate of decay (3) is controlled by the total net force
(momentum flux)

M =M@ o,f)

=/ [T(u,p)—m(u—n—wxy)—(wxy)@u]vday+/f(y)dy
Q2 Q (4)

associated with (1), which is written as the divergence form

—div[T(u,p)—u@ u—n—wxx)—(wxx)Qu] = f,
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where
T(u,p) = Vu+ (Vu)" — pl (5)

is the Cauchy stress tensor, I is the 3 x 3 identity matrix, and v stands for the
outward unit normal to d€2. One has nonzero force M # 0 in general; however,
if in particular u, p, and Vu decay sufficiently fast at infinity, then integrating the
equation above over {x € Q;|x| < p} and letting p — oo yield M = 0. This
simple observation suggests that M is related to the decay structure of the flow. One
may also refer to [47, section 6] in the context of the self-propelled motion of a rigid
body.

In his celebrated paper [61], Leray showed the existence of at least one solution
in the class of finite Dirichlet integral Vu € L?*(Q2) to (1), (2) and (3) (when
n = w = 0) without any smallness condition on the data. The argument relies on
compactness together with a priori estimate arising from structure of the Navier-
Stokes system. Note that this structure is kept for the case n + w X x # 0 as
well. His theorem thus provides even large solutions, most of which would be
unstable. From the viewpoint of stability, solutions of the Leray class do not give
us enough information about the asymptotic behavior at infinity. In fact, the only
thing one knows is u € L°(Q2); however, mathematical analysis developed so far
requires better decay property such as |u(x)| < C|x|™! oru € L>*°(Q) (as well
as smallness) of the stationary flow u to show its stability, where L3 denotes
the weak-L3 space (see [6,7,31,38-40,44,46,49,55,63,65,70], and the references
therein). When 7 = 0, the summability L3 of stationary flows observed in general
is actually optimal unless assuming any specific condition such as symmetry. As
compared with this case, better summability of stationary flows for the case n € R\
{0} mentioned in the next paragraph is helpful in the proof of stability of such flows
(under smallness conditions); indeed, there is no need to analyze the full linearized
operator; in other words, analysis of the Oseen semigroup is enough, while that is
not the case when n = 0 (unless using an interpolation technique due to [76]).

The interest is focused on optimal decay/summability at infinity of the flow
together with its asymptotic structure. This was addressed in a series of papers by
Finn [22-24], in which the rigid body was assumed to be translating with velocity
n € R3\ {0}; however, @ = 0. In this case the essential step is to analyze the
asymptotic behavior of solutions at infinity to the Oseen system

—Au+Vp—n-Vu=f, divu =0, in Q. (©6)

The Oseen fundamental solution possesses anisotropic decay structure with
paraboloidal wake region behind the body. In fact, the flow decays faster outside
wake than inside, and consequently the summability near infinity is better like
u € L1 with ¢ > 2 than the case n = 0. Finn [23], Farwig [15], and Shibata [70]
proved the existence of small Navier-Stokes flow which exhibits the same decay
structure with wake as mentioned above; actually, the leading profile of the flow is
the Oseen fundamental solution, and its coefficient is given by the force M (1,0, f)
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(see (4)), provided f is of bounded support. Such a flow was called physically
reasonable solution by Finn. Furthermore, Babenko [1], Galdi [25], and Farwig
and Sohr [21] showed that any solution of the Leray class without restriction on
the magnitude becomes a physically reasonable solution (see Galdi [28, Theorem
X.8.1]). This is a contrast to the case n = 0; indeed, when the translation of the
body is absent, one has no result on the asymptotic behavior of large solutions
of the Leray class except for Choe and Jin [13], in which some pointwise decay
rates of axisymmetric solutions of that class were deduced. Later on, Galdi and
Silvestre [33], Galdi and Kyed [29], and Kyed [57-59] generalized the results
mentioned above for purely translational regime to the case 1 - @ # 0. In fact,
the presence of translation still implies fine decay/summability at infinity of the
flow past a rotating obstacle except the case where @ € R? \ {0} is orthogonal
to n, and, as a consequence, the leading profile of the Navier-Stokes flow is
described in terms of the linear part, in which a remarkable role of axis of rotation
can be also observed. Such a role was discovered first by Farwig and Hishida
[18, 19] for the flow around a purely rotating obstacle, and it will be explained
later.

This presentation studies the other case where the translation of the body is absent
(n = 0). In this case the existence of solutions, which decay like

lu(x)| < Clx|™", [Vu(x)| < Clx|™>  (Jx| = o0)
or
u e L¥®(Q), Vu e L3>%(Q),

for small external forces was proved by [7,56,69] (w = 0) and by [17,27] (w # 0).
For the case w = 0, Deuring and Galdi [14] clarified that the leading profile was
no longer the Stokes fundamental solution. Indeed, the rate |x|~! of decay yields
the balance between the linear part and nonlinearity since Au ~ u - Vu ~ |x|™3
(formally). This observation would suggest that a sort of nonlinear effect is involved
in the leading term of the flow. Nazarov and Pileckas [68] first derived asymptotic
expansion under smallness conditions, but the leading term was less explicit. It
was explicitly found much later by Korolev and Sverdk [50] (case @ = O0).
When the nonlinearity is balanced with the linear part, it is reasonable to expect
that the self-similar solution would be a candidate of the leading term. Since
the stationary Navier-Stokes system (np = @ = 0) is invariant under the scale
transformation

up(x) = Au(Ax), Pa(x) = A2p(Ax), A >0, (7
a smooth solution {u, p} to

—Au+Vp+u-Vu=0, divu =0 inR*\ {0} 8)
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is called (stationary) self-similar solution if
w(x) = u(x),  pax) =p&).  VA>0VxeR\{0}

or, equivalently,

u(x>=iu(|i—|), p(x)=#p(i), Vre RO\ {0}, ()

x| x|

that is, u and p are homogeneous of degree (—1) and (—2), respectively. Landau [60]
derived its exact form under the assumption of axisymmetry (see (78)), in order to
describe jets from a thin pipe (see also Tian and Xin [75] and Cannone and Karch
[9]). Finally, Sverak [74] has characterized completely the set S of all self-similar
solutions as follows: S is parameterized by vectorial parameter as

S = {{U;,, P be R3} (10)
whose member {Uj, Pp} is symmetric about the axis Rb and satisfies
— AU, + VP, + U, -VU, = b4, divU, =0 in 'D’(R3) (11)

across the origin (see also [2,9]), where § denotes the Dirac measure. In other
words, every self-similar solution must have its own axis of symmetry, and the
set S eventually agrees with the family of solutions computed by Landau. This is
the reason why the self-similar solution is often called the Landau solution. The
proof of Sverdk [74] is closely related to geometric properties of S? (unit sphere).
Based on his profound insight, he and Korolev [50] proved that the leading term
of asymptotic expansion of solutions to (1) with (n,w, f) = (0,0,0) (without
assuming (2)), which decay like |x|~! at infinity, is given by the specific Landau
solution Uy, with label M = M (0, 0, 0) (see (4)), provided lim sup|,|_, o |x|[u(x)]
is small enough, where the error term satisfies the pointwise estimate like |x|~2+*
for ¢ > 0 arbitrarily small (but the smallness of u depends on ¢). The result was
extended to small time-periodic solutions (case n = w = 0) with period 7 > 0
by Kang, Miura, and Tsai [48], where the leading term is the Landau solution
U, with label b = % fOT M, that is, the time average of the force (4). Note
that the Landau solution must be useful to describe the local behavior related to
singularity/regularity as well; indeed, it was proved by Miura and Tsai [64] that the
leading term of point singularity like |x|™' at x = 0 of the Navier-Stokes flow is
also given by a Landau solution provided it is small enough.

Later on, Farwig and Hishida [19] studied the case where the body is purely
rotating with angular velocity @ € R? \ {0} and proved that the leading term of
solutions to (1) (with n = 0, f = 0), which are small in L>*(Q), is another
Landau solution U, with label b = (l‘a‘j—l - M )\Z_I’ whose axis of symmetry is
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parallel to the axis of rotation along which the flow is largely concentrated, where
M = M(0,w,0) (see (4)). The solution enjoys better summability if and only if
o+ M = 0, while so does the solution for the case where the body is at rest if
and only if the full force M vanishes. Thus, one is able to find out the effect of
rotation, which was not clear until the study of [18, 19]. They considered solutions
in L3:°°(Q2) rather than pointwise decay properties, and the error term was estimated
in terms of summability. Their result was then refined by Farwig, Galdi, and Kyed
[16] in the sense that the asymptotic expansion with error term satisfying a pointwise
estimate (as in [50]) was deduced even for solutions of the Leray class with the
energy inequality under appropriate smallness of .

Most part of this presentation is devoted to the case @ = 0, but key points for the
purely rotating case @ € R*\ {0} and the remarkable difference between those cases
are also explained. One specifies a class of the external force f, which ensures the
asymptotic expansion of the Navier-Stokes flow u € L**°(Q) as long as it is small
enough. Since the class of f is rather large, it seems difficult to deduce pointwise
estimates of the error term; instead, it is estimated in terms of summability as in
[19]. Before the analysis of the Navier-Stokes flow, it is also worthwhile showing
the asymptotic expansion of the Stokes flow with general external force as above
(see Theorem 1).

This presentation consists of six sections. After some preliminaries in the next
section, asymptotic structure for the linearized system is studied in sect. 3. At the end
of sect. 3, a few crucial facts which interpret why the axis of rotation is preferred for
the case w € R? \ {0} are mentioned. In sect. 4 the existence theorem (Theorem 2)
for small solutions in L3*°(2) is provided. It is based on the linear theory (see
Theorem 3). The result is due to Kozono and Yamazaki [56], but one carries out
linear analysis in a different way, which can be applied to the other cases n + @ x
x # 0 (see [17,71]). The asymptotic expansion of the Navier-Stokes flow obtained
in Theorem 2 is studied in sect. 5 (see Theorem 4), in which one needs a bit more
decay property of the external force than assumed in Theorem 2. The final section
summarizes what is done and raises several open questions about the related issues.
Although this is a survey article, the complete proof of Theorems 1, 3, and 4 will be
presented.

2 Preliminaries

In this section some function spaces are introduced and notation is fixed. Let B, be
the open ball in R? centered at the origin with radius p > 0. For sufficiently large
p >0, weset Q, = QN B,, where  is the exterior domain under consideration.

Let D be a smooth domain in R?, such as the exterior domain 2, whole space
R?, or a bounded domain. By C{°(D) one denotes the class of smooth functions
with compact support in D. For 1 < g < oo the usual Lebesgue spaces are denoted
by L9(D) with norm || - ||, p. To introduce the Lorentz space (for details, see Bergh
and Lofstrom [3]), given measurable function f on D, set
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mp(t) = |{x € D [f()| > 1} >0,

where | - | stands for the Lebesgue measure. Then m ;(-) is monotonically non-
increasing, right continuous, and measurable. It is well known that f € L9(D),
1 < g < o0, if and only if

/Oo {em ()}’ ? < 00.
0

With this in mind, one denotes by L?"(D) the vector space consisting of all
measurable functions f on D which satisfy

o rdt i
(/ {tmy )1} —) <oo ifl1<r<oo,
0

! (12)

suptmf(l)l/q<oo if r = o0.
t>0

Note that
L?(D) c LY (D) ifro<ry; LP(D)= LY(D),

the latter of which is obvious as mentioned above. Each of finite quantities (12) is a
quasi-norm; however, by the use of the average function, it is possible to introduce
anorm | - |4 p, which is equivalent to that, unless ¢ = 1 (see [3]). Then L9" (D)
equipped with || - [|,-p (I < ¢ < 00,1 < r < o0) is a Banach space, called
the Lorentz space; in particular, L¢°°(D) is well known as the weak-L? space, in
which C$°(D) is not dense. As a typical function in this space, recall that |x|™* €
L3/*%(R3) as long as 0 < a < 3. One also has the weak Holder inequality ([7,
Lemma 2.1]):let 1 < p < 00,1 < g <ooand 1 < r < oo satisfy 1/r =
1/p+1/q,andlet f € LP?°°(D), g € L?*°(D), then fg € L"°°(D) with

I/&llr00.0 = I 1l p.00.0 1€ llg.00.0 13)

where L% (D) = L*®(D).
Letl < g <ooand 1 <r < oo. The Lorentz spaces can be also constructed via
real interpolation

L% (D) = (L'(D),L*(D)) (14)

1—1/q.r°

This together with the reiteration theorem in the interpolation theory ([3, 5.3.1])
implies that

L% (D) = (L™ (D), L"" (D)), (15)
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provided
l<qgo<g<qi<oo, 1/g=0-0)/q0+0/q1, 1=<rygr,r <oc.

Then one knows

1 £ lgr> = CIL Ny p £ 1,1 (16)
for all f € L%"(D) N L4 (D) C L% (D). For fixed f € L7°°(D), the map
g — fg is bounded from L?°°(D) to L"*°(D) by (13), where 1 < p < oo,

1 <g <oo,and1 < r < oo satisfy 1/r = 1/p+1/q. Hence, the interpolation (15)
leads to

”fg”r,s.D =< ”f”p,oo,D”g”q.s,D (17)

for f € LP°°(D) and g € L%°(D), where p,q,r are the same as above and
1 <s < 0. For

l<g<oo, l<r<oo, 1/¢d+1/q=1, 1/r+1/r=1, (18)
the duality relation
Lq,r (D) — Lq/.l‘/ (D)*
holds, in particular, L4 (D) = L4'(D)*. In what follows, the same symbols for
vector and scalar function spaces are adopted as long as there is no confusion. The
abbreviations |- [|; = || [l4.0 and || - |l4.- = || 4.~ are used for the exterior domain

€2 under consideration. ]
One needs the homogeneous Sobolev space. For 1 < ¢ < oo, let H q' (D) be the

completion of C°(D) with respect to the norm ||V (-)||4.p. For D = R? one has
H(RY) = {u e L] (R*): Vu e LI([R*)}/R.
When 1 < ¢ < 3, one may take the canonical representative elements to adopt
713y — * (TR3)- 3
H,(R’) ={ue L™(R); Vue LY (R")},
where 1/q« = 1/q — 1/3, together with the embedding estimate
llg 2 < C IVl

Let

l<go<qg<qgi<oo, 1/g=0-=8)/q0+0/q;, 1=<r <o0, (19)
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and define
1 _ agl agl
Hy,(D) = (H (D). H}, (D)), .

which is independent of the choice of {qo, ¢}, with norm ||V (-)||,p. Note that
CS°(D) is dense in H 4+ (D) unless r = oo. For D = R’ the embedding relations
([s61

Hy,(R) > LR, ullg, e < ClIVully e o0
H (R) = LY®)NCRY).  ulloogr < Cl[Valls 1z,
hold provided 1 < g <3,1/g« =1/g—1/3and 1 <r < o0.
Letl < g <3,1/gx = 1/g—1/3and 1 <r < oo.Let Q2 C R? be the

exterior domain. For every u € LIOC(Q) satisfying Vu € L7 (2), there is a constant
k = k(u) such that u + k € L?"(Q2) with

lu + kllge.r = ClIVullg.r

where C > 0 independent of u (see [7, Theorem 5.9]). By taking the canonical
representative element of u € H ql’,. (£2), one has the characterization ([34, 52, 56])

Al (Q) = {ue L™ (Q); Vu € LY (Q). ulsq = O}, @1
together with
”””q*,r = C||Vu||q,r- (22)

One can also take the canonical representative element of u € 1:131!1(9) >
L*°(2) N C(L2), which goes to zero for |x| — oo and satisfies u|yo = 0 as well as

ulloo < C|[Vull3,1. (23)

For {q,r} satisfying (18), the space H (D) is defined as the dual space of

, (D), and set H (D) = H,, (D). The duality theorem for interpolation
spaces ([3,3.7.1D 1mphes that

H (D) = (' (D). iy (D)) (24)

for q qo, q1, v satisfying (19) with 1 < r < oo. For r = 1, one also defines
(D) 1 < g < oo, as the dual space of the completion of C;°(D) with

respect to the norm ||V (-)||4.00.p, Which is denoted by qu,,oo(D) (g H;,,OO(D)).
Then (24) holds for r = 1 as well (see [3, p.55]). Let ] < g <ocoand 1 <r < oo,
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then there exists a constant C > 0 such that for every f € H Py (D), one can take
F e L97 (D) satisfying

divF=f NFlgro = Clf i)

see [51, Lemma 2.2] and [56, Lemma 2.2].
Let D C R? be a bounded domain. Then

L?"(D) Cc L¥*(D) foralll <q < p <oo, r,5 €[l,00].

Both embeddings
A} ,(D) < L% (D) — H,!(D) (25)
are compact, where 1 < ¢ < coand 1 < r < oo (see [3, 3.14.8]). For the same
{q,r}, one also has
H! (D) = {u e LY (D); Vu € L% (D), ulsp = O},
together with the Poincaré inequality

”u”q.r.D =< C”vu”q,r.D- (26)

Finally, consider the boundary value problem for the equation of continuity
divw= f inD, w=0 ondD,

where D is a bounded domain in R® with Lipschitz boundary dD. Given f being
in a suitable class, say f € L7(D), with compatibility condition [, f = 0,
there are a lot of solutions, some of which were found by many authors (see
Galdi [28, Notes for Chapter III]). Among them a particular solution discovered
by Bogovskii [4] is useful to recover the solenoidal condition in a cutoff procedure
on account of some fine properties of his solution. By the following lemma, the
operator f > his solution w (called the Bogovskii operator) is well defined, and its
properties are summarized. For the proof, see Borchers and Sohr [8], Galdi [28], as
well as Bogovskii [4].

Lemma 1. Let D C R? be a bounded domain with Lipschitz boundary. Then there
is a linear operator B : C§°(D) — C§°(D)? such that, for 1 < g < oo andk >0
integer,

IV ' Bf llg.0 < CIVF fllgp
with some C = C (D, q,k) > 0 and that

divBf = f if /f(x)dx:O,
D
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where the constant C is invariant with respect to dilation of the domain D.
By continuity, B is extended uniquely to a bounded operator from H; (D) to

H;+1(D)3, where Hé‘ (D) is the completion of CS°(D) with respect to the norm
IVE() lg.p. Furthermore, by real interpolation, it is extended uniquely to a bounded
operator from H;r(D) to H(fj'l(D)3, where 1 <r < oo and

Hf,(D) = (H},(D). H},(D))

with qo, q1 and 9 satisfying (19).

3 Asymptotic Structure of the Stokes Flow

Let us start with asymptotic structure of the simplest case, that is, the exterior Stokes
flow without external force

—Au+Vp =0, divu =0, in Q, 27

where nothing is imposed at the boundary d€2. Note that the result below does not
depend on the boundary condition on d€2. Since (27) admits polynomial solutions,
it is reasonable to impose a growth condition, for instance,

u(x) = o(|x|) as |x| — oo,
or u/(1+|x|) e L?(Q) for some g € (1,00), r € [1, 0], (28)

or Vue L9 (Q) for some g € (1,00), r € [1, o0],

to exclude polynomials except constants. Note that the growth condition on the
pressure is not needed here since it is controlled through the Eq. (27) by the velocity
(but that is not the case in Theorem 1 below; see Remark 1). Then the asymptotic
structure is described in terms of the Stokes fundamental solution

E(x): L(LH-F@), Q()C):—

29
AN @9

to be precise (Chang and Finn [11]), for every solution to (27) subject to (28), there
are constants s, € R? and peo € R such that

u(x) = oo + E(x) / T(u. p)vdo + O(x|™).
a0 (30)
P() = poo + O(x) - /m TG, pyvdo + O(|x]™).
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as |x| — oo. For the proof, there are two methods. One is to employ a potential
representation formula (as in, for instance, [18]), and the other is a cutoff technique
for reduction to the whole space problem. This section takes the latter way since it
works for the Navier-Stokes system as well (see sect.5). It will be also clarified
which condition on the external force f ensures that the Stokes fundamental
solution is still the leading profile at infinity for

—Au+Vp=1f divu=0 in Q. 31

For simplicity, let us consider smooth solution to (31) for smooth external force. If
f(x) = O(]x|™®) or f = div F with F(x) = O(|x|™?), it is formally balanced
with the second derivative of E(x) and thus the situation would be delicate (the
equality —A(|x|~"log |x|) = |x| ™3 suggests that one could not expect even the rate
|x|~! of decay for the former case). In order to make this point clear, one needs the
following lemma on asymptotic structure of the volume potentials E % f and Q * f.

Lemma 2. Let f € C*®(R?) and assume that there are constants @ > 3 and C > 0
such that

C 3
|f(x)|§m Vx e R°.

Then
O(|x|=+2=7), 3<oa <4,
VI(E * [)x) =V E) | f(»)dy+ ] O0(x|7>7 log|x]). a = 4,
R O(|x|727), a >4,
O(|x|™t1h), 3<a <4,
(Q % f)(x) = 0(x)- /R} f)dy + 1 O0(x|log|x]), a = 4, (32)

o(|x|7), a >4,
as |x| — oo, where j =0, 1.

Proof. One can split the error term as
A BYs =) =T B (00 dy

= [ EG-n -V E@ dy -VE® [ f0dy

yI=Ixl/2

+ / (VI EYx — y) £ () dy + / (VI E)(x— ) f (y) dy
[x]/2<|y|<2|x| |

yI>2lx|

=L+ L+ I3+ 14
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It is easy to see that

|| + |14] < C|x|7*T27/

and that
dy
|13|§C|x|_"f —
lyl<2lxl [x — y|1H
d .
scf [ e,
ly—x|<3]x| |X = y[*/

One also finds

un<C/|ﬂf T I Wy
|yl<|x

[y]
< L — dy
|X|2+f /y|<|x|/z (1 + [yhe

C |x1/2 s
SMT‘H/(; (l+r) « dr

which concludes (32) for V/(E % f), j = 0,1. The other one Q * f can be
discussed similarly. O

When the external force does not possess pointwise estimate, one needs the
following existence result for the Stokes system in the whole space

—Au+Vp=f divu=0 in R3. (33)

Lemma3. Let 1 < g <ocoand1 <r < oco. Forevery f € H(;}(R3), there is a
unique solution {u, p} € qu, (R?) x L™ (R?) to (33) with

1Vu, P3lgres = CUS Nz o) (34
in the sense that

(Vu, Vo) —(p,div p) = (1. ¢)

holds for all ¢ € C§°(R?), where (-, ) stands for duality pairings. If in particular
q < 3, then

lllgu.rrs = CUS N iy o) 35)
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and the solution {u, p} is unique within the class L1*"(R3) x L9"(R?), where
1/g« =1/q —1/3.

Proof. Suppose {u, p} satisfies (33) with f = 0. One has Vu € S'(R?), which
implies u € S'(R?) by [12, Proposition 1.2.1]. Since the Fourier transform of u is
supported in {0}, the condition Vu € L%"(R?) concludes that u is a constant vector,
which means zero element in qu,r (R?). Then Vp = 0, yielding p = 0in L9 (R?),
which proves the uniqueness. When f = div F with F € C{°(R?), one has a
solution {u, p} = {E * f, O * f}. In terms of the Riesz transform R = (R;), we
have

Vu=—-(R®Rp+RR-F), p=—(R®R):F,

yielding (34). The continuity argument then provides a solution for f € H 7 I(R3).

Finally, by real interpolation, one gets a solution for f € H .+ (R%) with desired
estimate (34), which combined with (20) implies (35). |

From two lemmata above, one obtains the following theorem, in which (37) can
be regarded as asymptotic expansion in terms partly of summability.

Theorem 1. Let f = fy + div F with
FeL'(QNC>®(Q)

for some s € (1,3/2]. Let fy € C°°(2) and assume that there are constants o > 3
and C > 0 such that

C
|f6()€)| S m Vx e Q (36)

For every smooth solution of class u, p, Vu € L. (Q) to (31) subject to (28), there

loc
is a constant uso € R such that
u(x) = oo + E(x)My + vo(x) + v1(x), (37)

for |x| = 3R with
Mo 2/ (T(u,p) + F)vdo +/ Jo(y) dy.
o) Q

‘ O(|x|7o 127y, 3<a <4,
V/vg(x) = 1 O(Ix|7>7/ log|x]), @ = 4, (38)
O(|x|~>77), o> 4,



6 Stationary Navier-Stokes Flow in Exterior Domains and Landau Solutions 313
(j =0,1)as |x| > oo and
vy € L™ (22\ Bsgr), Vv € LY(R2\ Bsr),

where sy € (3/2,3] is defined by 1/s, = 1/s —1/3. Here, R > 0 is taken such that
R3\ Q C Bg. If in particular F = 0, then v, is absent from (37).

Proof. First of all, note that the boundary integral of M, can be understood as
((T'(u, p) + F)v, 1)sq in the sense of normal trace (T(u, p) + F)v € H, *(3Q)
since T'(u, p) + F € L}, () and div (T (u, p) + F) = —fy € L®(Q) C L} (Q).
Let us reduce the problem to the one with vanishing flux at the boundary 0%2.

Without loss one may assume 0 € int (R? \ ©). We introduce the flux carrier

7(x) = ,BV; B = v-udo, (39)
47 |x| 29

for given solution {u, p}. Since

/v-zdazﬂ, divz=0, Az=0 inR3\ {0}, (40)
Q2

the pair {u, p} with & = u — z fulfills also (31) subject to

/ v-udo =0. 41)
k19
By using a cutoff function
0o C
Ve G (Bar:[0.1]). y(x) =1 (X[ =2R). V¥l = & (42)
and the Bogovskii operator B (Lemma 1) in the domain
Ar = {x € R} R <|x| < 3R}, (43)
one sets
v=>0-vy)u+ Blu-Vyl.  0=>10-y)p, (44)

where the Bogovskii term is understood as its zero extension to the whole space R°.
It should be noted that fAR u- Vi dx = 0 follows from (41). Then the pair {v, 0}
obeys

—AV+VO =g+ (1—vy) fo+div((1—y)F), dive=0 inR> (45)
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for some function g € C°(Ag). Here, one does not need any exact form of g
and what is important is structure of the Eq.(45). When either u(x) = o(|x]|) or
u/(1 + |x|) € L%7(Q), it is obvious that v € S’(R?). Under the alternative
assumption Vu € L7 () in (28), one has Vv € S’(R?), which implies v € S’(R?)
([12, Proposition 1.2.1]). Going back to the Eq.(45) yields V8 € S'(R?) and,
therefore, € S’(R?) by the same reasoning. Let

v € HI(R®) — L**(R?), 6, € L*(R?),

be the solution to (33) with the external force div ((1 — W) F) € H 1(R3) obtained
in Lemma 3. We then find

v(x) = [E *{g + (1 =) fo}](x) + vi(x) + Py (x),

(46)
0(x) = [0 * {g + (1 = ¥) fo}] (x) + 61 (x) + Po(x),

with some polynomials P, and Py; however, from (28) it follows that P, must be a
constant vector, which is denoted by u,. Thus, one concludes from Lemma 2 that
u(x) can be represented as

u(x) = u(x) + z(x) = E(x)My + vo(x) + v1(x) + o (Jx| = 3R)
with
Mo= [ g+ (=0 dy,
]R3

where V/vy(x) behaves like the remainder of (32) since V/z(x) = O(|x|7>7/)
(see (39)). Let p > 3R. From

/ (Vz+ (Vo)) Ydo = 14 ydo =0 47
lyl=p P o~ Jyl=p

one can deduce

/B g+ (=P fd()dy = — f div {(T(v.0) + (1 — ) F} dy

13

- _/ (T(u, p) + F)Y do
[yI=p p
= / (T'(u,p) + F)vdo +/ fo(y)dy.
aQ Qp

Letting p — oo leads to

Mo =/m<T<u,p>+F)vdo+/Qj%<y)dy,

which concludes (37). This completes the proof. O
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Remark 1. Because of less information about div F', one cannot say anything about
the polynomial Py in (46) unless assuming the behavior of p at infinity. If in
particular F = 0 so that 6; = 0, then Py must be a constant. In fact, one knows
that both A(E * h) and V(Q * h) belong to L"(R?) for every r € (1, 00) because
sodoes h := g + (1 — ) fo. By going back to (31), one finds that Py is a constant,
which we denote by poo. As a consequence,

0(|x|_"‘+1), 3<a <4,
P(X) = poo + O (x) - My + § O(|x|*log |x]), & = 4, (48)
Oo(|x|73), o >4,

as |x| — oo.
Theorem 1 immediately implies the following corollary.

Corollary 1. In addition to the assumptions of Theorem 1 with s = 3/2, suppose
either u € L*(Q) or Vu € L¥*(2). Then My = 0.

Remark 2. For the Stokes system in n-dimensional exterior domains, either u €
L"0=2(Q) or Vu € L""=D(Q) yields My, = 0 (under suitable assumptions on
the external force).

Consider (31) subject to u[se = 0. Corollary 1 then tells us that the condition
u e H31/2’OO(Q) is an optimal class observed in general even if f = div F with
F € Cy°(R2). The following corollary claims the uniqueness of solutions in this
class.

Corollary 2. Let {u, p} € 1:131/2.00(9) x L3/2%°(Q) be a solution to (27) subject to

ulpgo = 0. Then {u, p} = {0, 0}.

Proof. Theorem 1 with f = 0 can be applied. Since u € L>°°(Q), one has (37)
with s, = 0 as well as v; = 0. One also knows (48) with ps, = 0 (or even more
directly, the same procedure as in the proof of Theorem 1 with use of p € L3/>%°(Q)
leads to the same expansion). As a consequence,

u(x) = O(Ix|™),  {Vu(x), p(x)} = 0(Ix|™?) (49)

as |x| — oo. Let ¢ € C°°([0,00);][0, 1]) satisfy ¢p(t) = 1for0 < ¢t < 1 and
¢() = 0 fort > 2, and set ¢,(x) = ¢(|x|/p) for p > O large enough and
x € R3. Since the local regularity theory for the Stokes boundary value problem
together with a bootstrap argument yields {u, p} € H*(Q2,) x H'(£2,), one can
multiply (27) by ¢,u to obtain
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/ |Vu|2¢pdx+/ (Vu-V¢p)-udx—/ -V, pdx =0. (50)
Q p<|x|<2p p<|x|<2p

Letting p — oo by use of (49) together with |V¢,(x)| < C/p leads to
Jo |Vu|?> dx = 0, so that u = 0 by the boundary condition. Then V p = 0, yielding
p = 0 on account of (49). O

Remark 3. The key is that smallness at infinity in a weak sense implies the
pointwise decay property (49). The argument works even for {u, p} € H qlJ () x
L%7(Q2) provided {q,r} € (1,3) x[1,00] or {g, r} = {3, 1}; thus, the uniqueness of

solutions within that class also holds true.

One turns to the case where the obstacle is purely rotating with angular velocity
. The linearized system (the Stokes system with rotation) is given by

—Au+Vp—(wxx)-Vu+owxu=f divu=0 in Q. (51)

Without loss one may assume @ = aez with a € R \ {0}. Let us introduce
o0
[(x,y) = / O(at) " (G1+ H)(O(at)x — y,1)dt, (52)
0
where
2 o
G(x,t) = (4mr) 2 /4 H(x,t) = / V2G(x,s)ds
t

and
cost —sint 0

O(t) = | sint cost 0
0 0 1

Note that (GI + H)(x,t) is a fundamental solution of the nonstationary Stokes

system and that the fundamental solution (29) of the stationary Stokes system is
represented as

E(x) = /OOO(G]I+ H)(x,1)dt,

which can be compared with (52). By [18,20] the pair {I"(x, y), Q(x — y)} with Q
given by (29) is a fundamental solution to

—Au+Vp—(wxx)-Vu+wxu=f divu=0 in R (53)
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with @ = ae;. The following lemma gives us the asymptotic behavior of I'(x, y);
in particular, (57) plays a crucial role.

Lemmad4. Let w = aez witha € R\ {0}, and let j =0, 1. Then

IVIT(x, )| < Clx|7'™7 for|x| > 2|y, (54)

IV/T(x, )| <Cly[”'™7 for |yl > 2|x]. (55)

/|| - [V/T(x,y)|dy < Cl|x|*/ for x € R3, (56)
yl=<2lx

where V denotes either V, or V,. Set

00 X1X3
@(X) = m 00 X2X3 s
Ti* 00 |x>+x3
then
IT(x,y) = ®)| < Clyllx|> + Cla| ™' x|7> for|x| > 2|yl (57

Proof. A brief sketch will be presented here. Let us take the Taylor formula (with
respect to y)

G(O(at)x — y,t) = G(x,t) + G(x,1)

% + (remainder)

and consider each term multiplied by O(at)". To get (57), the point is rapid decay

due to oscillation
® (cosat
/ ( . ) G(x,t)dt
0 smat

and a part of non-oscillating terms comes to the leading profile ®(x). The term
H(O(at)x — y,t) can be discussed similarly although the computation is more
complicated. The details are found in [18, section 4]. The others (54), (55) and (56)
are much easier (see [18, (2.11)] and [47, (6.23)]). |

I
laf|x|

By the same splitting of the volume potential as in the proof of Lemma 2, one
can make use of Lemma 4 to conclude the following asymptotic expansion. In
the proof, the dominant term is /; for the region |y| < |x|/2, in which (57) is
employed.
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Lemma 5. Let w = ae; witha € R\ {0}. Suppose [ satisfies the same condition
(with @ > 3) as in Lemma 2. Then

) = [ Ty

enjoys
O(|x|7%%?), 3 < <4,
wszy/f@MOEm@+ O(lx|2log |x]). o = 4, (58)
R o(|x|™2), o> 4,

as |x| — oo, where E(x) is the Stokes fundamental solution (29).

By means of harmonic analytic method developed by [20], it is possible to deduce
exactly the same well-posedness for (53) as in Lemma 3, where the constants in (34)
and (35) are independent of a € R \ {0}. It was done by [43, Theorem 2.1], [17,
Proposition 3.2]. By using this together with Lemma 5, one can follow the proof
of Theorem 1 (with a bit more care of the flux carrier, see [47, section 6]) under
the same assumptions on the external force to obtain the asymptotic expansion of
solutions to (51), in which the leading term is given by

w

w
o Tl o9

V(x):= (i . Mo) E(x)
||
where
Mo = /HQ[T(u,p)+u®(w><y)—(w><y)®u+F]vd0y +/Qfo(y)dy~

Since e3 - (e3 X y) = 0, the third term of the boundary integral does not contribute to
the coefficient e3 - My. This was proved under the no-slip condition u|yqo = @ X x by
Farwig and Hishida [18], who deduced not only the leading term but also the second
one although they restricted their consideration to the simple case where f = div F
with F' € C§°(£2). The leading term (59) satisfies
—AV + VII = (83 . M0)€38, divV =0

in D'(R?), where T1(x) = (e3 - My)x3/(47|x|?). But the pair {V, IT} enjoys

— AV + VIl —(wxx)-VV +w xV = (e3- My)esd, divV =0 (60)

as well, since

(e3xx)-VV —e3x V =0. 61)
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Note that (61) holds for all vector fields which are symmetric about Res (x3-axis).
In fact, because such vector fields must be of the form

V = (W(r,x3)cos 0, W(r, x3)sin 0, Vs(r, x3)) "

in cylindrical coordinates r, 8, x3, one finds (e3 X x) - VV = 0gV = e3 x V. As
long as V (x) ~ 1/|x| near the origin, (61) holds also in D’(R?), that is,

(Ve((E3xx)—(esxx)®V,Vp) =0

for all ¢ € C$°(IR?). Hence, the leading term (59) satisfies (60) in D'(R?).

4 Existence of Flows in L3

Consider the problem (1) and (2) with n = @ = 0, that is,

—Au+Vp+u-Vu=f, divu =0 in Q, (62)
u=20 on 092. (63)

Before proceeding to study of asymptotic structure of the Navier-Stokes flow,
one should establish the existence of (small) solutions having optimal asymptotic
behavior at infinity. The existence of solutions decaying like |x|~! was proved by
Finn [23], Galdi and Simader [35], Novotny and Padula [69], and Borchers and
Miyakawa [7]. Indeed, such a pointwise estimate is fine, but one may take another
way by the use of function spaces, so that the proof becomes easier. Among some
function spaces which are able to catch homogeneous functions of degree (—1), the
weak-L> space is probably the simplest one. Actually, Kozono and Yamazaki [56]
succeeded in showing the existence of a unique Navier-Stokes flow in L>*()
whenever the external force is small in a sense. Since the next section studies
the asymptotic structure of solutions in L*% (), one will provide the existence
theorem due to [56].

It was known ([7, 53, 54]) that either u € L3(R) or Vu € L3/?(Q) necessarily
yields M (0,0, f) = 0 (see (4)), although those Lebesgue spaces are invariant
under the scale transformation (7). Hence, one has no chance to find the Navier-
Stokes flow belonging to L3(2) in generic situation. This is a nonlinear counter
part of Corollary 1 (for the Stokes flow) and can be also interpreted by asymptotic
expansion in the next section.

For the Stokes boundary value problem (31) subject to u|3q = 0, one has the
well-posedness in the class u € qu (R2) if and only if

3
( " =) — < g < 3 (= n: space dimension), (64)
n—1 2
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see Borchers and Miyakawa [5], Galdi and Simader [34], and Kozono and Sohr
[51,52]. To be precise, the condition ¢ > 3/2 is necessary for solvability and it is
consistent with Corollary 1, while for uniqueness one needs g < 3; in fact, the proof
of Corollary 2 does not work when u € H; (£2) because the constant 1y, cannot
be excluded in (37). Kozono and Yamazaki [56] clarified that all things for both
Stokes and Navier-Stokes systems work well if replacing L3(2) (resp. L*>/?(Q)) by
L3®(Q) (resp. L¥>%°(Q)) for u (resp. Vu). When n > 4, the L4-theory is enough
to construct (small) Navier-Stokes flow u € L"(2) with Vu € L"/?(Q) because
-5 < 5 < nin this case.

The existence theorem due to [56] now reads as follows.

Theorem 2. There is a constant k > 0 such that for every f € H;éoo(Q) with
Ilf ||I:I37/214oo(9) < k, problem (62) and (63) admits a unique solution
ue Hy,p o (Q) = L*®(Q),  pelLl’>®Q),
(65)
1V, pHls/z00 + llsoo < L f it oy

in the sense that

(Vu, Vo) — (p,div ¢) — (u @ u, Vo) = (f,¢)

holds for all ¢ € C§°(2) (and, therefore, all ¢ € H31.1(S'2)), where (-, -) stands for
duality pairings.

Remark 4. 1t is an open question whether the small solution {u, p} constructed
in Theorem 2 is unique in the class H31/2,oo(9) x L3?%(Q) without assuming
smallness, in other words, whether {u, p} coincides with other large solutions
{v, ¢} in this class. The difficulty seems to stem from unremovable singularity like
1/]x — xo| of the velocity being in L>*° (). If such a singular behavior is ruled
out for large solutions v by assuming additionally v € L3(Q) + L*(2), then the
answer is affirmative (provided ||u| 3,00 is small enough that is accomplished by (65)
when || f|| 57} oo (@) is still smaller). This interesting uniqueness criterion was proved

by Nakatsuka [67] (see also [66]).

Once the following linear theory is established, it is straightforward by using a
simple contraction argument with the aid of (13) to show Theorem 2 (whose proof
may be omitted).

Theorem 3. For every [ € H;/;,oo(Q)’ problem (31) subject to (63) admits a
unique solution

u€ Hy, o (Q) — L*®(Q), p e L¥*®(Q),

(66)
{Vu, p}i3/2.00 + llull3.00 < C||f||1'13—/21.oo(9)’
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in the sense that

(Vu, Vo) —(p,div p) = (1. ¢)

holds for all ¢ € C§°(2) (and, therefore, all ¢ € H31,1(Q)), where (-, -) stands for
duality pairings.

The well-posedness in the class H1 () x L9 () for every f € q’rl (R2) was
established first by Konozo and Yarnazakl [56] when {q, r} satisfies

{g.r} =1{3/2,00}:  {q.r} € (3/2.3) x[l.ocl;  {gq.r} =1{3.1},

which is a generalization of (64) (case ¢ = r). Indeed Theorem 3 is just one of
those cases, but it is the most important case to solve the nonlinear problem. Later
on, Shibata and Yamazaki [71] proved the well-posedness not only in the class above
but in the sum of function spaces

we Hy (Q)+ Hi)p (@), pel?(Q)+ LY>®(Q)
even for the other cases
{Q’r}e(lv:;/z)x[lsoo]y q:3/2andr€[1,00).

This result suggests that Vu and p do not decay faster than |x|~2 in general. In
[71] they discussed the Oseen system (6) as well as the Stokes system to study the
relation between solutions to (1) with n # 0 and n = 0 (i.e., the behavior for the
limit n — 0). The well-posedness in the class above for (51) was proved by Farwig
and Hishida [17] when the obstacle is purely rotating. It was generalized by Heck,
Kim, and Kozono [37] when taking both translation and rotation of the obstacle
into account. As a result, one has Theorem 2 for the Navier-Stokes boundary value
problem (1) and (2) even if w # 0 provided the data (n + @ x x in (2) as well as
f) are small enough; in fact, the case n - @ = 0 is reduced to [17], while the other
case 1) - w # 0 is reduced to [37] by using the Mozzi-Chasles transform ([32], [28,
Chapter VIII]). The pointwise estimate like |u(x)| < C|x|™! for (1) and (2) with
w # 0 was successfully deduced by Galdi [27] and Galdi and Silvestre [32].

For the proof of Theorem 3, a sort of duality argument was employed in [56], but
this way is not taken here; instead, a parametrix is constructed as in [71]. The latter
method was also adopted in [17] and [37] since the argument of [56] does not seem
to work because of lack of homogeneity of the equation with n + w x x # 0. Also,
one cannot use any continuity argument since C;*(£2) is not dense in L3/?%®(Q).
Given f € H; 52, C><)(Q) one intends to construct directly a solution with the use
of solutions in the whole space (Lemma 3) and in a bounded domain (Lemma 6
below).

Let D be a bounded domain in R* with smooth boundary dD, and consider the
boundary value problem
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—Au+Vp=f divu=0 inD, (67)
u=0 ondD. (68)

The following lemma is due to Cattabriga [10], Solonnikov [73], Kozono and Sohr
[51], and Kozono and Yamazaki [56]. In (69) below, the Poincaré inequality (26) is
involved.

Lemma6. Letl <g <ooand1 <r < oo. Forevery f € Hq_rl (D), problem (67)
and (68) admits a solution

ue H, (D), p € L4 (D),

14Vu, u, p = Dlgrp < Cllf | -

.r(D)’

(69)

with p 1= ﬁ [ pdx, in the sense that

(Vu, Vo) —(p,div p) = (1. ¢)

holds for all ¢ € C§°(D), where (-,-) stands for duality pairings. The solution is
unique up to an additive constant for p.

One is in a position to show Theorem 3.

Proof of Theorem 3. Since the uniqueness is already known by Corollary 2, one will
show the existence part. Fix R > 0 so large that R® \ Q C Bg_s. Take functions
¢, ¢1 € C®(R3; [0, 1]) satisfying

1, |x| < R-3,
Oa |x|2R_25

0, |x] <R-5,

) = 1, x| > R—4,

$1(x) =

andset A = {x € R®; R—4 < |x| < R—1}. Given f € I;I;/;VOO(Q), it is easily
seen that

e Hpoo@p: 1 it o = 1 Vi

$1f € Hpoo®),  N61f it @y < Clf Nl

3/2,00 3/2,00

for the latter of which (20), is used. Consider (67) and (68) with f in the bounded
domain D = Qp, and let {ug, po} be the solution obtained in Lemma 6 subject to
fQR podx = 0. Consider also (33) with f replaced by ¢; f, and let {u;, p;} be the
solution obtained in Lemma 3. Set

U f = (1 —¢)u; + duog + B[(ug — up) - Vo,
f:=0-¢)pi + ¢po,

(70)
@

(71)
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where B is the Bogovskii operator (see Lemma 1) in the bounded domain A. Since
fA (u1—up)- Vo dx = 0, one has div ¥ f = 0. Then it follows from (34), (35), (69),
and (21), Lemma 1, and (70) that

(WA TLf) € Hy)p oo (Q) x L¥>°(Q),

(72)
1V LT M sj200 + 19 f N0 = €l f sty
and that (W f, IT /') is a solution to
—AVf+VIIf=f+R/ divV¥ f =0, Vflaa =0 (73)

where

Rf =2V¢-V(ur —up) + (Ag) (w1 —ug) — AB[(uy —uo) - Vo] — (Vo) (p1 — po),

which is in L3/2%°(Qg) — H

3/;,00 (€2g) and satisfies

IR/ Nspcone = ClIF st ey (74)
For every ¢ € C5°(£2), one finds

RV = IR f 372002k 1¥ 131,24

which combined with | ||31,0, = Cl[¥]eo = CIVY |31 (see (23)) implies that
Rf € H3_/;,oo(g2) with

||Rf||H372]00(Q) =< C”RfllS/Z,oo,SZR-
Actually, one has even

||Rf”H3721c>o(Q) =< C”Rf”]l];/zl‘m(QR)' (75)

In fact, with the use of a fixed function ¢ € CJ°(Q2r) with p(x) =1 (x € A), one
observes

((RAVI = HeR LN < IRS N iz

3/2,00

= CIRf iy V¥ 1

(Qr) lovr ||[:131.1(QR)

for every ¥ € Cg°(L2), owing to (23) as well as Rf = 0 outside A. This
implies (75).
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Now it turns out that R : H3/£OO(Q) — H3/;OO(Q) is a compact operator.

In fact, suppose {f;} is a bounded sequence in H3 1. 0o(£2), and then by (74)
the sequence {Rf;} is bounded in L¥%**°(Qpg) and, therefore, converges in

H 3_/2 oo(f2r) alonga subsequence on account of the compact embedding (25). Then

itis also convergent in H; » ) () by virtue of (75).
One next shows that 1 4+ R is injective. Suppose f € H3/2 0o () fulfills (1 +

R)f =0in H3/£ (). 8Since f = -Rf € L3/%%°(Q ) which vanishes outside
A,onehas f = 0in 2\ A. It thus suffices to show that f = 0in A. In view of (72)
and (73), it follows from Corollary 2 that {\W f, I1 f'} = {0, 0}. Hence, by (71) one

observes

{ur, p1} = 10,0}, [x|= R-1; {uo, po} = 10,0}, |x|<R—4
which shows that both {u;, p;} and {ug, po} can be regarded as solutions to

—Av + Vo = divv =0, in Bp; Vg, =0

and belong to H31/2 wo(BR) X L3/2%(Bg). It follows from uniqueness assertion of
Lemma 6 that u; = ug and that p; = py + ¢ for some constant c. One goes back
to (71) to see that 0 = I1f = (1 — ¢)(po + ¢) + ¢ po; however, the side condition
fQR podx = 0yields ¢ = 0, so that p; = p,. After all, one finds {u;, p;} = {0, 0},

yielding f = 0in A. By the Fredholm alternative, 1+ R is bijective, and, therefore,
the pair

u=Y(1+R)"f  p=T1+R)'f

provides the desired solution, which enjoys (66) on account of (72). The proof is
complete. O

5 Asymptotic Structure of the Navier-Stokes Flow

This section is devoted to a precise look at the profile of solutions for |x| — oo
obtained in Theorem 2. In order to make essential points clear, it would be better
to avoid things caused by less local regularity of solutions. In what follows, let us
consider smooth solutions which are of class {u, p} € L3> (Q) x L3/?>°(Q).If the
solution enjoyed slightly faster decay property than described in Theorem 2, such as
u-Vu = O(|x|™%) witha > 3oru®u € L*(2) withs < 3/2, then one could regard
the nonlinear term as the external force and use Theorem 1 to see that the leading
profile would be still the Stokes fundamental solution. But that is not the case here.
As mentioned in sect. 1, the balance between the linear part and nonlinearity implies
that the leading term of asymptotic expansion would be a self-similar solution.
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Given b € R? \ {0}, Landau [60] (see also [9, 75]) found a nontrivial exact
solution to (8), which satisfies axial symmetry about Rb as well as homogeneity (9).
Set x = |x|o, 0 = (01,02,03)" € S? (unit sphere). When b is parallel to e3, the
Landau solution is of the form

2 co3—1 1
Ux)=— o+ es |,
x| L(c —03) c—03

(76)
4(coz3—1)
P(x)= ——"=
|x[*(c — 03)*
with parameter ¢ € (—oo, —1) U (1, 00), and it satisfies
—AU + VP + U -VU = ke3d, divU =0 in D' (R?)
(see (11)), where k is given by
8mc c+1
k=k(c)=————(2+6c>—3c(c*— 1)1 . 77
© 3(62_1)(+c e )Ogc—l) )

This calculation was done by Cannone and Karch [9, Proposition 2.1] (see also
Batchelor [2, p.209]). The function k(-) is monotonically decreasing on each of
intervals (—oo, —1) and (1, co) and fulfills

k(c) >0 (Je] > 00); k(c) > —00 (¢ —>—1); k(c)—> o0 (c—1).

Hence, for every b € R3\ {0} parallel to es, there is a unique ¢ € (—oo, —1)U(1, 0o)
such that k(c)e; = b. Since the Navier-Stokes system (8) is rotationally invariant,
the Landau solution {Uy, Py} for general b € R\ {0} is given by rotation of (76).
Let O € R be an orthogonal matrix that fulfills O% = e3. Then one finds

_ i c(Oo); — 1 1 i
U =1y [{c—((%)s}zajL ¢ = (00); |b|]

_ 4{c(Oo)3 — 1}
P = pie — (0onp

(78)

for x = |x|o, o € S2. Since
—1
[Ublloos2 + 1 Pollocs2 = O(lc]™)
for |c| — oo or, equivalently, || — 0, one observes

1Ub 13,0083 + [ Poll3/2,00 83 — O (b —0). (79
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When b = 0, one may understand {Uy, Py} = {0,0}. As proved by Sverdk [74],
for each b € R3 the Landau solution (78) is the only solution to (11) which is
smooth in R* \ {0} and possesses the homogeneity (9) (however, without assuming
axisymmetry), and the family of Landau solutions covers all of possible self-similar
solutions to (8). This fact as well as the Eq. (11) itself is essential in the proof of
Theorem 4 below, while the exact form (78) is not really needed except for (79).

Given Navier-Stokes flow u € L>°°(Q), the aim is to clarify how a specific
Landau solution is singled out from the set S (see (10)). One also takes care of the
external force, to which less attention has been paid in previous literature except
[48]. Concerning that, the situation is the same as in Theorem 1 for the Stokes
flow, that is, the class f € H;AOO(Q) yields the balance between the Landau
solution and the error term. Thus, one needs slightly more decay property of f.
In this presentation the class of the external force is a bit larger than the one in [48],
for pointwise decay of F is not assumed below.

The main result reads

Theorem 4. Let [ = fy + div F with
F € L¥®(Q) N L¥>®(Q) N C*®(Q) (80)

for some s € (1,3/2). Suppose fo € C(R) satisfies (36) for some o > 3. Let
{u, p} be a smooth solution of class

ue L¥°(Q), pel¥*®Q), Vuel'/**Q) (81)

loc

to (62). Set

M=/ [T(u,p)—u®u+F]vd0+/fo(y)a’y (82)
IQ Q

and
qg = max{3/(ax—1),s} € (1,3/2), g« = max {3/(x —2),s«} € (3/2,3),

where sy € (3/2,3) is defined by 1/s« = 1/s —1/3 (note that 1/q« = 1/q — 1/3).
There is a constant y > 0 such that if

lull3.00 + M| <y, (83)
then
u—Uy € L™ (), {Vu—VUy, p—Py} e L' (), Vre(q,3/2), (&4

where {Uy, Py} € S denotes the Landau solution with label given by (82),
see (10), and r« € (q«,3) is defined by 1/r = 1/r — 1/3.
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Even if F satisfies
F e L’2(Q)NC>®(Q) (85)
in place of (80), the conclusion above still holds true, in which (84) is replaced by
u—Uy € L**(Q\Bsr),  {Vu—=VUy, p— Py} € L*(Q\Bsr),  (86)
where R > 0 is taken large enough.
Proof. Since T(u,p) —u®@u—F € Lfoc(ﬁ) for every ¢t € (1,3/2), the boundary

integral of (82) makes sense by the same reasoning as in Theorem 1. Set § =
[y v - udo. One assumes 0 € int (R3\ ) without loss and uses the flux carrier

z(x) given by (39), which fulfills not only (40) but also z- Vz = V%. So the pair

_ kP
2

U=u—z, p=p
belongs to the class (81) and obeys
—Au+Vp+u-Vi=f—u-Vz—z-Vu, divau =0 in

as well as vanishing flux condition (41). Fix Ry > 0 such that R3 \ Q C Bg,. Let
R € [Ry, o) be the parameter to be determined later. One takes

v=>0=y)u+ Blu-Vyl,  0=(>10-y)p, (87

by using the cutoff function (42) together with the Bogovskii operator B (Lemma 1)
in the domain Ay (see (43)). One then finds

—Av+VO+v-Vv=h, dive =0 in R3 (88)
with
hi=g+0-=vY)fo+divil—yY)(F —zQu—-u®2z)}, g € C5°(Ar),

where the exact form of g is not needed as in the proof of Theorem 1.
One is going to show that

[ e+ a=niioras = m (39)
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(see (82)) and that

cigl

Ivlls 00 = Cllullseo + —2

(90)

Let p > 3R. By taking

2 2
/ (E—Z®Z)Xdo= '825/ ydo =0
lyl=p \ 2 P 32720 Jiyi=p

as well as (47) into account, one finds

B{g+(1—¢)fo}(y)dy
=—/ div{T(,0)—v@v+(1—Y)F —-zQu—u®z)}dy
Bﬁ
=—/ [T(ﬁ,ﬁ)—ﬁ®ﬁ+F—z®u—u®z]zdo
lyl=p p
—— [ rwn-usurF1lao
Iyl=p P

:/ [T(u,p)—u®u+F]Vd0+/ Jo(y)dy.
Q Q2p

Letting p — oo leads to (89). To show (90), set v, := (1 — ¥ )u + Bu - Vi/] and
v, := (1 — )z + B[z Vy]. Since the map u — v, is bounded from L9(2) to
L4(R3) for every g € (1, 00), the real interpolation implies that

||vu||3,oo,R3 < Cllull3.00- 1)

Fix t € (3,00) arbitrarily. It then follows from (42), the Gagliardo-Nirenberg
and Poincaré inequalities together with dilation invariance of the estimate of the
Bogovskii operator (due to Borchers and Sohr [8], see Lemma 1) that

1Bz V¥llooar < ClIBR- VYL YTV Bz VIS

< CRl_s/Z”VB[Z . VI/I]HI,AR
< CR"™7z- VY|l eap
_ CB|

< Clzlloc,ar = R
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Thus, |x||v.(x)| < C|B|/R for all x € R? and thereby

Clgl

< —_—
vll3 come = ——
which together with (91) concludes (90).

Let {U, P} = {Uy, Py} be the Landau solution whose label is given by (82).
To regularize {U, P} around x = 0, one may follow the same cutoff procedure as
in (87):

V=>0-y)U+B[U-Vy], ©=(1-y)P.

One then observes | LU Vi dx = 0 because

: —x-U —x-U
/AR div (yU)dx =/ R do = /|x|=s do = 0(¢) (e = 0).

|x|=R &
The same reasoning as in (91) implies that
1V 13008 < ClIU 13,0083 92)
The pair {V, ®} obeys
—AV+VO+V-VV =H, divlV =0 in R 93)

for some function H € C{°(Ag) with
/3H(y)dy=M. (%94)
R

In fact, by using a test function ¢ € C > (R?) satisfying ¢(x) = 1 (]x| < 3R) and
¢(x) =0 (|]x| > 4R), one sees from (11) with b = M that

Hdy =-

y
(T(WU,P)—-U®U)=—do
ly|=3R 3R

AR
_ / (T(U, P)—U & U)(Vé) dy
3R<|y|<4R

which leads to (94).
Set

vi=v—Vel*R}), 0:=60-0¢cL¥*°®R,
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and consider the auxiliary linear system
—Aw+VY =(h—H)—diviv@w+w® V), divw =20 inR3>  (95)
with
h—H={g+0-Y)fo—H}+div{(l—-Y)(F —zQu—-u®z)},

(%6)
[ te+ =iy =o

where the latter property follows from (89) and (94). It is obvious that {v, 6}
satisfies (95). Furthermore, it is the only solution to (95) within the class L3> (R?) x
L3/%%°(R3) provided that

[vl5.00ms + V50083 <1 7
with a suitable small constant y; > 0. In fact, let {w,®} € L3¥>®°R3) x
L3/%%°(R3) satisfy (95) in which & — H is replaced by zero, then it follows from
uniqueness for the homogeneous Stokes system within this class (see Lemma 3)

that {w, ¥} coincides with the solution to (33), where the external force is given by
—divib@w+w®V)e H3_/5,00(R3)’ obtained in Lemma 3. By (35) together with

i wTw A7 (R} = 3,00,R3 3.00.R3)IW13,00,R3
ldiv @ w+w & V)lljot _zy = CUlvlseom +1V 1500w ] (98)

which follows from (13), one gets {w,9} = {0,0} under the smallness condi-
tion (97). Hence, the task is to find a solution

w e L%(R3) N L¥®(R3), {(Vw, 9} € LY°[®R*) N L¥>®[®R?})  (99)
to (95) under the condition (80). Once that is available, the only solution {v, 5}
must belong to the class (99), which combined with (16) (with ¢ = r) and decay
properties of (39) lead to

u—U € L™(Q\ Bsg). {Vu—VU, p—P} e L"(Q\ Bsp)
for every r € (¢q,3/2). By (81) one has also

u—U € L™(Q3p), {Vu—-VU, p— P} € L"(Q3r)

for the same r as above. Thus, (84) is proved.
Set

wii=Ex{g+(—y)fo—H},  01:=0x{g+(—y)fo—H}. (100)
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It follows from Lemma 2 together (96), that V/w; (j = 0, 1) and 1%, enjoy the same
pointwise estimates at large distance as the error terms of (32) do. Therefore,

wi € LR\ B;) N L®(R*\ B;),
(101)
{Vwy, B} € L"°(R*\ B.) N L®(R*\ By)

for some L > 0, where

t =3/(x—1), t« =3/(@—2) ifa € (3,4),
t € (1,3/2) is arbitrary, 1/ts =1/t —1/3 ifa > 4.

Since wy, Vw,, ¥ € L*(By) for every t € (1, 00), which follows from g + (1 —
V) fo + H € L7 (R3) for such 7, we obtain

wi € L*®([R*) N L3 (R?), {(Vwi, 91} € L'°(R)NLY>®R3Y).  (102)

One observes /T—V|z] € L3¥*>%®°R3) N L*°(R?), which combined with
VT=|u| € L¥>*°(R?) and (13) imply that

1-Y)Q®u+u®z) e L"®RY), Vr1e(l3]. (103)
It thus follows from (80) that
div {(1 - y)(F —z®@u—u®2z)} € H J,(R*) N Hj)  (R?). (104)
Let
wy € H! ((R?) N Hjj oo (RY) — L™ (R N L*®(R?), 105
%, € L"®([RY) N L/>®(R?),

be the solution to (33) with the external force (104) obtained in Lemma 3. Then one
finds

wo 1= wi +w, € LR N L>®(R?),
Vwy € LY (R?) N L¥>°(R3), (106)

9o i= B + B € LYP(RY) N L2 (RY),

with ¢ = max{-2;, s}, where 1/ = 1/g — 1/3.
Given w € L9°(R3) N L3>®(R?) (see (99)), the velocity part of the unique
solution to (33) with the external force

—divv®w+w® V) e H, } (R N Hy} (R
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obtained in Lemma 3 is denoted by 7Tw. Then problem (95) is rewritten as
w=wy+Tw (107)
and the right-hand side returns to the class (99) on account of (106). By (35) together

with (98) (and the similar one in terms of [[w||,, oo r3), the map w = wo + T'w is
contractive from L9*°°(R*) N L3> (R?) into itself provided that

Ivl500ms + 1VI300r3 <72 (108)
with a suitable small constant y, = y,(¢) > 0. One thus gets a fixed point
w e Li%®(R3*) N L3> (R?) with Vw € L& (R?*) N L3¥2%(R3). Since the pressure
associated with Tw belongs to L9®(R3) N L3>%°(R3), so does the pressure
associated with the fixed point because of (106).

In view of (90), (92) with U = Uy, and (79), the parameter R € [Ry, 00) is first
fixed so that | 8|/ R is small enough, and then it is possible to take a suitable constant
y > 0 such that both (97) and (108) are accomplished under the condition (83).

Finally, consider the case when F satisfies (85) in place of (80), then

div {(1 —y)(F —z®@u—u®z)} € Hy}(R?)
on account of (103). Hence, one has

way € Hy)(R?) — L*¥*(RY), ¥, € L¥?(R?)
(see (20)), instead of (105). On the other hand, (101) yields
wi € L¥P®R)\ Br),  {Vwi, %} € LY*(R*\ BL)

for some L > 0, which implies

wy € L¥2(R?), {(Vwi, 9} € L¥?(R?) (109)
by the same reasoning as in (102). One thus obtains

wo € L¥2(R?), {Vwo, 9o} € L3*(R?) (110)
instead of (106). For the proof of (86), it suffices to find a solution

w e L¥¥2(R?), {Vw, 9} € L¥*(R?) (111)

to (95). Given w € L>3/2(R?), one observes

—divo®w+w® V) e H j(RY)
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with
[div(v®@w+w® V)| z-1ms) < CIv500r: + 1V I50083) 1Wl33/283
3/2( )

by (17). Therefore, the term 7w in (107) belongs to H;/Z(R3) — L33/2(R%). By
virtue of (110), the rest of the proof of existence of a solution of class (111) is the
same as above. The proof is complete. O

Remark 5. If, in addition, div F € L'(Q) N Lfoc(ﬁ) for some ¢ > 1, then the

equality [ f(y)dy = [, fo(y)dy + [, Fvdo is justified, so that (82) is equal
to M (0,0, f) given by (4).

Remark 6. 1If F is absent (so that f = f;) and if @ > 4, the exponent ¢ is chosen
arbitrarily in the interval (1, 3/2) (as close to 1 as one wishes) and the small constant
y depends on the choice of g.

Finally, let us consider the Navier-Stokes system around a rotating obstacle
—Au+Vp+u-Vu—(wxx)-Vu+owxu= f, divu=0 inQ, (112)

where w = ae3 witha € R\{0}. As mentioned in [74, section 3], a scaling argument
with (7) works for the case @ = 0 to see that, if solutions are asymptotically
homogeneous of degree (—1), then their leading terms are the Landau solutions.
But (112) is no longer invariant under the transformation (7) unless @ = 0. One thus
needs another heuristic observation, which is based on knowledge of the linearized
system (51). The point is the asymptotic expansion (58), which yields the leading
term (59) of the linearized flow. Let u € L3*°(2) be the solution to the Navier-
Stokes system (112). In view of features of (59), it is reasonable to expect that the
leading term, denoted by U, still keeps symmetry about the axis of rotation (i.e.,
Re3) as well as homogeneity of degree (—1) and that the quantity e; - M controls
the rate of decay; here, M = M (0, w, f) is given by (4), or

M=/ [T(M»P)—”®(M—wXY)—(wa)®M+F]Vde+/fo(J’)dy
Q Q

(113)
when the external force is of the form f = f; + div F satisfying the same
assumptions as in Theorem 4. One can also expect, as in (60), that the leading term
U together with some scalar field P solves

—AU+VP+U- VU —(wxx)-VU4+wxU = (e3- M) e3é, divU =0
(114)
in D’ (R3); however, this is reduced to

—~ AU+ VP +U-VU = (e3- M)ess, divU =0 (115)
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because U satisfies (61) under the symmetry about Res. Hence, U is a self-similar
solution to (8), and it should be a Landau solution Uje,.ar)e, . This observation can be
justified along the same way as in the proof of Theorem 4, in which (94) and (96),
should be replaced by

[ H0a =@ e e[ tera-nhi-mimay =0 1o

Then one can use Lemma 5 to obtain (101); for w;, which combined with the result
of [20] implies (102);/(109), for w;. This was done by Farwig and Hishida [19]
for (112) with no external force under the no-slip boundary condition u|yq = @ X x.
But their result can be extended to the case where the external force satisfies the
same conditions as in Theorem 4 without assuming any boundary condition on
a2 (see [47, section 6] for the flux carrier). Note that the corresponding Landau
pressure Pe;.ar)e, 1 not solely the leading term of the associated pressure unlike
Theorem 4 for @ = 0. This is because (116), is not sufficient to get faster decay
of the pressure, so that (101), for ¢}; is not available. In addition to Pe;.pre;,
however, one can use (32), to take the leading term of ¢; given by (100) so that
one gets

Pestes + Q00+ [ te+ =) fo— HI) dy
= Pleymye; + Q(x) -{M — (e3- M)es},

which is the leading term of the pressure, where Q(x) is the fundamental solu-
tion (29). This was found by Farwig, Galdi, and Kyed [16]. In [16] the authors
deduced the asymptotic expansion of solutions of the Leray class satisfying the
energy inequality, which eventually decay like |x|~! (see [30]), as long as they are
small enough.

6 Conclusion

The asymptotic structure at infinity as well as existence of 3D exterior stationary
Navier-Stokes flows being in L>* (weak-L?) is discussed when the obstacle is
at rest. The class L> is critical from both of the following points of view (one
is essential, while the other would be technical). On the one hand, it is optimal
summability of generic flows in the sense that better summability than L3
necessarily implies the vanishing total net force, M (0,0, f) = 0 (see (4)). On the
other hand, it is difficult to conclude the stability of flows with worse summability
than L3 (even if they are small enough) as long as one adopts the mathematical
analysis developed until now.

The Stokes fundamental solution, which is the leading profile of the Stokes flow,
is no longer the leading profile of the Navier-Stokes flow being in L>* on account
of the balance between the linear part and nonlinearity. The correct leading term
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is the Landau solution whose label is the net force M (0,0, f) of given Navier-
Stokes flow provided it is small enough. The reason comes essentially from Sverak’s
observation on structure of the set that consists of all homogeneous Navier-Stokes
flows of degree (—1). One finds a contrast with the case where the obstacle is
translating, in which the leading profile is described in terms of the linear part,
that is, the Oseen fundamental solution. When the obstacle is rotating with constant
angular velocity w, the leading term is still a Landau solution; however, its label
is given by (\3—| . M)‘g—| with M = M(0,w, f), which follows from a decay
structure of the associated fundamental solution. One is able to specify a condition
on the external force (which is not necessarily of bounded support) such that the
conclusions above hold true.

Several open questions about the related issues are in order. The results above
(except the case where the obstacle is translating) require smallness of the Navier-
Stokes flow in L3 because a perturbation argument is adopted. Asymptotic
structure of large solutions of this class is much more involved and remains open.
When w = 0, as pointed out by Sverdk [74, section 3], once one establishes the
asymptotic expansion with homogeneous leading term of degree (—1) without any
smallness, it turns out by a scaling argument that the leading term must be a Landau
solution.

If the external force f has less decay property (i.e., « is close to 3 and s is close
to 3/2, or even F € L*?(Q), in Theorem 4), it is then hopeless to find out the
second term after the leading one (a Landau solution) in the asymptotic expansion.
For the simple case f = 0, however, one can ask what the second term is. It is
probably homogeneous of degree (—2).

As compared with the 3D problem, there are many open problems concerning
exterior stationary Navier-Stokes flows in 2D (see Galdi [28, Chapter XII] for the
details). The most difficult case is that the obstacle is at rest (unless assuming
any symmetry), where the linearization method can no longer work because of the
Stokes paradox. No one knows the asymptotic structure of the Navier-Stokes flow
even if it is small enough; however, a remarkable conjecture based on numerical
verification has been recently proposed by Guillod and Wittwer [36]. When the
obstacle is translating, the problem is less difficult on account of decay structure
of the 2D Oseen fundamental solution, which is the leading profile of the Navier-
Stokes flows without restriction on the magnitude as in 3D (see Smith [72] and
Galdi [28, Theorem XII.8.1]). But the stability/instability of such flows is far
from clear.

The case when the obstacle is rotating in 2D has been much less studied. As for
the linearized problem, it was found by Hishida [45] that the oscillation caused by
rotation of the obstacle leads to the resolution of the Stokes paradox and that the
leading term of the flow at infinity involves the profile x/|x|> whose coefficient is
(not the net force but) the torque, where x+ = (—x2, xl)T. Very recently, Higaki,
Maekawa, and Nakahara [41] showed that asymptotic structure of small Navier-
Stokes flow around a slowly rotating obstacle exhibits the same profile as above.
Such a structure has still remained open unless imposing smallness on the angular
velocity. Note that the pair
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cxt —?

W, p(x) = ——= (c e R), (117)

v = 2P

is a self-similar solution to the Navier-Stokes system (8) in R? \ {0} and that it also
satisfies (112) with f = 0 in R? \ {0} since the last two terms in the left-hand
side vanish, that is, —ax™ - Vu 4+ au’t = 0 (by following the standard notation
in 2D). By Theorem 2 of Sverdk [74, section 5], under the zero flux condition
fsl v-udo = 0, the homogeneous Navier-Stokes flow of degree (—1) in 2D must be
either the circular flow (117) or a particular Jeffery-Hamel flow (whose component
tangent to the circle S' vanishes). When the fluid region is in particular the exterior
of a rotating disk, one refers to interesting papers by Hillairet and Wittwer [42] and
by Maekawa [62]: the former finds the Navier-Stokes flow which is close to the
solution (117) with large |c| and whose leading profile is also given by x*/|x|?,
and the latter successfully proves the L? stability of the solution (117) provided

|c] is sufficiently small. One can expect that this latter result would hold for small
Navier-Stokes flow constructed in [41].

7 Cross-References

Self-Similar Solutions to the Nonstationary Navier-Stokes Equations
Steady-State Navier-Stokes Flow Around a Moving Body
Time-Periodic Solutions to the Navier-Stokes Equations
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