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Abstract The concept of very weak solution introduced by Giga [20] for
the Stokes equations has been hardly studied in the last years for either the
Navier-Stokes equations or the Navier-Stokes type equations. We treat the
stationary Stokes, Oseen and Navier-Stokes system in the case of a bounded
open set, connected of class C!'! of R3. Taking the duality method introduced
by Lions & Magenes in [28] and Giga in [20] up again for open sets of class
C> (see also Necas [31] chapter 4 that consider the Hilbertian case p = 2
for general elliptic operators), we give a simpler proof of the existence of a
very weak solution for stationary Oseen and Navier-Stokes equations when
data are not regular enough, based on density arguments and a functional
framework adequate for defining more rigourously the traces of non regular
vector fields. In the stationary Navier-Stokes case, the results will be valid
for external forces non necessarily small which let us extend the uniqueness
class of solutions for these equations. Considering more regular data, regu-
larity results in fractional Sobolev spaces will also be discussed for the three
systems. All these results can be extended to other dimensions.
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1 Introduction and notations

Let £2 be a bounded open set of R® with boundary I'. In this work, we are
interested in some questions concerning the Navier-Stokes equations:

—Au+u-Vu+Vg=f in 2,
(NS) V-u=h in 2,
u=g onl,

where u denotes the velocity and ¢ the pressure and both are unknown,
f the external forces, h the compressibility condition and g the boundary
condition for the velocity, the three functions being known. The vector fields
and matrix fields (and the corresponding spaces) defined over {2 or over R?
are respectively denoted by boldface Roman and special Roman.

In the case of incompressible fluids, A = 0, it has been well-known since
Leray [26] (see also [27]) that if f € W™ P(2) and g € WI=1/PP(I") with
p>2and for any i =0,...,1,

/F.g~nd0:0, (1)

i

where I; denote the connected components of the boundary I' of the open
set £2, then there exists a solution (u,q) € WHP(£2) x LP(£2) satisfying (NS).
In [35], Serre proved the existence of weak solution (u,q) € W1P(02) x LP(£2)
for any % < p < 2 when h = 0 and g satisfies the above conditions. More
recently, Kim [24] improves Serre’s existence and regularity results on weak
solutions of (NS) for any % < p < 2 (including the case p = %), when the
boundary of (2 is connected (I = 0) provided h is small in an appropriate
norm (due to the compatibility condition between h and g, then g is also
small in the corresponding appropriate norm).

On the other hand, the notion of very weak solutions (u,q) € LP(§2) x
W=LP(£2) for Stokes or Navier-Stokes equations, corresponding to very irreg-
ular data, has been developed in the last years by Giga [20] (in a domain {2
of class C*°), Amrouche & Girault [5] (in a domain 2 of class C1'1) and more
recently by Galdi et al. [19], Farwig et al. [16] (in a domain {2 of class C*!, see
also Schumacher [34]) and Kim [24] (in a domain of class C?). In this context,
the boundary condition is chosen in L?(I") (see Brown & Shen [11], Conca
[13], Fabes et al. [14], Moussaoui [30], Shen [36], Savaré [33], Marusic-Paloka
[29]) or more generally in W~1/P»(I"). For the non-stationary case, the exis-
tence, uniqueness and regularity of very weak solutions for the Navier-Stokes
equations have been investigated (among other authors) by Amann [2,3]. In
this work, we take the method developed in [7] up again where the existence
of very weak solutions for the stationary Stokes equations in a half-space for
weighted Sobolev spaces was established.
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The purpose of our work is to develop a unified theory of very weak
solutions of the Dirichlet problem for Stokes, Oseen and Navier-Stokes equa-
tions (and also for the Laplace equation), see Theorem 2 and Theorem
4. One important question is to define rigorously the traces of the vec-
tor functions which are living in subspaces of LP({2) (see Lemma 12 and
Lemma 13). We prove existence and regularity of very weak solutions (u, q) €
LP(£2) x W=LP(£2) of Stokes and Oseen equations for any 1 < p < oo with
arbitrary large data belonging to some Sobolev spaces of negative order. In
the case of Navier-Stokes equations the existence of very weak solution is
proved for arbitrary large external forces f, but with a smallness condition
for both h and g. Uniqueness of very weak solutions is also proved for small
enough data. Observe that the ideas used in this work are the same of Am-
rouche & Girault appearing for the Stokes problem in [4,5], for a bounded
open set, and those of Amrouche et al. in [7], for a half-space. However, from
a technical point of view, there are very important differences: the functional
spaces, all the density lemmas and the nature of the boundary are different.
Moreover, we extend the study made for the Stokes equations to the Oseen
and Navier-Stokes equations.

Existence of very weak solution u € L3(§2), for arbitrary large external
forces f € H™Y(£2), h = 0 and arbitrary large boundary condition g €
L?(I") and without assuming condition (1), was proved first by Marusic-
Paloka in Theorem 5 of [29] with {2 a bounded simply-connected open set
of class C!'!. But the proof of such theorem becomes correct only if either
condition (1) or condition (7) hold. The same result was proved by Kim [24]

for arbitrary large external forces f € [Wé’3/2(!2) N W23(02)), for small
h € [Wh3/2(2)) and g € W~1/33(I") and where the boundary of 2 is
supposed connected (I = 0). Remark that the space chosen for the divergence
condition h, the dual of the space W3/2(£2), and for the external forces f,

the dual of Wé’g/z(ﬂ) N W?23(02), are not correct either (see Remark 2 at
page 13). In a close context, we also consider the case where the data, and
then the solutions, belong to fractionary Sobolev spaces WP ({2) with s a
real number possibly not integer, more precisely (see Theorem 3 at page 7):

feWo2P(Q) he Wo™bP (), g € WO /PP([),

with o is a real number such that 1 < o < 2. As for the result of existence of
very weak solution for Stokes and Navier-Stokes equations proved by Galdi
et al. [19], they consider a more regular domain, different spaces for the data
and impose smallness assumptions for all the data f, h and g (see Remark
1 at page 8 and Remark 7 at page 28).

The work is organized as follows: In the remains of this section, we recall
the definitions of some spaces and their respective norms, besides some den-
sity results, trace theorems and Sobolev spaces embeddings. In §2, we state
the main results of this paper, related to the very weak solution for the Oseen
and Navier-Stokes equations, together with the regularity solutions associ-
ated for more regular data. In §3, we present a previous study of the existence
of solution for the Laplace problem when irregular Dirichlet and Neumann
boundary data are considered. In §4, we present some preliminary results,
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including density lemmas, characterization of dual spaces and a trace’s result
for very weak solutions. Moreover, we remember the Stokes’ results related
to the very weak solution, treating the cases when the divergence operator
vanishes and the case when it does not vanish (and it is a given function).
In §5, we extend previous results for the Oseen equation in order to obtain
in §6 the result for the Navier-Stokes equation using a fixed point technique.
The study of very weak solution in both cases, Stokes and Oseen equations,
needs regularity results for their dual problems that we also present in both
sections. In §6, first we treat the case of small data, and then the general
case. In this latest section, there is a difference between the case of small ex-
ternal forces and the case when it does not. For the first one, the existence is
proved, whereas when arbitrary external forces are considered it is necessary
to impose smallness assumptions for the divergence and boundary data.

In all this work, if we do not say anything else, {2 will be considered as a
Lipschitz open bounded set of R?. When 2 is connected, we will say {2 is a
domain. We will only specify the regularity of {2 when it to be different from
the regularity presented above.

In what follows, s is any real number, p denotes a real number such that
1 < p < oo and p’ stands for its conjugate: 1/p + 1/p’ = 1. We shall denote
by m the integer part of s and by o its fractional part: s = m + o with
0 < o < 1. We denote by W*P(R3) the space of all distributions v defined in
R3 such that:

— D% € LP(R3), for all |a| < m, when s = m is a nonnegative integer
— v € W™P(R3) and

/ |D%v(x) — Dv(y)[?
R3 xR3 |z — y|3+op

dxdy < oo,

for all |a] = m, when s = m + ¢ is nonnegative and is not an integer.

The space W*P(R3) is a reflexive Banach space equipped by the norm:

3 /R | D(a)|? dm)l/p

lal<m

T (

in the first case, and by the norm

« fe} 1/p
(1o |Dv(x) = Du(y)]”
||v||ws,p(m)<v||W7,L,,J(R3)+ 3 / e e dady)

— 3 R3
la|=m

in the second case. For s < 0, we denote by W#*P?(R3) the dual space of
W=7 (R3).

In the special case of p = 2, we shall use the notation H*(R3) instead of
W5’2(R3).

Now, we introduce the Sobolev space

H*P(R®) = {v e LP(R®); (I — A)*?*v e LP(R%)}.
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It is known that H*P(R3) = W*P(R3) if s is an integer or if p = 2. Further-
more, for any real number s, we have the following embeddings:

WeP(R?) «— H*P(R3) if p<2 and H*P(R3) — WP(R3) if p > 2.

The definition of the space W*P({2) is exactly the same as in the case of
the whole space. Because D({2) is not dense in W*P({2), the dual space
of W#P({2) cannot be identified to a space of distributions in (2. For this
reason, we define W (£2) as the closure of D(£2) in W*?(£2) and we denote
by W= (£2) its dual space.

For every s > 0, we denote by W*P(§2) the space of all distributions in
2 which are restrictions of elements of W*P(R?) and by W*P({2) the space

of functions u € W*P({2) such that the extension @ by zero outside of {2
belongs to W*P(R?).
Recall now some density results ([1,22]):

) The space D({2) is dense in W*P({2) for any real s.
ii) The space D(R?) is dense in W*P?(R?) and in H*P(R3) for any real s.
) The space D(£2) is dense in W*P({2) for all s > 0.
) The space D(1?) is dense in W*P((2) for all 0 < s < 1/p, that means that
WeP(82) = Wi (£2).

The following theorem gives some properties of traces of functions living in
W=r(£2) ([1,22]).

Theorem 1 Let 2 be a bounded open set of class C*', for some integer
k > 0. Let s be real number such that s < k+ 1,s — 1/p = m + o, where
m >0 s an integer and 0 < o < 1.

i) The following mapping
Yo iU ur
Wor(Q) — W Vrp(r)

is continuous and surjective. When 1/p < s < 14+1/p, we have Ker(vyy) =

W5 P(£2).
it) For m > 1, the following mapping

(70771) U= (U\Fv %‘[‘)
WR(8) = (W Y/ma(r) x Wei-tnn(r))

is continuous and surjective. When 1+ 1/p < s < 2+ 1/p, we have
Ker(vo,m) = Wy (£2).

We recall also the following embeddings:
WP(02) — Wh(Q) fort<s, p<q suchthat s—3/p=t—3/q
and
WHP(Q) = CH*() fork<s—3/p<k+1, a=s—k—3/p,

where k is a non negative integer.
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2 Main results

We begin by introducing some spaces: First,
X, p(2)={pe Wy (2); V-pe WP ()}, 1<rp<oo, (2)

and we set X, ,(£2) = X,(£2). Their dual spaces, (X, ,(£2))" and (X,(£2))’,
are characterized by Lemma 9. Second, the solenoidal space:

H,(2)={v eL?(2); V-v =0} (3)
And finally, the spaces:
T, (2) ={v e LP(2); Av e (X, (02))}, @
Tpro(2) ={ve Ty, (2); V- -v=0}

endowed with the topology given by the norm:
[vllr, 2 = [lvlLe(2) + ||A’U||[Xr,,p,(9)]'-

Observe that when p = r, these spaces are denoted as T, (£2) and T, ,(£2),
respectively.

We treat the Stokes, Oseen and Navier-Stokes equations under the com-
patibility condition:

0 h(z)dz = (g - n, 1>W—1/p,p(p)xw1/p,p’(p)~ (5)

Our main results are as follows.
The first main result in this paper is related to the Oseen equations, that is:

(0) —Au+v-Vu+Vg=f and V-u=h inf2, w=g on I

where v € Hy(£2) (s > 3) is given. We prove existence and uniqueness of very
weak solution for the Oseen equations in LP(£2) x W 1P () with 1 < p < oo.

Theorem 2 (Very weak solution of Oseen equations) Let f, h, g sat-
isfy the compatibility condition (5),

1 1 1
F€ (Xpp(2)), heL'(R), ge W VPP(I), with — = ot

and v € Hy(02) with
s=3 ifp>3/2, s=p ifp<3/2, s=3+¢ if p=23/2. (6)

Then, the Oseen problem (O) has a unique solution (u,q) € T, () x
W=LP(02)/R verifying the following estimates:

lullr, (2 <C (1+||v]

ve@) (.., + 1Bl ) + lglw=moer )

2
lalw-so(o/ < C(1+ [0lne() (Mo, o+ ey Higlw—er(ry)-
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(See Theorem 17 at page 43).

The second main result concerns the regularity of solutions for the Oseen
equations. We consider in particular the case where the external forces f and
the divergence condition h are not regular, more precisely f € W=2P((2)
and h € Wo—LP(02) with % < 0 < 2. The result is proved combining Theorem

15 at page 37, Theorem 18 at page 45 and Remark 15 point i) at page 46.

Theorem 3 (Regularity for Oseen equations) Let o be a real number
such that zl) < o <2 Let f, h and g satisfy the compatibility condition (5)
with

fe Wo=2P(2), he WI™LP(), ge W~ L/PP([),
Let v € Hy(02) satisfy (6). Then, the Oseen problem (O) has exactly one
solution (u, q) € WoP(02) x Wo=LP(Q)/R satisfying the estimate

lullwer 2y + lallwe-100)/r
< C(Iflwe-202) + [Mlwe-102) + |gllwe-1/p0(02))-

The following theorem gives existence of very weak solutions for the
Navier-Stokes equations in L3(§2) x W ~=13(£2) for arbitrary large f but suffi-
ciently small  and g in a domain possibly multiply-connected (see Theorem
20 at page 51).

Theorem 4 (Very weak solution of Navier-Stokes equations) Let f €
(X3,3/2(2)), b € L¥%(2) and g € W/33(I") satisfy the compatibility
condition (5). There exists a constant 6 > 0 depending only on {2 such that

if

i=1
Hh||L3/2(Q) + Z |<g n, 1>Fi
i=0
then the problem (NS) has a very weak solution (u,q) € L3(2) x W~=13($2).

<é

; (7)

In the last theorem, we prove weak and strong regularity results on very
weak solutions for the Navier-Stokes equations. The result is proved combin-
ing Theorem 21 at page 53 and Theorem 22 at page 54.

Theorem 5 (Regularity for Navier-Stokes equations) Let (u,q) €
L3(02) x W=13(02) be the solution given by Theorem 4. Then, the follow-
ing reqularity results hold:

i) Suppose that
fe X (), heL"(2) and ge WVPP()

with + < % + % and max{r,3} < p. Then (u,q) € LP(2) x W1r(£2).
ii) Let r > 3/2 and suppose that

FeEW™(Q), he L"(2) and ge W!TVnr (D),
Then (u,q) € WL (Q2) x L™(92).
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i11) Let 1 <r < oo and suppose that

feL'(2), he Wh"(2) and ge W2YmT (D).

Then (u,q) € W27 (2) x WLT(£2).

iv) Suppose that 3/2 <p <3, f=V -Fy+ Vfi and

Fo € WP'(£2), f1 e WO 1P(02), he Wo"(£2), g€ W7 1/PP(D),

with o = %,1’ 1< %Jr% andr < p. Then (u,q) € WoP(Q)xWo=LP(0).

v) Let o be such that 1/p < o <1 and o > 3/p — 1. Suppose that

FEWI2P(0), he WobP(2), ge W V/PP([),

Then (u,q) € WoP(£2) x Wo=LP($).

Remark 1 1) Point i) shows in particular that for any p > 3, if

ii)

iii)

| . 3
FEW Q) and ge W!VT([), with % <r<p,
p

and fFi g-n=0foranyi=1,..., 1 and h = 0, then Problem (NS) has

a solution (u,q) € LP(£2) x W=LP(2). In [35], D. Serre proves that for
any 3/2 < r < 2 (and then for any r > 3/2), if

FeW () and ge WV,

with fp_ g-n=0foranyi=0,...,I and h = 0, then (NS) has a solution
(u,q) € WET(£2) x L"(§2). Our point ii) proves that this result holds if
r = 3/2 without supposing h or the flux g through I’; to be equal to 0,
more precisely it suffices to assume the condition of smallness:

=1

12l L2y + D 1g - m, L
=0

<.

Because of the relation (5), the condition (7) is automatically fullfiled
when the norm |[|h||ps/2() is sufficiently small and I = 0, that means
that the boundary I is connected, which is the case considered by Kim
[24].

Marusic-Paloka in [29] proves Theorem 4 with f € H~1(£2) (which is
included in the dual space (X33/2(£2))"), h = 0 and g € L*(I") (which
is included in W=/33(I")) with | g||r2(r) small. Moreover, the domain
(2 is assumed simply-connected. In fact, the solution u € L3(£2) is more
regular and belongs to H'/2(£2) as pointed in Remark 16.
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iv) Galdi et al. in [19] prove Theorem 4 and Theorem 5 point i) with f =
div Fo, where Fy € L"(2), h € LP(2) and g € W~YPP(I') with
% < 1%—#% and max{2r, 3} < p. They assume the domain {2 is of class C?1.
Moreover they suppose f, h and g sufficiently small with respect to their
norms. The small condition on the external forces is in fact unnecessary,
as we prove in Theorem 20. The essential idea consists in decomposing the
Navier-Stokes problem (NS) in two, (N.S); and (N.S)2 (see the proof of
Theorem 20). The first one is an Oseen problem where the existence of a
very weak solution is proved, for a velocity small enough in norm L3(£2).
That shows that the study of the Oseen problem is very important: Galdi
et al. solve the Navier-Stokes problem directly using a fixed point theorem
for a Stokes problem, and therefore impose smallness assumptions over
all the data. These smallness assumptions over h and g are important
in order to mesure the nonlinear term, appearing in the second problem
(NS)2, and apply the Hopf’s Lemma (that allows us to lift the divergence
and boundary data conditions). This is the reason why we suppose h and
g small enough in adequate norms.

3 The Laplace equation
3.1 The Laplace equation with Dirichlet condition

We are interested here in the resolution of the problem
(Lp) —Au=f in and w=g onl,

with data in some Sobolev spaces. Before starting our study, we recall some
results concerning this problem. Recall that one consequence of the Calderon-
Zygmund theory of singular integrals and boundary layer potential is that
for every f € W™=2P(£2) and g € W™~ V/P(I"), with m positive integer, the
problem (Lp) has a unique solution u € W™P(£2) when {2 is of class C™* with
r=max{l,m — 1}. If f € W*=2P(2) and g € W*~1/PP(I'), with s > 1/p,
then u € WP (£2) provided that 2 is of class C™! with r = max{1, [s]}, where
[s] is the integer part of s. In [28], Lions and Magenes made a complete study
for smooth domains and p = 2. Grisvard in [22] treats the case where (2 is of
class C"1.

Jerison & Kenig in [23] and many other authors study the case where {2
is only a bounded Lipschitz-continuous domain. First, we recall some results
for p = 2.

i) If f € H-Y/2T5(2), for some ¢ > 0 or f € L?(2) and g = 0, then the
unique solution u of (Lp) satisfies u € H3/2(02).

i) If f € H™1T5(02), with —1/2 < s < 1/2 and g = 0, then u € H'5(02).

iii) If f =0 and g € H*t/2(I"), with —1/2 < s < 1/2, then u € H'*3(02).

iv) The conclusion in point i) is not true for ¢ = 0 : There exist a Lipschitz
domain 2 and f € H~/?(§2) such that u ¢ H3?(0).

v) The conclusion in point ii) is not true for s > 1/2 : There exist a Lipschitz
domain 2 and f € C°°(£2) such that u ¢ H*5(£2).
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In the case p arbitrary, we have the following result (see Jerison & Kenig,
[23)).

Theorem 6 Let 2 be a bounded Lipschitz domain in RN, N > 3. There
exists € € 0, 1], depending only on the Lipschitz constant of {2 such that for
every f € H*"2P(02) and g = 0, there is a unique solution u € H*P () to
(Lp) provided one of the following holds:

po<p<p, and %<s<1+%
1<p<py and %—1—5<s<1+%
/ 1 3

pp <p<oo and p<s<,+te

where 1/po = 1/2+¢/2 and 1/pj = 1/2—e/2. Moreover, we have the estimate
lull 250 2) < Cll fllrs-22(02)

for all f € H*=2P(82). When the domain is C', the exponent py may be
taken to be 1. When s = 1, there is p1 > 3 such that if pi < p < p1, then the
inhomogeneous Dirichlet problem has a unique solution u € H*P({2).

As particular case of the third condition, for any N > 3 (and also N = 2),
there exists a C' domain £ in RY and f € H‘l+1/p’p§(2) for which the
solution u of (Lp) with g = 0 does not belongs to H'TY/PP((2) for all 1 <
p < oo.

As we said before, if §2 is an open set of class C11, for each f € W*=2P(£2)
and g € W*=1/PP(), the problem (Lp) has a unique solution u € W*P(§2)
assuming 1/p < s < 2. In this work, we are interested in the search of very
weak solutions, i. e. , solutions belonging to W#P({2) with 0 < s < 1/p and
for a regular open set {2, here of class C1''. Moreover, we look for optimal
conditions for the data f and g in order to obtain such solutions.

With this aim, we introduce the space:
M,(2) = {v € LP(Q); Ave W*”l/p’p(ﬂ)} :
which is reflexive Banach space for the norm
vl a2, (2) = [Vllze (@) + [Av]Iw—241/0.0(2)-

Lemma 1 The space D(£2) is dense in My(12).

Proof. For every continuous linear form ¢ € (M,,(Q))I, there exists a pair
(f, g) € LV (2) x W2VP7 (), such that

Vo€ My(2), (£,v) = /Q Jodz+ (40,00, sy o oy (©)
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Thanks to the Hahn-Banach theorem, it suffices to show that any ¢ which
vanishes on D(Q) is actually zero on M,({2). Let’s suppose that £ = 0 on

D(£2), thus on D(£2). Then we can deduce from (8) that
f+A9g=0 in 2,

hence we have Ag € L? (£2), and then g € W2 ()N Wg‘l/”’p/(rz). Let
fe LV (RY) and g € WhP (RY) be respectively the extensions by 0 of f
and g to RN, From (8), we get f + Ag = 0 in RV, and thus Ag € L?' (RV).
Now, according to the properties for A in RV (see [6]), we can deduce that
g € W2P (RN). Since § is an extension by 0, it follows that g € WOZ’p,(Q).
Then, by density of D({2) in Woz’p/ (£2), there exists a sequence ()i C D(12)
such that ¢, — g in W2 (£2). Thus, for any v € M, (£2), we have

<£a 'U> = /_Q v- Ag dz + <A'U, g>W72+l/p,p(Q)XW0271/P=P/(Q)

= lim (— /Q v+ Agy da 4+ (Awv, ¢k>W*2+1/PeP(Q)xWOZ’l/p'P'(Q))
= O7

i. e. £ is identically zero. a

To study the traces of functions which belong to M,({2), we have the
following lemma.

Lemma 2 Let £2 be a bounded open set of R? of class C*'. The linear map-

ping Yo : v — v|r defined on D(§2) can be extended to a linear continuous
mapping
Yo 0 My(2) — WHPP(D).

Moreover, we have the Green formula:
Yo € M,(2), Voe W2 (2)nWh? (),

/Q vApdr— (Av, 90>W—2+1/p,p(!2)><W02_1/p’p/(9) (9)

("52)
=(v, — .
on W=1/p. (D) xW1/p.?' ()

Proof. Let v € D(£2) and ¢ € w2 (2)n Wol’p'(()), then formula (9) obvi-
ously holds. For every u € W'/?:#'(I'), there exists ¢ € W2>p/(9)ﬂW01’p/(Q)
such that g—i = pon I', with [[¢[|y2. 0 (o) < C [|pllwr/e. (- Consequently,

| <UvM>W*1/P=P(I‘)><W1/P-,P/(F) | < C |[vllag,(2) ||,“||W1/p,p’(r)~

Thus
”'U”W*UP’P(F) <C |\U||Mp(r2)~
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We can deduce that the linear mapping 7 is continuous for the norm of
M,(£2). Since D(£2) is dense in M, (£2), v can be extended by continuity to

v € L (My(£2); W=/PP(I')) and formula (9) holds for all v € M,(£2) and
o e WP ()N WP (9). O

We now can solve the Laplace equation with singular boundary condition.

Theorem 7 Let {2 be a bounded open set of R? of class C1*'. For any f €
W=2+1/Pp(02) and g € W=Y/PP(I"), the Laplace equation (Lp) has a unique
solution u € LP(£2), with the estimate

lullar, ) < C (I fllw-2+1m00) + lgllw=1/v.2(1))-

Proof. Thanks to the Green formula (9), it is easy to verify that u € LP(£2)
is solution of problem (Lp) is equivalent to the variational formulation: Find
u € LP(§2) such that

Yo e W27 (2) nWEP (),

/Q uAvdxr = — <fa U>W—2+1/p,p(f2)><W0271/p’p,(Q) (]—O)

n < ov >
9, 73— .
on W—l/p,p(]“)xwl/p,p'([‘)

Indeed, let v € LP(£2) be a solution to (Lp). Then, the Green formula (9)
yields (10). Conversely, let u € LP({2) be a solution to (10). Taking v in
D(£2), we obtain —Awu = f in 2 and u € M,(£2). Using this last relation and

again the Green formula (9), we deduce that for all v € WQ”’,(Q)QWOLP/(Q),

<u 3@> _ <g 8@>
"on W=1/p.p(I)xW1/P. P (I) on W=1/p,p(DYxW1/p.»' (I')

and finally u = g on I )
Let’s then solve problem (10). We know that for all F' € LP ({2), there

exists a unique v € W2 ' (1) ﬂWOI’p/(Q) satisfying —Av = F in {2, with the
estimate

[ollwz () < CIE Lo ()
Then we have

v
<f7 U>W72+1/p,p(n)><w0271/pvp’(Q) —\9 87’!1,

>W1/py P(I)xW1/p: p’(F)

v
<C ”f”W*QJrl/P’P(_Q)”v”W?—l/Pvp’(Q) + ||9||W*1/pvp(r)||%||W1/P=P/(F)
< C (Ifllw-2+1/m0(2) + lgllw=170.0(0)) 1Fl 1o (2)-
In other words, we can say that the linear mapping

ov

T F = h 0y siimaaywz=m 7 (o) ~ <g’ on

>W1/p-, P(I)yxW1/p 2" (I')
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is continuous on L¥' (£2), and according to the Riesz representation theorem,
there exists a unique u € LP({2), such that

VE € LP (22), T(F) = (w, F) o (0yx 10" (2) »

i.e u is solution of (Lp). O

Remark 2 In many works, and in particular in [24], we find a similar result

with f given in the dual of the space W27 ()N Wol’p,((l) (the same remark
holds for the dual of the space space W1 P(§2)). But this assumption is not
suitable, because D({2) being not dense in this last space, his dual is not
a subspace of distributions. It is then not sensible to solve Problem (Lp)
with such data f as showed in the following counter-example. Indeed, choose
f = pr which is defined by:

_ [ %

Vo e WP (2) AW T(Q), urle) = [ 57
ron

It is clear that f belongs to [W2 ' (Q)OWOLPI (£2)]’ and then the weak solution
u given obtained in this work satisfy: Yo € W2 (2) "W, * (),

ov
uAvdx:/ —1)—.
/ (-5

Au=0 inf2 and w=g-—1 onl,

Consequently u verifies:

that means that this solution does not correspond to the solution of Problem
(Lp). The origin of this mistake (also present everywhere in the same paper
[24]) is due to the fact that when we want to solve a boundary value problem,
it is necessary to have an adequate Green formula and corresponding density
lemmas.

Corollary 1 Let £2 be a bounded open set of R? of class C*' and o be a real
number such that 0 < o < 1.

i) We assume that
fe W—2+a/p’+1/p-,p(g) and g€ Wa—l/p,p(p).

Then the solution u given by Theorem 7 belongs to WP (£2) and satisfies
the estimate

lullweor@) < C I fllw-240/0+1/000) + lgllwe-1/00r))-
it) If moreover
FEeWTIP(Q) and ge WoTVP(T),
then uw € WoTLP(02) and satisfies the estimate

lullwesie) < C U fllwe-rr2) + I9lwosire o ry)-
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Proof. First, we observe that if o = 0, the conclusion in point i) holds because
Theorem 7 and the conclusion in point ii) is satisfied thanks to classical
regularity of generalized solutions for Problem (Lp). If o = 1, the point i)
holds for the same reason and the second point due to the classical regularity
of strong solutions for Problem (Lp). Hence, we can suppose that 0 < o < 1.
In this case, it suffices to use interpolation argument (see [28], [37], [9]) and
elliptic regularity problem for the generalized solutions. Note that we have
the following interpolate spaces:

[Whe (), LY ()], _, = WP (%),

l1—0o

[Wlfl/pyp(p)7wfl/p,p(p)] = Weo-lre(r),

l—0o

[W—l,p(Q)’ W—2+1/p7p(_())] P W—2+0/p’+1/p7p((2)

l1—0o
and
[L7(2), W ()], = WThr (),
[W2—1/p7p(p)7Wl—l/p,p(p)]l_ - Wl/p/+071)<]“)7
W2r(@), wh(@)],_, = W (@)

Remark 3 1) The results of the second point are optimal unlike part i) which
is optimal only when f = 0.

ii) We can reformulate the point ii) as follows. For any f € W~P({2) and
g € W2=s=1/PP(T), with 0 < s < 1, Problem (Lp) has a unique solution
u € W2=5P(§2) satisfying u = g on I'.

Theorem 8 Let £2 be a bounded open set of R® of class CY', s be a real
number such that % < s < 2. We assume that f € W 2P(02) and g €

Ws=1/PP(I). Then Problem (Lp) has a unique solution u € W*P(£2) which
satisfies the estimate

[ullwsr2) < C U fllws-20(2) + lgllwe-1/p0(r))-

Proof. The theorem is proved by Corollary 1 point ii) if 1 < s < 2. Let be
then s a real number such that 1 < s < 1. Using Theorem 1, we can suppose

g = 0. We known that D(2) is dense in the space of functions of W*P(£2)
equal to zero on I, that means that

Wy (2) ={veWP(2); v=0on I'}.

We have also the same relation for the space W~ *? / (£2) because 1 < 2—5s <
1+ 1/p'. Consequently u € Wy (£2) satisfies —Au = f in {2 if and only if

o e Wy 7 (), (11)

(u, AU>WOS«P(Q)><W—W’(Q) = —(/, U>Ws_2,p(9)xw0—s+2p'(m
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Let’s solve problem (11). By Remark 3 point ii), we know that for all F' €
WP (£2), there exists a unique v € W, 77 (2) satisfying —Av = F in

2, with the estimate
[Vl —ss2.07 (2) < CIE = (2)-
Then
Frohwezn@yewg v | < C Mfllweze@lvllw-crzr )
<

C Il flws=2w(@) |1 Fllw o (-

In other words, we can say that the linear mapping

T: F+— <f, U>WS—2*P(Q)><WJS+2"’/(Q)

is continuous on W' (£2), and according to the Riesz representation the-
orem, there exists a unique u € Wy ($2), such that

VE € WP (02), T(F) = (u, F)ysr gy xw-«s' ()

i.e u is solution of (Lp) with g =0 . O

Remark 4 i) When f € W/P=2P2(()), we can conjecture that u ¢ W1/PP(2).

ii)

iii)

Ifl/p<s<1, feW2P(2)and g € W 1/PP(I'), then the solution u
of (Lp) belongs to W*P(2). These assumptions are weaker than those of
Corollary 1 point i) because W =2+s/P'+1/p:p(Q) s Ws=2P(0) if 1/p <
s < 1. Moreover, they are optimal.

If 0 < s <1/p, Theorem 8 cannot be applied. Indeed, the trace mapping
is not continuous (and not surjective) from W*P(£2) into W*=1/PP(I).
If s =0 and g € W™/PP(I'), we cannot expect to find a solution u
more regular than LP((2). Theorem 3.4 shows that it is possible if f €
W=2+1/PP(2). Tn the case of 0 < s < 1/p and g € W~V/PP(T), we
cannot expect either to find a solution u better than W*P(£2). Corollary
1 point ii) shows that it is possible if f € W~=2+s/2'+1/p2((), taking into
account that —2 +s/p’ +1/p > -2+ s.

Remark 5 In the case p = 2, we have proved in particular the following
results which are naturally better than the case where 2 is considered only
Lipschitz:

i)
i)

iii)

if fe H-Y2(02) and g € HY(I"), then u € H3/2(2),
if fe H'T5(2), with —1/2 < s <1 and g =0, then u € H*5(£2),
if f=0and g€ H*/2(I'), with —1 < s < 1 then u € H'*5(0).
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3.2 The Laplace equation with Neumann condition

We introduce the space:
K () = {v e L(2); Ave LP(2)},
which is reflexive Banach space for the norm
lvllx, @) = lvllzr2) + 1AV Lr(2)-

We are interested here by the resolution of the problem
0
(Ly) —Au=f in and 8—u:g on I
n

when the boundary condition g is not regular.

As for Lemma 1, we can prove the following lemma:

Lemma 3 The space D(R2) is dense in K,(12).

To study the traces of functions which belong to K,({2), we have the
following lemma:

Lemma 4 Let 2 be a bounded open set oij of class CY'. The linear map-
ping v : v — (v|r, 9%|r) defined on D(2) can be extended to a linear
continuous mapping

v Ky(2) — WYPP(D)y x W=Vep(),

Moreover, we have the Green formula: Yv € K,(2), VYo € WP (2),

/(vAgp — pAv) dz
Q
(12)

~(v5n) ~(50¢)
, on W*l/P=P(F)><W1/P:P/(F) 8"‘7 W*lfl/p,p(r)xwul/p,p’(p)

We now can solve the Laplace equation with singular boundary condition.

Theorem 9 Let 2 be a bounded open set of R? of class CY'. For any f €
LP(R2) and g € W=1=Y/P:P(T) satisfying the compatibility condition

/Q f(@)dz = —(g, 1>W—1—1/pm(1“)><W1+1/p,p’(1“)~ (13)
the Laplace equation (Ly) has a unique solution u € LP(£2), with the estimate
lullr,2) < C (Iflle2) + lgllw—1-1/p.p(r))-

By an interpolation argument, we can prove the following corollary.

Corollary 2 Let 2 be a bounded open set of R® of class C*' and o be a real
number such that 0 < o < 1.
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i) Assume that
fELP() and geWoI=bP(T)

satisfying the compatibility condition (13). Then the solution u given by
Theorem 9 belongs to WP (£2) and satisfies the estimate

[ullweor(2) < C(Ifllze2) + Igllwe-1-1m0(r))-

i) If moreover g € W—YPP(I') then u € WotLP(§2) and satisfies the esti-
mate

ullwerie) < C (I fllrc2) + llgllwe-17p.0(ry)-

4 The Stokes problem

In all the rest of this work , if we do not say anything else, we assume
that {2 is a bounded connected open set of class C'''. We focus on the
study of the Stokes problem:

(S) —Au+Vg=f and V-u=h inf2, u=g on [,

with the compatibility condition (5). Basic results on weak and strong solu-
tions of problem (S) may be summarized in the following theorem (see [5],

[12]).
Theorem 10 i) For every f, h, g with

fFEWP(2), helP(R), ge W /Pr(D),

and satisfying the compatibility condition (5), the Stokes problem (S) has
ezactly one solution w € WYP(2) and q € LP(£2)/R. Moreover, there
exists a constant C' > 0 depending only on p and {2 such that:

lullwrro) + [lallLr2)/m

(14)
< C(IfAlw-rr@2) + bl o) + lgllwi-1/e00r))-

it) Moreover, if
FEL(2), heW'(), ge W Vro(I),

then uw € W2P(2), ¢ € WYP(Q2) and there exists a constant C > 0
depending only on p and §2 such that:

lullwzr (@) + llallwrr2)r (15)
< C(IflLe o) + Ihllwrr2) + 1gllwe-1/0.0(r))-

Remark 6 If (2 is only a bounded Lipschitz domain, there exists ¢ > 0 de-
pending only on the Lipschitz constant of {2 such that if 2 < p < 3+ ¢,
f=0,h=0and g € WI=V/PP(I") with Jr g -m =0, the conclusion of the
first part of Theorem 10 holds. The result is also valid under the assumptions
FeEWLP(Q2), h=0and g =0, for a ¢ such that (3+¢)/(2+¢) <p < 3+e¢
(see [11]).
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We are interested here in the case of singular data satisfying precisely the
following assumptions:

1 1 1
f S (X’r’,p’(Q))lv h S LT(Q), g S W_l/p’p(F), with ; S 5 + g and r S p-

(16)
Recall that the space (X, (£2))’ is an intermediate space between W =17 (2)
and W=2P(£2) (see embeddings (19)).

4.1 Preliminary results

We recall now some versions of De Rham’s Theorem that we shall use in the
sequel. Before, we introduce the following spaces:

D,(2) ={peD(2); V-9 =0}, D,(2)={y € D)’ V-9 =0}

The first result is proved by G. de Rham [32]:

Lemma 5 (De Rham’s Theorem for distributions) Let 2 be any open
subset of R® and let f be a distribution of D'(§2) that satisfies:

Vv € D,(£2), (f,v) =0.
Then, there exists a distribution m in D'(£2) such that f= V.

The second result is proved by [5]:

Lemma 6 (De Rham’s Theorem in W~"™?((2)) Let m be any integer,
p any real number with 1 < p < co. Let f€ WP (§2) satisfy:

peD,(Q),  (fg)=0.

Then, there exists m € W="LP(Q) such that f= V. If in addition the set
(2 is connected, then m is defined uniquely, up to an additive constant, and
there exists a positive constant C, independent of f, such that:

Jnf I+ Kllw-m+i2)/r < Cllflw-mr(a)-

Then, we show some density results that will be essential for the proofs
below.

Lemma 7 The space D, ($2) is dense in H,(£2) (defined by (3)).
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Proof. Let £ be a linear and continuous mapping in H,(£2) such that(€, v) =
0 for any v € D, (£2). We want to prove that £ = 0. Since H, is a subspace
of LP(£2), we can extend £ to L € L? (£2).

We start supposing (2 is a connected open set. At this point, we shall
make the following assumptions on {2: (2 is bounded, connected but possi-
bly multiply-connected, |J,,-; w; being its wholes, and its boundary I is
Lipschitz-continuous. We denote by wq the exterior of {2, by Iy the exterior
boundary of {2 and by I;, 1 <+ < I, the other components of I'. The duality
between W~1/PP () and WY/P2(I}), and W—1/#'(I}y) and W/PP(I),
will be denoted by {(-,-)r, and (-,-)r,, respectively. By De Rham’s Lemma
6, then there exists a unique ¢ € W' (£2) N Lgl(Q) such that L = Vq and
where

i@ = {ve v @) [ parae=o}.

Moreover,

Vv € D,(12), (£,v) ={q,v-n)p=0.

We extend L by zero out of {2 and denote the extension by L. Then, for any
@ € D(R3) such that V- ¢ = 0 in R?,

/ i-cpd:l::/L-godac:O.
R3 Q

From that, we deduce that, thanks to the De Rham’s Lemma 5, there exists
h € D'(R3) verifying Vh € L¥ (R?) such that L = Vh (see Lemma 2.1 in
[8]). Tt is clear that h € Wllo’f (R3). As h is unique up to an additive constant
and Vh = 0 in wg, we can choose this constant in such a way that h = 0 in
wg. Therefore, we deduce that:

h=0 in wy, h =¢; in each w;, h=q+cy in 2,
and thus:
q=—co on Iy, gq=c;—cy onl; 1<i<1.

Let j € {1,...,1} be a fixed index, choosing v; € D,(f2) such that (v, -
n, 1)y, = for 1 < k < I and (v;-n,1)r, = —1, we can deduce that
¢; = 0. Indeed, for any j =1,...,1, we have:

I
(€, v5) = (v;-m,q)r = —co(v;-n, 1), + Y _(ci = co,v; - m)r,
i=1
= co(vj-n,1)r, +{¢; —co,v;j - )1, = ¢j,
socj =0for j=1,...,I. Therefore, h =g+ cg € Wol’p/(Q).

When {2 is not connected, we can repeat the procedure above in each
connected component of (2.
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In consequence, for every v € H,({2), we have:

£, v) :/ Vh-vdz =0.
2
Thus, we deduce that £ = 0 in H} (£2). O

The proofs of the following two lemmas are classical, although the func-
tional spaces are changed.

Lemma 8 The space D(2) is dense in X, ,(£2) (defined by (2)) and for all
q € W=LP(Q2) and ¢ € X, (12), we have

<an (P>[XT/VP/(Q)]’><XT/yp/(Q) = _<Q> A\ ¢>W—l,p(9)><wolvpl(9)' (17)

Proof. In order to do the proof, we want to extend the functions in X, ,({2)
to all the space RY. Therefore, following a proof made by C. Amrouche &
V. Girault [4], in a first step we consider that 2 is strictly star-shaped with
respect to one of its points which is taken as the origin. Then, for every
v € X, ,(£2) we take ¥ its extension by zero to RN. Thus, v € W (RY)

and if we define V-5 =V - v € Wy (RY), then ¥ € X, ,(RN)

Now, we take § < 1 and define the functions vp(x) = v (%) for any
x € RY. We observe that ¥y has a compact support in {2, since suppvg C
02 C (2, vy € Xr)p(]RN) and:

lim =% inX,,(RY).

Therefore, for ¢ > 0 small enough and the mollifiers {p.}, we have that
Pe x Vg € D(£2) and ].iH(l) girrﬁ pe * Vg = v in X, ,(2). Consequently, D(£2) is
e— —

dense in X, ,(£2).
In the case where 2 is only Lipschitz, we have to recover {2 by a finite number
of star open sets and partitions of unity.

Finally, the relation (17) is a simple consequence of this density. O

The following lemma and his proof are classic.

Lemma 9 Let fe (X, ,(£2))'. Then, there exist Fo = (fij)1<ij<3 such that
Fo € L™ (2), fi € W= () and satisfying:

f=V -Fo+Vfi. (18)
Moreover,
A, = max{[| fijll (@), 1 < 4,5 <3, ([ frllw—r0 () }-

Conversely, if f satisfies (18), then fe (X, ,(£2))".
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Proof. Let E =1L"(2) x Wol’p(Q) be a space with the topology given by the
norm:

Vh = (Ho,h1) €E, |hlle= > |l
1<4,5<3

L) T 1hallwrea),

where Hy = (h;j)1<i,j<3. The application T': ¢ € X, ,(2) — (Vp,V - ) €
E is an isometry from X, ,({2) into E. Thus, if we suppose G = T'(X, ,(12))
with the E-topology, and consider S = T7! : G — X, ,(£2), for any f €
(X,.p(£2)) we can define a linear continuous form on G as follows:

hecG— <f,Sh>[x7‘Yp(Q)]’><Xr.p(Q)'

Thanks to the Hahn-Banach’s Theorem, such application can be extended to
a linear continuous form on E, denoted by IT such that [[TT||g = [|f([x,.,(2)) -

Moreover, by the characterization of the dual spaces for W™ (£2) and
WOLP<Q), there exist Fo = (fij)l§i7j§3 S ]LT/(Q) and fl S W_l’pl<.(2) such
that: for any h = (Hp, h1) € E,

3
(ILh)erxe = Y (fisshig) 1 (@yxiri@) + s b w10 (@) xwio (o)

ij=1
with ||[II|lg: = max{|| fi;ll 1 (0), 1 <45 <3, [ fillw-1.7 ()} In particular, if
h =Ty € G, where ¢ € D(£2), we have:

(F )X (@) 5%, () = (=V - Fo =V f1,0).

To finish, it is easy to verify that the reciprocal holds. a

As consequence of Lemma 8, we have the following embeddings:
WL (02) — (X (2)) — W 2P(), (19)

where the second embedding holds if % < % + %

Giving a meaning to the trace of a very weak solution of a Stokes, Os-
een or Navier-Stokes problem is not trivial. Remember that we are not in
the classical variational framework. In this way, we need to introduce some
spaces. First, we consider the space:

Yy (2) = {$ € W' (2); 9lr =0, (V- 9)|r = 0}
that can also be described (see [5]) as:

p 0
Yy (2) = {$ e W (@) ylr =0, 2 n| =0} ()

Observe that the range space of the normal derivative v; : Y,/ (£2) —
WLUPP'(I) is:

Zy(I') = {z € WYPP(I'); z.n =0}.
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We also introduce the space

H, ,(div; 2) = {v e L?(2); V-v € L"(12)},
which is equipped with the graph norm. The following lemmas will help us
to prove a trace result (the space T, ,(§2) is defined by (4)):

Lemma 10 i) The space D(§2) is dense in T, .(£2).

it) The space D(12) is dense in T, (2) N H, . (div; 2).

Proof. i) Let £ € (T (£2))’ be such that for any v € D({2), we have (€, v) =
0. We want to prove that £ = 0. Using the Riesz’s Representation Lemma,
there exists (e, z¢) € L (2) x X, ,(2) such that: for any v € T, .(£2),

(€, v) = / g vde + (2, AV)x , L (2)x[X,/ (2)
o :

Observe that we can easily extend by zero the functions ug and zg, in such
a way that

U e LY (R®) and Zp € X, (R?),
i.e.,zg € WH(R3) and V- Z, € W' (R3). Now, we take ¢ € D(R?) and
we observe that Ay € (X, ,(£2))’. Then, we have by definition that:
/ ﬁg-god:c—&-/ Ze Apder :/ ug~cpda:+/ ze-Apde = (£,¢) =0.
RN RN 0 (9]

As / Zo - Apdx = (AZg, @), therefore:
RN

/ﬂg-cpdw—i—/ Zo- Apdx = (ug + AZy, ),
RN RN

and thus % + AZ, = 0 in D'(R?). Using that Z, € W' (R?) and AZ, =
—uy € LY (R3), we conclude that Z, € W2 (R?) and therefore z, €
W22 () and %t = 0 on I'. Thus, z¢ € Wg’p/(ﬂ). As D(£2) is dense
in W(Q)’p,(ﬂ), there exists a sequence {24}, C D(£2) such that 2§ — z, in
W27 (02), when k — +oo. In particular, 2§ — zg in X,v 0 (£2).

To finish, we consider v € T, ,(f2) and we have to prove that £ = 0.
Observe that:

(6, v) = — /Q Azg-vde + (Av, ze)(x,, () %X,/ 1 (2)

= lim </ v - Azlz dx + <A’U, ZIZ>[X7‘/ pl(Q)]/XX'I‘/ p/(‘Q))
k——+oco 0 ’ ’

= lim </v~Az’2dm+/v~Az§dm)0
k—+oco 0 0

Therefore, D(§2) is dense in T, .(£2).
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ii) Let £ € (T, -(£2) NH,, ,(div; £2))’ be such that for any v € D(2), we have
(£,v) = 0. We want to prove that £ = 0. Using again the Riesz’s Represen-
tation Lemma, there exists (wg, mg, z¢) € L¥ (£2) x L (£2) x X,v  (£2) such
that: for any v € T, (£2) N H,, .(div; £2),

(€, v) = /Q(Ue v+ meVev)de + (2e, Av)x , L ()x[X,, (2

As above, we prove first that —Azgy + Ve = ug € LY (R3) and then z, €
WP (£2) and mp € WP (£2). The rest of the proof is unchanged. O

Lemma 11 The space D, (12) is dense in T, . ,(2).
Proof. Tt can be made in a similar manner to that of Lemma 7. O

The following two lemmas prove that the tangential trace of functions v
of T} ~(§2) belongs to the dual space of Z,/(I"), which is:

(Zy (1)) ={n e W VPP(I); p-n =0}, (21)

Before, we recall that we can decompose v into its tangential, v, and
normal parts, that is: v = v, + (v - n)n.

Lemma 12 Let 2 be a bounded open set of R® of class C1''. Let 1 < p < oo
andfr > 1 be such that % < % + % The mapping v : v+ v;|r on the space
D(§2) can be extended by continuity to a linear and continuous mapping,
still denoted by ., from T, () into W~Y/PP(T'), and we have the Green
formula: for any v e Ty, (£2) and ¢ € Y, (12),

v- A de— <vT, —

(AU7¢>X,,QIX,,Q=/ > ’
(X pr ()] %X 1 (£2) on W—1/pp(I)x W1/2:»'(T')

(0]

Proof. We start with the expression: let v € D(£2)3, then

<aw> :/ v A dz
N [y -/maryxwims'(ry o (22)

— (Av, ) x,, (2 xX, 0 (2)

which is valid for any ¢ € Y,/ (£2). Observe that Y,/ (£2) C X, ,/(§2) because
1< 1% + % and the normal trace of the functions of 9 € Y, (2) belongs to
the space Z, (I).

Let g € W/P2(I"). Then, g = p, + (- n)n. Since £2 is of class C!,
we know that there exists ¥ € W22 (£2) such that ¢ = 0 and g—:’f =, on
I' and verifying:

[Pllwer (@) < Cllttrllwirms () < Cllllwirms ry-
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Moreover, 1 € Y,/ ({2). Therefore, we can bound the boundary term as
follows for such functions :

o
<vT7“>W*1/P1P(F)><W1/p,p’(1“)‘ = Ur, a—
N [/ \w=1/p.0(F)x W1/p' (T)

< ||”||LP(!2)||'/’HW2,#(Q) + HAUH[X,,,/J/(!Z)]’H’l/J”Xr/‘p/((Z)
< Cllr, . @¢ly, @

Thus,
HUTHW—l/PvP(F) <C ”'UHTP,T(Q)'

Therefore, the linear continuous mapping v +— v.|r defined on D(S?) is

continuous for the norm of T, ,(£2). Since D({2) is dense in T, ,(£2), then
we can extend this mapping from T, ,.(§2) into W~1/PP(I"), that is, the
tangential trace of functions of T, .(£2) belongs to W=/P»(T). O

Lemma 13 i) The space D(12) is dense in H, ,(div; 2).
it) Let 1 < p < oo and r > 1 be such that % < %—l— % The mapping

Yn i V= v-n| on the space D(§2) can be extended by continuity to a lin-
ear and continuous mapping, still denoted by vy, from Hy .(div; £2) into
W=YP2(T), and we have the Green formula: for any v € H, .(div; 2)
and ¢ € W' (02),

/Qv' Ve dﬂ?—&-/ngo div v dz= (V- 1,0 )y 1/pw () wi/ee’ (1) -

Proof. The proof of the first point is similar to Lemma 10 and the second
point is a consequence of point i). O

4.2 Large class of solutions for the Stokes equations

We recall the definition and the existence result of very weak solution for the
Stokes problem.

Definition 1 (Very weak solution for the Stokes problem) We say
that (u,q) € LP(2) x W~LP(£2) is a very weak solution of (9) if the
following equalities hold: For any ¢ € Y,/ ({2) and 7 € Wl’p'(ﬂ),
—/u-Acpdm—(qV-cp> o= o— (g ai>
o ’ W=Lp(2)x Wy (£2) VFIR ™ an' 23)

/ u-Vrnde = —/ hrdx + (g -n,m)pr,
¢ 0
where the dualities on {2 and I" are defined by:

<'7 >Q = <'7 '>[X,,,/Yp/(Q)]’XX,,,/,p/(Q)a <'7 '>F = <'u '>W71/P-,P([‘)><W1/p,p'([‘)' (24)
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Note that W' (£2) < L (£2) and Y, (2) — X, (2) if L <
means that all the brackets and integrals have a sense.

+ %, that

Proposition 1 Suppose that f, h, g satisfy (16). Then the following two
statements are equivalent:

i) (u,q) € LP(2) x W=YP(£2) is a very weak solution of (S),
it) (u,q) satisfies the system (S) in the sense of distributions.

Proof. i) Let (u,q) be a very weak solution to problem (S). It is clear that
—Au+Vg=fand V-u = hin 2 and consequently u belongs to T, .(£2).
Using Lemma 13 point 44), Lemma 12 and (17), we obtain

o
- /_(2 u - ASD dz + <’u,7., ain>wfl/p1p(1“)><wl/pﬂp’(1“)

- <q> V- (p>W71,p(Q)XW&vP/(Q) = <fa ‘19>!2 :
Since for any ¢ € Y,/ (£2),

dp dp
<u’r7 67”>w—1/p,p(p)xw1/p,p’(p) = <g7—a 87>W71/p’p(r)xwl/p’p/(F)7

we deduce that u, = g, in W~Y/P?(T"). From the equation V - u = h, we
deduce that for any 7 € W' (£2), we have
(u-n,m)pr={(g -n,mr.

Consequently u-n = g-n in W=Y/PP(I') and finally w = g on T
ii) The converse is a simple consequence of Lemma 13 point #), Lemma 12
and (17).

O

Observe that the following result is a variation from Proposition 4.11 in
[5], which was made for f = 0 and h = 0. Here, we focus on the aspect that
the fact of taking f # 0 and h # 0 make over the whole proof appearing
there. In the case r = p, we have:

Proposition 2 Let
fe (X, (), helP(Q), ge W l/rr(n),

and satisfying the compatibility condition (5). Then, the Stokes problem (5)
has exactly one solution u € LP(£2) and ¢ € W~1P(82)/R. Moreover, there
exists a constant C' > 0 depending only on p and 2 such that:

lullLe (o) + llallw-1r2)r

(25)
< C {Iflx, o + Il + llglw-1mnry | -

Moreover u € Tp(£2) and

lullr, ) < € {Iflx, @ + 1RlLec) + lglw-sen) } -
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Proof. In [5], the proof of Proposition 2 is made for f = 0 and h = 0. It is
on the aspects from the proof given in [5] were f and h take part on, where
we focus on below.

i) First step: We suppose that g-n =0 on I" and / h(z)dz = 0.
Q
It remains to consider the following equivalent problem:
Find (u,q) € LP(2) x W=1P(2)/R such that: Yw € Y, (), Vr €
Whr'(02)

/n u (AW VT dz = (0, V- W)y o) cwi (@)

ow
= <-f? w>[Xp/(.Q)]/><Xp/(Q) - <g7-7 87>F - h/ﬂ-dm
n 2

being Y, ({2) the space defined by (20) that verifies the embedding Y,/ (§2) —
X, (£2). The duality brackets are given in (24).

We can prove (as in [5]) that for any pair (F, @) € L¥' (2) x (Wol’p/(Q) N
LB (£2)), we have:

ow
(f, w)[xp,(n)]/xxp/(n) - <gT, 8n>r — /Qhwdac‘

<C (Hf”[xp,(n)]/ + I gllw-1/p0(02) + ||h||LP(Q)) (||F||Lp/(9) + H@HWW(Q))

being (w,7) € Y, (2) x W () /R the unique solution of the Stokes (dual)
problem:

—Aw+Vr=F and V-w=¢ inf2, w=0 onI.

Note that for any k € R,

/ hmdx
Q

lwllwee (o) + 7w o)r < C (HF”LP'(Q) + ”(p”Wl«P’(Q)> .

< Ille ) I7l Lo 2y m (26)

/Qh(w—i—k)d:c

and

From this bound, we deduce that the mapping
ow
(Fa¢)q<faw>ﬂ_<g7—aai>1"_ hmdz
n 0

defines an element of the dual space of L?'(£2) x (Wol’p/(Q) N LSI(Q)) with
norm bounded by C(||flx,, @) + [1hllr(2) + 19llw-1/p.0(2))-

From Riesz’ Representation Theorem we deduce that there exists a unique
(u,q) € LP(2) x W~LP(Q2)/R solution of (S) satisfying the bound (25).
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i1) Second step: Now, we suppose that / h(z)dx = (g-n,1)r and consider
2
the Neumann problem: Find 6§ € W1(£2)/R such that:

(N) Af=h in 2, —ozg-n on [
n

0

which has a unique solution § € WP(£2)/R and verifies the estimate:
10lwrr2ym < C (Ihllze) + 19 - nllw-1/00(r)) - (27)

Set up = V0. By step 1), there exists a unique (z, q) € LP(£2) x W~=1P(2)/R
solution of problem:

—Az+Vq=f+Vh and V-2=0 in 2, z=g — ug|r on I,

where the characterization given by Lemma 9 implies that Vh € (X, (£2))’
and g — ug| satisfies the hypothesis of Step 4). Finally, the pair of functions
(u,q) = (z + uo, q) is the required solution. O

More generally, we have:

Theorem 11 Let f, h, g satisfy (16) and (5). Then, the Stokes problem (S)
has exactly one solution uw € LP(£2) and ¢ € W=1P(2)/R. Moreover, there
exists a constant C' > 0 depending only on p and 2 such that:

lwllLr 2y + llallw-1r(2)/r
(28)
< ¢ {Ilx,.cm + Illerca) + lglw-1/ms(r) §

Moreover u € T, ,.(£2) and

lllz, o) < € {Iflx,. o + Illrco + Iglw-r/mnry |-

In particular, if f€ W=L70(02) and h € L™ (£2) with ro = 3p/(3 + p), then
(u,q) € LP(02) x W=LP(Q) with the corresponding estimates.

Proof. If we want to use hypotheses f € (X, ,»(£2)) instead of f € (X, (£2))’
and h € L"(f2) instead of h € LP({2), appearing in Definition 1 and Propo-
sition 2, then the differences on the proof are linked to:

— Instead of (f, w), we have:
<.f7 w>[x,,./,p/(9)]/XX,,/’p/(Q) fOI’ w e YP’(‘Q)

Observe that Y, (£2) C X, (£2) if L < % + %, which is the case defined
in Lemma 12. Therefore, the same study can be made, only replacing the
bOUHd Hf”[xp,(_q)]/ by ||fH[X'r',,p/(Q)]/'
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— Now, we solve problem (N) with h € L"({2). Problem (N) is equivalent
to the problem: Find 6§ € W'?(£2)/R such that:

Vo € W' (12), /VQ'chda::<g~n,ga>pf/htpda:
o) o)
which is well defined for any ¢ € W# () (observe that W1h#' () —
L™ () if 1 < %—i— 1)
The mapping £: ¢ — (g-n,p)pr — / h dx defines an element of the
o)

dual (WP (£2)/R) because (£,1) = 0. Furthermore, the following inf-sup
condition is verified:

[, V0 Veda

up 0 -
W' (@)/R §ewrr)r IVOLr@ Vel )
0 040

Therefore, the problem (N) has a unique solution § € WP(£2)/R and
satisfies the estimate:

||9HWW(Q)/R <C (||g : n||W,1/,,,p(p) + ||h||LT(Q))

Remark 7 Observe that in [19] Theorem 3, the domain considered is of class
C*! instead of class C*!, and the divergence term h € LP(§2) instead of
h € L"(£2). The regularity considered for f, taking into account Lemma 9, is
the same as we consider (f is the divergence of a tensor in " ({2) because of
the gradient part can be associated to the pressure). But for the divergence
condition h, Galdi et al. consider h € LP({2), which is a space smaller than
that considered in this work (h € L"(£2) for 1 < % + 3). Moreover, our

solution is obtained in the space T}, ,-(£2) which has been clearly characterized

contrary to the space Wiep (§2) appearing in [19] which is not characterized,
is completely abstract and is obtained as the closure of W1?(§2) for the norm

||U||W1.,p(g) = ||ullLe () + HAr_l/szAuHLT(Q)a

where A, is the Stokes operator with domain equal to W22 (2)NW(2)N
L2 (£2) and P, is the Helmholtz projection operator from L”(£2) onto L (£2).

Corollary 3 Let f, h, g satisfy (5) and f=V -Fog + V f1 with Fy € L"(£2),
fi e WhP(Q), h € L"(2), g € WY/ (I"). Then the solution u given
by Theorem 11 belongs to WL (82). If moreover fi € L"(£2), then the so-
lution q given by Theorem 11 belongs to L"(§2). In both cases, we have the
corresponding estimates.
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Proof. Let (u,q) € LP(£2) x W~1P(£2)/R be the solution given by Theorem
11. Then

—Au+V(g—f1)=V-Fy and V-u=h inf2, w=g onl.

By Theorem 10 point i), we deduce that (u,q — f1) € WLT(2) x L"(£2).
Note that if 1 < Il] + %, we have the following embeddings:

W (Q) < LP(Q)  and WIY"(I) s WL/PE(D),

Remark 8 It is clear that

W' (02) — T, ,(£2) when <-4+

S| =

SN
W =

i.e., Tp(£2) is an intermediate space between W7 (2) and LP(42).

Remark 9 1) First, we have as consequence of Proposition 2 the follow-
ing Helmholtz decomposition: for any f € (X, (£2))’, there exist ¥ €
W-LP(02) and ¢ € W=1P(£2) such that

f=curlp+Vgq, divep =0 in 2
ii) In the same way, suppose that f = V - F with F € LP(£2), h € LP(2)
and g € W'=V/P2(I") verifying the compatibility condition (5). Then,

the solution (u,q) € LP(2) x W~1P(§2) given by Theorem 11 satisfies
(u,q) € WHP(£2) x LP(£2) with the appropriate estimate.

Corollary 4 Let h and g satisfy:
heL"(2), ge W Yrr(D), / hx)de=(g-n,1)r,
0

with 1 < ;;—F% and r < p. Then, there exists at least one solution u € T), ,.(£2)
verifying
V-u=h in {2, u=g onl.

Moreover, there exists a constant C = C(§2,p,r) such that:

lullr, 2 < C (Al

L(£2) + ||gHW*1/P=P(F)) .

The following corollary gives Stokes solutions (u, ¢) in fractionary Sobolev
spaces of type WP (2) x Wo=LP (), with 0 < o < 2.

Corollary 5 Let s be a real number such that 0 < s < 1.



30 Chérif Amrouche, M. Angeles Rodriguez-Bellido

i) Let f=V -Fo+Vf1, h and g satisfy the compatibility condition (5) with
Fo € W(2), f1 € Wi LP(Q), g€ W YPP(D), h e W5 (),

with % < % + % and v < p. Then, Stokes Problem (S) has exactly one
solution (u, q) € W*P(2) x W*=LP(02)/R satisfying the estimate

[ullwsr(2) + lgllws-1r2)/r
<O

ii) Assume that
Fe WS LP(), ge WsH=Vpe(I) b e WoP(0Q),

with the compatibility condition (5). Then, Stokes Problem (S) has exactly
one solution (u, q) € WsTLP(2) x WP(02)/R with

[Follwsr (o) + I fillws-1p(@) + |hllwer @) + I gllws-1/p.0(1))

lullwst+r(2) + lgllwsr2)m
< C(Mfilws-12(0) + |Alwer2) + 1glws+1-1p0(r))
Proof. Tt suffices to use an interpolate argument. Indeed, if
f =V Fy+ Vf with Fy € L"(2),
freW=tP(Q), he L"(2), g € W-/P2(I),

by Theorem 11 there exists a unique solution (u,q) € LP(£2) x W=1P(£2) of
(S) satisfying the estimate

ullLr(2) + llgllw-1r0)/r

< C(IFollLr) + I fillw-1p2) + 1Rl r(2) + lgllw-170.0(r))-

If now

f =V Fo+ Vf with Fg € W7 (£2),

fLeLP(2), he Whr(£2), g € WV/re(D),
by Theorem 10 point i) there exists a unique solution (u,q) € WHP(§2) x
LP(£2) of (S) satisfying the estimate
lullwrir2) + llalleo)/r
< C([[Follwrr () + [ fillLe2) + 1Bllwrr@) + lgllwi-1/p0m)-

Note that W17 (£2) < LP(£2). The result is then a consequence of the fol-
lowing interpolate spaces:

(WH(02), L'(Q2)]is = W (), [LP(R2), WTHP(2)|1s < W*THP(12)
and
[1/[/1—1/1)4)([1>7 W_l/p’p(F)]l,s — Ws—l/p,p(]ﬂ%
[WEP(2), LP(2))1—s = WP(92).
The proof of point ii) is similarly obtained by using Theorem 10 point ii) and
an interpolate argument. O
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Remark 10 We can reformulate the point ii) as follows. For any
few=(2), he Wt9(2), g e W2s=1/PP' (),

with 0 < s < 1, then problem (S) has a unique solution (u, ¢) € WZ_SJ’/(Q)X
Wi=sr' (2)/R.
The following theorem gives solutions for external forces f € W*=2({2) and

divergence condition h € W*=1P(§2) with 1/p < s < 2. If p = 2, we can
obtain solutions in H'/2+¢(2) x HY/2+¢(02),0 < ¢ < 3/2.

Theorem 12 Let s be a real number such that 1% <s<2 Letf, hand g
satisfy the compatibility condition (5) with

FeW2P(2) he W™ 'P(Q2) and ge W V/PP(),

Then, the Stokes problem (S) has exactly one solution (u, q) € W*P(§2) x
We=LP(02)/R satisfying the estimate

lullwer+lallwe-1/m < C(Iflwe-20@)F 0w+l gllwe-1/r0r)) (29)

Proof. The theorem is proved by Corollary 5 point ii) if 1 < s < 2. Using
Theorem 1, we can suppose g = 0. Let s be then a real number such that
% < s < 1. It remains to consider the following equivalent problem:

Find (u, q) € WP(2) x WS 1P(Q2)/R such that: Yo € W, 27 (),
Vi e Wsthr' ()

(u, —Aw + V)weroycw-«r (@) = {6V W)yoi o) w410 () =

o Wi zn@yewy =22 (@) ~ I Thweiogoy w1’ ()

Note that Wo_sﬂ’p,(()) = W—stLP' () because —s +1 < 1/p/.
As in the proof of Proposition 2, for any H € W—5¢(£2) and ¢ €
W—stL2' (), we have:

‘ - <.f7 w>wsf2,p((2)XW55+2»P/({2) + <h7 7T>W571,p(Q)XWO*S+1,P/((Z)’
< C (IFlwe-2oca) + Illw-r0)) (Bl (o) + llr—s100(c

being (w,w) € WESJFQ”’/(Q) x W(;sﬂ’p,((l)/R the unique solution of the
Stokes problem given by Corollary 5 point ii) (see also Remark 10):
—Aw+Vr=H and V- w=¢ inf2, w=0 onl.

Note that R ¢ W—*t12'(£) and for any k € R,

(h, ) h, 7+ k)

Ws_l'p(.Q)XWJs+1‘pl(Q) ’ = ‘< W'g_l’p(Q)XWJS+1‘pI(Q)

< Cllhllws—rr@)I7llw-st10 () /r
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and
10l 2y + I ll=es1 (@72 < C (IEliwy—vr(y + IlPlli—ss1 ) ) -
From this bound, we deduce that the mapping

H, ¢) = —({f, w>W5f2,p(Q)XWgS+2*p/(Q) + (h, 7T>W571,p(9)xw(;5+1’17'(9)

defines an element of the dual space of W= (£2) x Wst1Lr' () with
norm bounded by C (||f|lws-2.(2) + |Allw:-1.5(0)). From Riesz” Represen-

tation Theorem we deduce that there exists a unique (u, ¢) € W (£2) x
Ws=LP(§2) /R solution of (S) and satisfying the bound (29). O

Remark 11 1) Remark 4 point ii) and iii) holds.

ii) If n = 2, £2is a convex polygon, with I' = UT;, I'; linear segments, f = 0,
h =0and g € H*(I}), for i = 1,...,Ip and —1/2 < s < 1/2, then
u € H () for any r < s+ 1/2 and g € H*~'/2(0) (see [30]).

iii) When {2 is bounded Lipschitz domain in R™, with n > 3, f =0, h = 0,
g € L*(I') (respectively g € WH(I")) , with [, g-n = 0, then u €
H'/2(82) (vespectively u € H?/2(£2) and ¢ € H='/2(£2) (respectively q €
H'/2(0)) (see Fabes et al. [14]). If g € LP(I'), there exists ¢ = £(£2) > 0
such that if 2 — & < p < 2+ ¢, then w € W'=V/P(2) and ¢ € W—/P(02).
For a similar result when g € L?(I") and (2 is a simply connected domain
of R?, we can see [10].

iv) When {2 is only a bounded Lipschitz domain, with connected boundary,
the same result has be proved by [36] with f = 0 and h = 0 for any p > 2.

5 The Oseen problem

We want to study the existence of a generalized, strong and very weak solu-
tions for the problem (O) presented in Sect. 2.

5.1 Existence of solution in H'(£2) x L?(£2)

First, we are going to study the existence of solution for (O):

Theorem 13 (Existence of solution for (0)) Let 2 be a Lipschitz bounded
domain. Let

feH YD), veH3(), helL?*2) and ge HY?(I)

verify the compatibility condition (5) for p = 2. Then, the problem (O) has
a unique solution (u,q) € HY(£2) x L?(2)/R. Moreover, there exist some
constants C1 > 0 and Cy > 0 such that:

s () < Ca( Ml () + (1 + lso) (1Rllz2(e) + lgllerary) ) (30)

lall 2o/ < Ca (i1 + (1 + 1olles o) (1Al z2g) + Iglirary) ) (31)
where Cy = C(£2) and Co = Cy (1 + ||v||Ls(0))-
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Proof. In order to prove the existence of solution, first (using Lemma 3.3 in
[5], for instance) we lift the boundary and the divergence data. Then, there
exists ug € H(£2) such that V-ug = h in 2, ug = g on I' and:

luoller2) < € (IhllL2c) + lgllarzcry) - (32)

Therefore, it remains to find (z,q) = (u — ug,q) in H{(2) x L?(£2) such
that:

—Az—v~Vz+Vq:f and V-z=0 inf2, z=0 onlI.
being f = f + Aug + (v - V)up. Observe that f € H (). Since the

(2); V- = 0} is dense in the space V = {z €
= 0}, the previous problem is equivalent to: Find z € V such

0
ol
I
8
)
&Q
I
O,—M
AY)
m
)

Ve eV, /Vz Vepdz —b(v, 2,0) = (F. @)u-1 (o) xmy(2):

where b is a trilinear antisymmetric form with respect to the last two vari-
ables, well-defined for v € L3(£2), z, ¢ € H}(£2). (We can recover the pres-
sure 7 thanks to the De Rham’s Lemma 6). By Lax-Milgram’s Theorem we
can deduce the existence of a unique z € H{(£2) verifying:

[2llar ) < CUIf Il + [[Auolla—1 (o) + IV - (v @ uo)l[a-1(2)
< C(If la-1(2) + [luollar (@) + v @ wollLa(e)

O(If sy + (14 10]scon) wollens o)
< C(nan-l(m + (1 + Ivls@) (IRll2) + lglsa) )
which added to estimate (32) makes (30).
Now, —Az —v -Vz — f € H () and:
Ve eV, (~Az—v-Vz—f, o) “1(2)xH(2) = 0

Thanks to De Rham’s Lemma 6, there exists a unique ¢ € L?(£2)/R such
that:

—Az—v-Vz—qu:f

with [|q]lz2(0)r < ClIVqlla-1()- Finally, estimate (31) follows from the
previous equation and estimate for z. a

As a consequence of Theorem 13, Theorem 10 and the inequality
v Vulgeso) < vl VullLz ),

we can deduce the following result:
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Corollary 6 Let
FeLS®(Q), veH3(2), he WhS/5(2) and ge WT/65/5(T)

verify the compatibility condition (5). Then, the solution (u,q) given by Theo-
rem 13 belongs to W25/5(0) x W15/5(02) and verifies the following estimate:

||U||w216/5(9) + ||Q||W1,6/5(Q)/1R <C (1 + ||v||L3(Q))

x(Iflleraga) + (1 + 1ol ) (1hllwerscay + Iglwrroescr) )

5.2 Generalized and strong solutions

In this subsection, we are interested in the study of generalized solutions and
strong solutions of the system (O). Let us first consider (u,q) € W1HP(§2) x
L?(£2) a generalized solution of (O). If p < 3, then v ® u belongs to LP({2)
and then div (v ® u) belongs to W=1P(Q2). If p > 3, v ® u ¢ LP(£2), but
v-Vu € L'(2), with § = § + 1 and L"(£2) < W~17(£2). That means that
all terms appearing in system (O) belong to W~17(£2). In the case of the
strong solutions, the situation is different. In fact, when p < 3, because of
the embedding W?2P?(2) — WLP*(2), the term v - Vu € LP({2). But this
is no more the case when p > 3 and that v belongs only to Hs(f2). The
next proposition gives the good conditions to ensure the existence of strong
solutions.

Theorem 14 (Strong solutions) Let p > ¢,
felP(2), heW'P(2), veH, () and ge W21/rr([)

with
s=3 ifp<3, s=p ifp>3, s=3+¢ if p=3, (33)

for some arbitrary € > 0, and satisfying the compatibility condition:

/Qh(:c)d:c:/rg-ndg.

Then, the unique solution of (O) given by Theorem 13 wverifies (u,q) €
W2P(0) x WHP(0). Moreover, there exists a constant C > 0 such that:

lullw2r2) + llallwrror < C (1 + [|v)lL ) x

(34)
% (Il + (1+ o

ve@) (IBllws) + lgllwe-ses ) )
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Proof. First, by Corollary 6, we can suppose p > 6/5 and then we have the
following embeddings:

LP(2) = HY(Q), WY(2)— L*(2), and W2 VPP(I')— HY2(I).

Thanks to the regularity of f, by Theorem 13 there exists a unique solution
(u,q) € HY(£2) x L?(2)/R verifying the following estimates:

lullixs o) < C(Iflas0) + (1 + ollusn) (Al +glacr)) (35)
and

luller ) + lallz2@yr < C (1 + [[v]ls ) X
(36)
< (I -1y + (1 + Iolleoe) (hllzaoy + Iglesracry) )

Observe that, a priori, the regularity for the Oseen problem cannot be
deduced from the Stokes one. This follows from the fact that v - Vu =
V- (v®u) € H () (see the proof of Theorem 13).

In order to obtain the strong solution in W2P(£2) x WhP(£2), first we
apply Lemma 7 to function v, and we take for any A > 0 v, as the velocity
of the convection term, where vy € D(f2) is such that V- vy = 0 and
[va — v||Ls(2) < A Therefore, we search for (ux,qx) € WP(£2) x WhHP(12)

solution of the problem:
—Auy — vy - Vuy+ Vg, = f in £,
(Ox) V-uy=hin 2,
uy=gonl.

Remember that from above we can obtain a unique solution (uy, gx) bounded
in H}(£2) x L?(£2)/R independent of A. Then, we obtain again estimates (35)
and (36). As vy - Vuy € L%(£2), if f and h are regular enough, then using
the Stokes regularity we deduce that (uy,qn) € H2(2) x HY(2) if 2 < p
and (uy,qy) € W2P(02) x WHP(2) if 6/5 < p < 2. A bootstrap argument
moreover shows that (uy,gy) € W2P(2) x WHP(Q) if 2 < p.

Thus, we focus on the obtention of a strong estimate for (uy,qy). Let
e >0 with 0 < A < /2. We counsider:

vy =v]+v5, where v]=vx%p.p, and v5,=v\—V*p 2. (37)

¥ being the extension by zero of v to R? and p, /2 the classical mollifier. By
regularity estimates for the Stokes problem, we have

lullw2r(2) + llaxllwir@yr < C (1 lur )+ (38)

+ [[hllwrr@) + 1gllwe-1/00r) + |lvx - VurllLe(2))

Now, we use the decomposition (37) in order to bound the term |v) -
Vu||Lr (). We observe first that

05 2llLe(2) < llox = vllLe) + v = vxpepallue (o) S A +e/2 <e.
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Recall that

W2P(02) — WhF(02) (39)
for any k € [1, p], with z% = % — %, if p< 3, for any kK > 1if p = 3 and for

any k € [1,00] if p > 3. Moreover the embedding
W2P(02) — Whi(2) (40)

is compact for any ¢ € [1,p*[if p < 3, for any ¢ € [1,00[ if p = 3 and
for g € [1,00] if p > 3. Then, using the Holder inequality and the Sobolev
embedding, we obtain

[vX.2 - VuallLe o) < 03 2llLe@) IVuallur ) < Cellunllwer@)  (41)

where % = % - %, which is well defined because the definition of the real

number s. For the second estimate, we consider two cases.
i) Case p < 2. Let r € |3,00] such that % = <+ 4 and t > 1 such that

14 % = % + % satisfying:
[v] - VurlLr(e) < vl @ IVurliz o)
< lvlle@)llpes2llLeee) IV uallLz (o)

Using the estimate (35), we have

05 - Vaaloa) < Cellvliuo) (I o) + (1+ 190]luacey) x

(12)
X (Ihllwog) + Iglwe-vmrry) ).
From (42) and (41), we deduce that
lurllwzro) + laallwie)yr < C (1+]v]Ls o) X
(43)

< (I ey + (14 ol (hllwioge) + Iglwe-1msr))

ii) Case p > 2. First, we choose the exponent ¢ given in (40) such that ¢ > 2.
For any &', we known that there exists C.r > 0 such that

[VurllLoe) < €'lluallwer2)y + Colluallu (o)
Let first consider p < 3 and choose ¢ < p* and close of px. Then, there exist
r > 3 such that % = % + % and ¢t > 1 such that 1 + % = % + % satisfying:
[v5 - VurlLro) < vl [[VurlLae)
< [vllLs(@)llpesalle @s) [ VuallLeo)-

Ifp>3,

[v5 - VurllLe() < [[villLs @) [IVurllLae)

<[]

Ls(£2) ||Pe/2 HLl(]R3) HVUA”LQ(Q)a
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where we choose ¢ = oo if p > 3 and ¢ large enough if p = 3. In the both
cases, in order to control the first term on the right hand side of (38) with
the term on the left hand side, we fix € and ¢’ small enough to obtain

lurllwze (@) + llaallwie2)/r
< C{IIf ooy + Ibllwroa) + g lwe-17mn(ry

(44)
+ Cer|lv]

Lo llpe2ll Lt (@)
X (I o) + (14 [0l (hlwio + Iglwe-1mo)) }

Thus, we deduce that (uy,qy) satisfies (43), where we replace ||v|/Ls by
vl

The estimate (43) is uniform in A, and therefore we can extract subse-
quences, that we still call {u)}x and {gx}, such that if A — 0,

uy — u  weakly in W>P(£2),
and for the pressure, there exist a sequence of real numbers k) such that
qr + kx — ¢ weakly in WhP(0).
It is easy to verify that (u,q) is solution of (O) satisfying estimate (34) and

this solution is unique. a

Remark 12 i) What happens if 1 < p < 6/5 ? We shall try an answer later.

ii) Observe that the value of p for the regularity cannot be equal to 3 because
of v € L3(£2) and thus v - Vu cannot be better than L37¢(2) (¢ > 0). If
we want to reach the case p = 3 (respectively p > 3), we must suppose
v € L3%¢(02) for arbitrary e > 0 (respectively v € LP(£2)).

Theorem 15 Let
feEW™LP(Q), weH3(2), heLP(2) and ge W!I™V/PP(D)

verify the compatibility condition (5). Then, the problem (O) has a unique
solution (u,q) € WHP(2) x LP(£2)/R. Moreover, there exist some constant
C > 0 such that:

i) if p > 2, then

llullwir2) + llallr2yr <

(45)
2
<C (1 + ||v||L3(Q)) (||f1|wf1=p((z) + Pl ey + ||9Hw1—1/p,p(r))
it) if p < 2, then
2
llullwrr2) + lgllLe2yr < C (1 + Hv||L3(Q)) X (46)
46

% (Il + (1 + N0l o) IAlLoa) + gl 17y )
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Proof. i) First case: p > 2. Let (ug,q0) € WHP(£2) x LP(£2) be the solution
of:

—Aug+Vgo=f and V-ug=h in {2, wg=g on .

verifying the estimate:

wollwrr(2) + laollLr(2yr < C (If lw-10(2) + Rl Lr2) + | gllwi-1/p0(r))
(47)
and (z,0) € W2H(02) x WLH(Q) verifying:
—Az4+v-Vz4+VO0=—-v-Vug and V-2=0 inf2, z=0 on [,

with % = % + % and satisfying the estimate

zllw2t(2) + [10llwreo)/r
<O+ [Ivllus) v - VuollLeo)
< C(1+v|Ls2) lvllLs )

X (IIf lw-=10(2) + 10l Loy + ||9||w1—1/w(r)) .

(48)

Here, we have applied Theorem 14 because of v - Vug € L!(£2). Observe that
g§t<3, if and only if p > 2.

Thanks to the embedding W2!(£2) — WLP(§2), the pair (u,q) = (z +
ug, 0+qo) € WHP(£2) x LP(£2) verifies the problem (O). Estimate (45) follows
from (47) and (48).

11) Second case: p < 2. We use here duality argument.
1. First, we suppose h =0 and g = 0.

The problem (O) is equivalent to the problem:

Find (u,q) € WgP(2) x LP(2)/R such that: V(w,7) € Wg? (£2) x
¥ ()

(u,—Aw -V - (v®w)+ Vw)wé,p(mxw,l,p/(m =@, VW) o oyxv (2)
= 0w in@)wp? (2)
Thanks to the case i), as p/ > 2, for any pair (F, @) € W12 (£2) x Lg/(Q),
there exists a unique (w,7) € Wé’p,(Q) x LP'(£2)/R such that
—Aw -V - (v@w)+Vr=F and V-w=¢ in2, w=0 on T
and satisfying the estimate:
<

wllwre (o) + 17l Lo (2 <

2
< C(1+Ivles)” (IFllw-1r ) + 19l (@) ) -
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Furthermore, we have

(f, w>w—1,p((z)xWé’p/(9)‘ =
2
< Clflw-rs@) (14 [0 ls)” (IFllw-1 o) + Il ()

In other words, the mapping the mapping (F,¢) — (f, w)  de-

W-Lpx WP
fines an element of the dual space of W=17'(2) x Lg,_Q). From Riesz’ Repre-
sentation Theorem, we deduce that there exists a unique (u,q) € Wy (£2) x

L?(£2)/R solution of (O) satisfying
2
lullwiro) + lallro)yr < C (1 + ||'U||L3(Q)) If w10 (2)-

2. We suppose now h € LP(2) and g € W'=V/PP(I') verifying the com-
patibility condition (5). There exists z € WHP(£2) such that

Viz=h inf2, z=g onl,

with the corresponding estimate.
We known that there exist (ug,q) € WHP(£2) x LP(£2)/R unique solution to

—Aug+v-Vug+Vg=f+Az—v-Vz and V-ug=0in 2, uy=0 on I'

lwollwrr 2y + llallLr(o)/r

<C(1+|ollusie)’ If + Az = V- (v @ 2) w100 o0

2
<C(1+ lvllwsa)” (Iflw-rei2) + 1Bl e o)
Hlgllwr-1eery + v ® 2[|Le ().
Using Holder inequality and Sobolev embedding, we have
v @ 2z|lLre) < lvlslzllLe (o) < Cllvllus@)(1hllze @) + gllwi-1/p00m)-

The estimate (46) is then a consequence of the two above estimates. O

Remark 13 i) Observe that v - Vu € L'(2) — W~1P(2), with 1+ = £ + %.
That means that all terms in the left hand side of the system (O) belong
to the space W~17((2).

ii) Estimates (45) and (46) are not optimal.

Proposition 3 Under the assumptions of Theorem 15 and suppose that g <
p < 6, the solution (u,q) satisfies the estimate:

lullwre2) + lallLr2)r < C (1 +]1v]|Ls ) *
(51)
% (Iflw—e2) + (1+ 1olluoy) (Iellzee) + lgllwi-imoer) )

If moreover v-n =0 on I', then the estimate (51) holds for any 1 < p < co.
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Proof. The case p = 2 is treated in Theorem 13. We will repeat quickly
the reasoning given in Theorem 14. Let (uy,qx) € WHP(£2) x LP(£2) be the
solution of the problem (O)) given by Theorem 15.

i) First case: 2 < p < 3. We have

lusllwrre) + llaxllr@yr < C(Iflw-1p(2)+

+ Ml 2y + 1gllwi-1m0ry + [lva @ ur|lLe ()
and
[v52llLe2) < loa —vlLe) + v — v xpepollLse) S A+e/2<e.
Then, using the Holder inequality and the Sobolev embedding, we obtain
032 ® uallLe(2) < 05 2lls @) lurllLe(2) < Celluallwire).  (53)
For the second estimate, we have:
[v] ® urllLr(2) < [[villLr(2)llurllLae)
< |[vllLs(2)llpe /2l @s) lwallLa2)s

where ¢ € ]1,2[ is such that 1 + 1 = ¥ + 1 and % =14 %. We choose
r €3, ti—pp[ for that 6 < ¢ < px. Then, for any &', we known that there exists
C. > 0 such that

luallLe(2) < &'llurllwrr) + ColluallLso)- (54)

From (53), we deduce that

lwallwrec2) + llanllLryr < C (1+ |v]Ls2)) %

(55)
% (I lw-10(2) + (14 [10llescn) (llzso) + 1glwi-ssmecr)
ii) Case 3 < p < 6. We have now by Stokes regularity the estimate:
luxllwie) + llaallze)r < C (IF llw-10(0) + (56)

+ 2l (2) + [19llwr-172.0(r) + [vx - Vurllw-1.0(2))
and
052 Vurllw-1r(2) < Cllv5 2 - VurllLro) < Cel|Vusllur(e)y,  (57)
where 1 = % + %. For the second estimate, we have:
05 - Vurllw-1r0) < Cllv] - VusllLr (o)
< Ollvillur o) IVurllLe o) (58)

< Cllvlle)llpe2llLe s [[Vuallrz o),
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— 6p _ 2p 6 3
Wherek—ﬂandt—me [5,5[

iii) Case g < p < 2. As in the proof of Theorem 15, we use a duality argument.

iv) Case p > 6 and v-n = 0 on I'. The functions v (being v the extension by
zero of v to R?) and v§ are then divergence free. As in Case ii), the estimate
(57) is satisfied. For the estimate (58), we observe that

105 - Vaisllw-1n(2) = div(v5 ® wa)lw-s() < 105 © w3) o).

But
[v] @ uallLr(2) < V5L @) lusllLes o)

< vl llpe2llLe®e) lwallLes ),

with 1+ = 3+ 1 and t > & To finish, the estimate (55) is a consequence
of the fact that for any ¢’, we known that there exists C.r > 0 such that

lualle(2) < €llurllwiro) + ColluallLso)- (59)

v) Case p < 6/5 and v-n =0 on I'. We use again duality argument. O

Remark 14 If we suppose that v € H,({2), then estimate (51), where we
replace the norm ||v||ps(o) by [|v||Lr(2), holds when p > 6 (and then also,
by duality argument, when p < 6/5 and v € Hy,/(£2)). Indeed, we rewrite
estimate (53):
[v5.2 @ uallLe(2) < (05 2llue @) [uallLe (@) < Celluallwrro).  (60)
For the second estimate, we have:
[v] @ uallLr(2) < Iv§llLe @) lurllLes(2)

< vllLr2)luallne()-

To finish, we use again estimate (59).

Corollary 7 Let 1 <p < 6/5 and let
fe LP(Q), U€H3(0)7 heWLP(Q) andgew2fl/p,p([1)

verify the compatibility condition (5). Then, the solution given by Theorem
15 satisfies (u,q) € W2P(02) x WLP(£2) and the estimate

lullw2r(2) + llallwrromr < C(1+ [|v)lLse)) x
(61)
x(Iloa) + (1+ lvlleso) (1ellwrogey + lgllwe-vesr) )

holds.
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Proof. Let 1 < p < 6/5 and (u,q) € WHP(2) x LP(£2) be the solution given
by Theorem 15. But

LP(Q) = WIT(2), W'P(Q) = L'(Q), W2VPr(r) — Wn(r)

where r € |2, 2[ satisfies 1 = - —3- From Theorem 15, we deduce that (u, ) €

WL (02) x L™(§2) and then v - Vu € LP(£2). By Stokes regularity allows us
to conclude that (u,q) € W2P(2) x WLP(£2). To obtain the estimate (61),
we proceed as in the proof of Theorem 14. The only difference consists on the
obtention of estimate (42). Let r € ]2, 3[ such that % =141andt €]3,6[such

that 1+ % = % + % Then, we obtain exactly on the same way estimate (42).
Passing to the limit on A for the solutions (uy, ¢x), we obtain the estimate
on (u,q). O

We can summarize Theorem 14 and Corollary 7 by the following theorem:

Theorem 16 Let f, h, g be such that
felP(2), heW'r(2) and ge W V/rr(I)

verify the compatibility condition (5) and v € Hy(§2) with s defined by (33).
Then, the solution given by Theorem 15 satisfies (u,q) € W2P(2) x WLP(§2)
and satisfies estimate (34).

5.3 Very weak solutions

The concepts of weak and strong solutions are known for the Oseen equations.
Here, we want to define and prove the existence of a very weak solution for
the Oseen equations. In this way, before describing the technique, we must
give a meaning to the singular data for an Oseen problem, in the same way
that it was made for the Stokes problem in [5].

These are the tools we shall use in the definition and existence proof that
we present in the sequel.

Definition 2 (Very weak solution for the Oseen problem) Let f,
h, g satisfy (16) and (5) and v € Hy(f2) for s as in (64). We say that
(u,q) € LP(2) x W=LP(£2) is a very weak solution of (O) if the following
equalities hold: For any ¢ € Y, (£2) and m € W' (£2),

/_Q u - (7A(P - v V(P) dr — <Q7v : 90>W*1’p(9)><W01’p/(.Q)
0
= <.fa‘P>_O - <g7-7 £>F7 (62)

/u~V7rd:c:—/h7Tda:+(g~n,7r>p,
7 7

where the dualities on {2 and I" are defined by (24).
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As for the Stokes problem, the previous duality have sense. Moreover, note

that W1’ (£2) — LP*(£2) and then the integral / u-(v-V)pde is well
Q

defined.

Theorem 17 (Very weak solution) Let f, h, g satisfy (5),
, . _y 111
fe (X p(2), he L"(2), g€ W™ V/PP(I'), with o= ]; + 3 (63)
and v € Hy(§2) with

s=3 ifp>3/2, s=p ifp<3/2, s=3+ec ifp=3/2. (64)

Then, the Oseen problem (O) has a unique solution (u,q) € T, ,(§2) x
W=LP(02)/R verifying the following estimates:

lullr, , (2) <C(1+]vlLe @), o IR L2l gllw-1700 )5 (65)

2
Le2) (Al @+l @)+l gllw-1e00r))-
(66)

lgllw—10(2) <C (1 + |||

Proof. First, we shall prove that if the pair (u,q) € LP(2) x W=1P(02)/R
satisfies the two first equations of (O), then u belongs to T, ,({2) and thus
the boundary condition u = g on I" makes sense. Hence, if a pair (u,q) €
LP(2) x W=LP(£2) satisfies the two first equations of (O), because of v €
H,(2) with V- v = 0 and thanks (again) to Lemma 9, then Au = V -
(veu)+Vg—f e (X p(92)). Therefore, u € T, , »(£2) and its tangential
trace belongs to W~1/PP(I"). Moreover, as u € L?(2) and V - u € L"(2),
then w - n|p € W=/PP(I'), and the whole trace u|r € W~/P?(T") can be
identified with u|r = g.

It suffices to consider the case where g - n|pr = 0 and / h(z)dz =0, the

general case is similar to the proof given in the end of Proposition 2.

We prove then that problem (O) is equivalent to the variational for-
mulation: Find (u,q) € LP(2) x W=1P(2)/R such that: Yw € Y, (92),
Vo e Whe'(02)

/u~(—Aw—v~Vw+V7r)dw—<q,V-w)
7

— (. w)a —/Qhwdm - <g§j‘;> |
I

W12 () x W (2)
(67)
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Now, for any pair (F,¢) € LP (2) x [Wol’pl(ﬂ) N Lgl(())], using (26) we
have:

w— [ hrde— (9. 52) |

< C(Ifllx.. (o + Ihllzro) + Iglw-1smsr ) (10llwom ) + Il )

<C (14 ||v]

@) (I, + Il + Iglw-1en)

% (1Bl gy + (14 19le(@) [9lwio )

That is, the mapping
ow
(F’QD)'_> <f7w>9_ hmde — 97787 (68)
Q n/r

defines an element (u, ¢) of the dual space of L? (£2) x [Wé’p/ NL§(£2)], which
is equal to LP(£2) x W=1P(02)/R, with

ullLe2) + (L4 vllLs @) " Hallw-1o0)r < C (14 |v]lLse)) x

(69)

X (||f|\[x7,,,p,(n)]/ + |17l (@) + ||9||w—1/p,p(r)) ~

Therefore, using the Riesz’s Lemma, there exists a unique (u,q) € LP(£2) x
W=LP(02)/R verifying (67) and estimate (69). O

As for Corollary 5, we can prove the following result.

Corollary 8 i) Let o be a real number such that 0 < o < 1. Let f =
V -Fo+ Vfi, h and g satisfy the compatibility condition (5) with

Fo € WOT(2), fi € WOLP(0), ge WIVPP(I'), h € W (2),
with + = % + 1 andr <p. Let v e Hy(12) with
s=3 ifp>3/2, s=p ifp<3/2, s=3+¢e if p=3/2.

Then, the Oseen problem (O) has a unique solution (u, q) belonging to
WP(2) x Wo=LP(02)/R and satisfying the estimate

lulwerie) + lallwe-1r@)z < C 1+ [[vlne(2)x
X <||F0||Wmv~(n) +lfillwe-1p(02)

+ (14 [lolles @) (1Pllwer @) + ||9HWU*1/P,P(F))>-
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it) If moreover
Fo € WOHLT (), fr € WOP(R2), g€ WIOH=V/PP(D) e WIOHLT(02),
with + < % + 1 and v e H(R2), where
s=3 ifp<3, s=p ifp>3 s=3+¢ if p=3,
then (u, q) € WSTHP(02) x WoP(£2) and

lullweotir2) + llallwer@)r < C 1+ [[v|lLs2) X
X (HFOHW“HW(Q) + ||f1||wa,p(g)

+ (14 v

@) (IBllwess.rcoy + lgllwesi-msry) )

Theorem 18 Let o be a real number such that % <o<1. Letf, handg
satisfy the compatibility condition (5) with
FEWT20(Q), h e WTH(Q), g€ WTHPE(D),
Let v e Hy(2) with
s=3 ifp>3/2, s=p ifp<3/2, s=3+ec if p=23/2.
Then, the Oseen problem (O) has exactly one solution (u, q) € WP (£2) x
Weo=LP(02)/R satisfying the estimate
lullwer @) + lallwe-100)/r
< C(Iflwe-202) + |hllwe-1p2) + [|gllwe=1/0.0(1))-
Proof. The proof is exactly the same as in Theorem 12 and it suffices to
study the new term containing the function v. Moreover as in Theorem 12,
we can suppose g = 0. We begin by proving that for any u € WP ((2), we
have div(u ® v) € W7=2P(§2). Indeed, let ¢ € D(£2). Suppose first that
p < % and p < % Then, by Sobolev embeddings
(div(u ® v), ©)proyxpey| = [pu®@v : Ve dx|
< lullua) lvllLs@) IVelr o) < Cllullwer @) llvllus @) lellw-or )
where % = % — 2 and % = ﬁ — 1*?" Observe that %—I— % + % = 1. Using the

density of D(£2) in W2-7%'(£2), we deduce the announced property. All the
more so, the same property holds when p’ < % orp < % Moreover, for all

w E nga’p'(ﬁ), we have:

(div(u ® v), w) (u, div(v ® w))

Wo—2.p(Q)x W27 (2) — Weor(2)x Wy P (2)
and for all 7 € W71 (), we have

<'U,7 Vﬂ->Wg'p(Q)XW*UaP/(Q) = —<le u, 7T>W‘7_1vp(Q)><W07U+1’pl(.Q)'
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Observe that W—o+1p'(2) = WO_O'H”),(Q) because 1 — o < 1%.
As in the proof of Proposition 2, for any H € W_‘T”’/(Q) and ¢ €
W=otLP (2, we have:

‘ — s Whweas@yewg e o) F 7T>W«f—1m<0>xwg”“*”’m)‘
< C (If lwe-20(2) + |hllwe-1.0002)) (||H||W,(,,,,I(Q) + HQOHWfUJrLP’(.Q))

being (w, ) € Wo_”+2’p/((2) x W=otLr'(2) /R the unique solution of the
Oseen problem given by Corollary 8 point ii):

—Aw —divivew)+Vr=H and V- w=¢ in2, w=0 onI.

The rest of the proof is completely similar. O

Remark 15 1) Note that the previous theorem is also valid if 1 < o < 2.

ii) When f € W¥P=2P((2), we can conjecture that u ¢ W/PP(0).

i) If 1/p < 0 < 1,f € Wo2P(2),g € Wo~Y/PP(I'), then the solution
(u,q) of (O) belongs to WP(£2) x We=LP(£2). This assumptions are
more weak as those of Corollary 8 point i). Moreover, they are optimal.

iv) If 0 < o0 < 1/p, Theorem 18 cannot be applied. Indeed, the trace mapping
is not continuous (and not surjective) from W7P?(£2) into W= /PP ("), If
we like to solve Problem (O) with boundary condition g € We=1/P2(I"),
it is necessary to suppose that f and h are more regular, precisely we
must assume f = V - Fo + Vf; with Fg € WO (), f; € Wo—1P(0),
and h € W7 ({2), where % < % —|—% and 7 < p. The solution is then
obtained by Corollary 8 point i).

6 The Navier-Stokes problem

As a consequence of the previous study, we give the definition of a very weak
solution for the Navier-Stokes equations and we look for giving a result of
existence of a very weak solution:

Definition 3 (Very weak solution for the Navier-Stokes problem)
Let f € (X (2))', h € L7(£2) and g € W~1/PP(I") satisfy the compatibil-
ity condition (5). We say that (u,q) € LP(£2) x W~1P(02) is a very weak
solution of (NS) if the following equalities hold: For any ¢ € Y,/ (£2) and
e Whe'(02),

/_Q u- (_A"P —u- VCP) de — <Q7 V- <P>W*11P(Q)><W01”’/(Q)

= o= {om g0, (70)

/’U,'VTFd.’B:*/h71'd:l‘.+<(g'n),7f>p,
I7; o)

where the dualities on {2 and I" are defined in (24).
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In the stationary Navier-Stokes equations, the data h and g play a special
role, making possible or not the existence of a very weak solution. If h and
g are small enough, then the result is true. Until we now, we think that it is
not possible to eliminate this latest condition.

Therefore, we separate both result: first, we prove the result for the small
external forces and then we generalized (when possible) to the general Navier-
Stokes case, always supposing that A and g are small enough in their respec-
tive norms. Each step will be carried out in the Subsections below.

6.1 The case of small external forces

In the search of a proof of the existence of very weak solution for the incom-
pressible Navier-Stokes equations and following the scheme used by Marusic-
Paloka [29], first, we prove the result for small enough data, and secondly,
we generalize to the case of any data.

Theorem 19 (Very weak solution for Navier-Stokes, small data case)
Let f€ (X33/2(02)), h € L¥?(2) and g€ W=1/33(I) verify (5).

i) There exists a constant aq > 0 such that, if
| Fllxss.r + 1R sz + 1 g llw-1ssy < a1, (71)

then, there exists a very weak solution (u,q) € L3(2) x W=13(02) to
problem (N S) verifying the following estimates:

| wles < C (I F ik a@n + 11 A s + 11 g lw-rsser) (72)

| 4 llw-sa/m < Call £ lixqo)y
(73)
+2(1+ Co)C (I Flliy oy + 11 A lgsrs + 1 g Iw-2s03 )

where C > 0 is the constant given by (65), oy = min {(2C) 71, (2C?)71},
C, and Cy are constants of Sobolev embeddings.

i) Moreover there exists a constant ag € 10,a1] such that this solution is
unique, up to an additive constant for q, if

| Fllxss.2) + 1R lzse@) + 1| g w1800 < az. (74)

Proof. 1) Existence. We begin to prove existence of a very weak solution.
We want to apply Banach’s fixed point theorem, so we define a space over
which we shall define an invariant operator.

The idea is to do this fixed point over the Oseen equations, written in an
adequate manner. We are searching for a fixed point for the application T,

{T L H3(02) — Hy(0) -

v —Tv=u
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where given v € H3(2), Tv = u is the unique solution of (O) given by
Theorem 17.

In order to apply the fixed point result, we have to define a neighborhood
B,, in the form:

B, = {v ¢ H3(22); [|v||Ls(o) <7} (76)

If we choose a contraction method (in order to prove the existence of the
fixed point), we must prove that: there exists 6 € ]0,1[ such that

||T'l)1 - T'vgnLa(Q) = ||u1 - UQHLS(Q) < 9”’01 — 'UQHLB(Q). (77)

In order to estimate [|u; — uz||L3(0), We observe that for each i = 1,2,
we have

—Au;+wv;-Vu; + Vg = f in (2,
V-u;, =h in £,
u; =g onl),
with the estimates

willLz(o) < C (1 + |lvillLa (o)
(78)
X (|| f ||[X3,3/2(9)]/ + 1A ||L3/2(9) +1 g ||wf1/313(r))7

where C' > 0 is the constant given by (65). However, in order to estimate the
difference w1 — us, we have to reason differently. We start with the problem
verified by (u,q) = (w1 — u2,q1 — g2), which is the following one:

—Au+v;-Vu+Vg=—-v-Vuy and V-u=0 in2, w=0 onl

where u; = Tvy, us = Tvy and v = v; — vo. Using the very weak estimates
(65) made for the Oseen problem successively for u and for us, we obtain
that:

lullLs@)y < C (1+ villLse) (v - V)uallix, , .20
< C(1+villLe) luallLellvlive o)
<C?B (14 |villae) 1+ [v2llizo) vz

where 0 = || f H[XS’B/Q(Q)]/ +1 A HLs/z(Q) +1 g ||W—1/3=3(F)~ Thus, we can

(for instance) obtain estimate (77) if we consider C2 8 (1 +7)° < 1 that it
is verified, for example, taking:

-1/2

r=(2C°p3) 1 with g<@2c*)™. (79)

Therefore, if (79) is verified and use again estimate (65), then the fixed
point u € L3(2) verifies the estimate:

alls2) < OB (1+||allus(a) -
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Choose also 3 such that 8 < (2C)~1. Thus,
[tra0) < CB(1—CB) <208 <1

Setting oy = min {(2C)7!,(2C?)7'}, then the estimate (72) is satisfied.
For the estimate of the associated pressure, we deduce from the equations
Vi=Au —u-Vau+ f and (72) that:

allw-13(2)/r < IVallw-23(0)
< (1A% w-2(0) + Coll B350y + Collf lXan a(2))
<@l (14 Callalls@)) + Crllf llixs. .20
< Cillf %y 500207 +2(1+C2)C B,

where C is the continuity constant of the Sobolev embedding [X3 3/2(2)]" —
W=23(§2) and C, is the continuity constant of the Sobolev embedding
Wé’3/2((2) — L3(2), which is (73) and the proof of existence is completed.

ii) Uniqueness. We shall next prove uniqueness. Let us denote by (w1, q1)
the solution obtained in step i) and by (w2, ¢2) any other very weak solution
corresponding to the same data. Setting uw = u; — ug and ¢ = ¢1 — g2. We
find that

—Au+uy-Vu+Vg=—-u-Vu; and divu=0 in 2, =0 on [.

As u - Vu; belongs to W’1’3/2(Q), using uniqueness argument and Propo-
sition 3, the function u belongs to W3/2(£2) and we have the estimate

wllwisrz(o) < O llullus o) llwllus @) (1+ [JwellLs @)
where C7 > 0 is given by (51). Thanks to Theorem 17, we have also
[uzllLse) < C(l+lluallLe @) (| F lixs., 21+ A s+ 9 lw-1/55(r))s
where C' > 0 is the constant given in (65). We deduce then
CUl f Ixs500207 T 2 Ml + 1 g lw-1/331))
1= C(| f lxss02 + 1 R llzsr2) + 1 9 llw-1/3301))
<2pC,

provided that 8 < ay. Using finally the embedding W13/2(2) «— L3(£2), we
obtain the estimate

HUHW1,3/2(Q) < 2001(725(1 + 20,6’)”’(11”“71,3/2(9),

where Cs is the continuity constant of the above embedding. Consequently

luallLs o) <

lwllwis20) <0,
provided that

ﬂ < —0102+ 0102(4+0102)
4CC1Cy '

We deduce that uw = 0 and the proof of uniqueness is completed. a



50 Chérif Amrouche, M. Angeles Rodriguez-Bellido

Corollary 9 Let f, h, g satisfy (5), (71) and
1 1 1
fe X p(2), helL"(2), ge W Y/PP(I'), with <ot (80)

where max{r,3} < p and s is defined by (64) . Then, the solution (u,q) given
by Theorem 19 point i) belongs to LP(2) x W=LP(02). If moreover f, h and g
satisfy the condition (74), then this solution is unique, up to a constant for
q.

Proof. First, we observe that the assumptions (80) imply that the assump-
tions of Theorem 19 are verified. Let then (u,q) € L3(2) x W~13(§2) be the
solution given by Theorem 19 and satisfying the estimate

| w sy <C (|| Fllixssoy 10 sz + 1 g Hw—l/m(r))

Observe then that (X, ,(£2)) — (X (£2)) and L"(£2) — L™(§2) where
1/ro = 1/p+ 1/3. Using Theorem 17, there exist a unique (w,7) € LP(£2) x
W=LP(02)/R satisfying —Aw +u - Vw +Vr = f = —Au + u - Vu + Vg,
divw = hin 2 and w = g on I'. Setting z = w — u and § = ® — ¢, that
means that

—Az+u-Vz+V0=0, divz=0 inf2 and z=0 on [,

and thanks to Theorem 17 and uniqueness argument, we deduce that z = 0,
V7 = Vq and then w = w. The uniqueness of (u,q), up to a constant for g,
is immediate. a

6.2 The case of arbitrary external forces

Lemma 14 Let §2 be a Lipschitz bounded open set. Then, the space D(S2)
is dense in (X, ,(£2))’.

Proof. From Lemma 9, we have the characterization for the functions be-
longing to the space (X, ,(£2))":
fe (Xr,p(g))/ & f=V-Fo+Vfy,
where Fo = (fij)1<ij<3 € L™ (£2) and f; € W% (£2), being
1Fllx.. 2 = max{|[ fijll 1o (@) 1 <45 <3, [[fillw-10r () }-

As D(£2) is dense in L"(£2) and W—17(£2), we can deduce that for any ¢ > 0
there exist F5 € (D(£2))3*3 and f{ € D({2) such that:

e iy = fisll o o) < & 1T = fillw-1er 2y <€

Then considering f. = V - F§ + V ff € D(£2)3, we have that:

1F=Fellx, ooy = max{[[f5=fijll (@)1 <65 <3 1fi=fillw-r0 @)} <€
O
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Lemma 15 Let 2 be a Lipschitz bounded open set. Let h € L"({2) and
g€ WYPP(T) be such that the condition (5) holds. For every e > 0, there

exist sequences (he) C D(£2) and (g.) C C(I") such that

/th(w)da:z/rga-nda (81)

and verifying

[h = hellLr) <€ and | lg— gcllw-1/ewry <€ (82)
i=I =1

[hellLr(2) + (9. - m, ) <2 (IIh )+ Y g m ), ) - (83)
i=0 i=0

Proof. Let h € L"(2) and g € W~Y/P2(I") such that the condition (5) holds.
By Theorem 11, we know that there exists v € LP(£2) and ¢ € W=1P(£2)
such that:

—Av+Vg=0 and V-v=h inf2, v=g onl.

Then, we can deduce that Av € (X,/(£2))" and, therefore, v € T,(£2) N

H,, ,(div; £2). By Lemma 10 point ii), there exists (v.) C D({2) such that
ve —» v in LP(2), Av. — Av in (X (2)) and Vv, — Vww inL"(02).

Considering g, = v.|r and h. = V-v,, then we can deduce thanks to Lemma
12 and Lemma 13 point ii), that:

he — h in L'(2) and g.— g in W_l/p’p(F)

and then we obtain the estimates (82) and (83). O

Theorem 20 (Very weak solution of Navier-Stokes, arbitrary forces)
Let f€ (X33/2(82))', h € L32(0) and g € W=Y/33(I) satisfy the compati-
bility condition (5). There exists a constant § > 0 only depending on {2 such
that if:
i=I
Ihll a2y + D (g m1)n | <6, (84)
i=0

then the problem (NS) has a very weak solution (u,q) € L3(£2) x W=13(2).
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Proof. We decompose the problem in two parts. First, to find (v, ¢l) solution
of the problem:

—Ave+v.-Vv.+ Vgl =f—f.in 0,
(NSy) V-v.=h—h, in £,
ve=g—g.onl,

and then to find (z., ¢2) solution of the problem:

—Az.+2z.-Vze+ 2. Voo +v.-Vze + Vg2 = f_ in 2,
(NS3) V-ze=he in 02,

ze=g.onl,
where f. € H™1(2), h. € L?(2) and g. € H'/?(I') satisfy

IF = Fellxs s oy + 10— hellpsrzo) + 119 — gellw-1/33r) < €

and
i=I
hellzsrzio) + > g -m.1)py | < 26
i=0

(see Lemma 14 and Lemma 15). The pair (u,q) = (v + 2, ¢t + ¢2) is then
solution to problem (NS).

Given f —f. € (X5,3/2(£2)), h—h. € L3/?(£2) and g —g. € W~1/33(I")
such that ((g — g.) - n, 1)y = / (h — h.) dz, the previous study given in

Q
Theorem 19 let us to conclude that, if € is small enough, then there exists
(ve,ql) € L3(2) x W=1/33(82) solution to (NS;) with

loeloce) < C (IF = Fellix, oyt + I = hell ooy )

+ Hg - gs||W—1/3,3(p)) = 6(5)

Later, we focus on the study of problem (N .Ss). First, using Hopf’s Lemma
(see [18], Remark VIII.4.4 for instance) we lift h. € L?(§2) and the boundary
data g. € H'/2(I") (observe that (81) is verified): for any a > 0, there exists
y. € HY(£2), depending on «, such that:

V-y.=h.in2, y_.=g.onl andforany w € H}(2) with V- w =0,

/Q (w-V)y. - wds| < (a+ hl o) + C X ge - nl) ol o)

< (a+2C10) w3 g
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where C7 > 0 depends only on 2. Therefore, the study of problem (N.S5)
becomes the study of:

—Aw, + (ve + w. + y.) - Vw. + V¢Z +
N + w.-Vy,+w.- Vo, =F_.in (2,
(NS2) ,
V-w.=0 in {2,
w, =0 on I,

where w, =2, —y, and F. =f_ + Ay, —y,.-Vy.—y_.- Vv, —v.-Vy, €
H~1(2). Note that y_-Vv. = V-(y.®v.)—(V-y.) v and, since y,_. € L5(£2),
then y. ® v, € L2(2) and h. v. € L/%(02).

Taking w. as test function in (NS3), we obtain:

||V’wEH%2(Q) —l—/ w.-Vy,  w.dz +/
(9]

we - Vo, - w. dx —/ h|w.|? de
19, 19,

= (Fe, we)u-1(0)xH1(2)

The bounds of every term can be given by:

< (o +2C19) [|we [l )

/ we - VY, w.dz
Q

where « is chosen small enough and

/ we - Vv - w.dx
Q

= ’—/ w. - Vw: - v.dx
0

< wellLs @) lvellLz (@) IVwe Lz (o)
< Co [|vellue ) IVwellfz o) < C20(e) IVwe 2o

being () given by (85) and Cs the constant of continuity of the Sobolev
embedding H}(£2) < L¢(£2). Moreover,

‘/ hlw.|? dz
o)

We choose ¢, o and ||| 13/2() such that o+ 2016 + C26: + Cao||h[13/2(0) <
1/2. Now, the classical theory for the problem (N S3) and an analogous study
to Theorem 19 for the (NS;), imply the existence of a solution (we,q?) €
H'(2) x L?(£2) and that concludes the proof. O

< Wl zsr o lwellis ) < Callbllarz @) IVwe iz o)

Theorem 21 Let (u,q) € L3(2) x W=13(02) be the solution given by The-
orem 20. Then, the following regularity results hold:

1) Suppose that
fe Xy py(2), heL(2) and g€ W—l/pm([v)
+ 3 and max{r,3} < p. Then (u,q) € LP(2) x W~12(12).
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i) Let r > 3/2 and suppose that
FEW™N(Q), he L"(2) and ge W!TVnr(D), (86)

Then (u,q) € WL (Q2) x L™(£2).
i11) Let 1 < r < oo and suppose that

fel’(2), he W' (2) and ge W2 V" (I). (87)
Then (u,q) € W27 () x WLT(£2).

Proof. First, we remark that under the assumptions in i) ii) and iii), we have
that f € (X33/2(92)), h€ L¥%(2) and g€ WL/33(I).

i) Let (u,q) € L3(£2) x W~13(£2) be the solution given by Theorem 20. Using
Theorem 17, there exist a unique (w, ) € LP(£2) x W=1P(02)/R satisfying
—Aw+u-Vw+Vr=f=—-Au+u-Vu+Vqg divw=hin 2andw =g
on I'. Setting z = w — u and § = m — ¢, that means that

—Az+u-Vz+V0=0, divz=0 inf2 and 2z=0 onl,

and thanks to Theorem 17 and uniqueness argument, we deduce that z =
V6 = 0 and then w = uw and © = ¢ + ¢, with ¢ constant. The point i) is
proved.

ii) Let » > 3/2 and f,h, g satisfying (86). Let p > 3 defined by 1/p =
1/r—1/3. Then W'=1/"7 (") e W=1/PP(I') and W7 (02) «— (X, 0 (£2))'.
If r < 3, by point i), we deduce that (u,q) € LP(2) x W~1P(£2) and then
u®u € L"(2). But —Au+Vg = f—div (u®@u) € WL"(£2) and by Stokes
regularity, we obtain that (u,q) € W17 (2) x L"(£2). If now r > 3, we know
that u € W13(£2) and thanks to Sobolev embeddings, u ® u € L"(£2) and
again as above, we deduce that (u,q) € WH"(£2) x L"(£2).

iii) Let 1 < r < oo and f, h, g satisfying (87). We observe first that L"({2) —
WL3/2(), WL (02) — L3/2(2) and W2~V (') < W1/33/2(I") and
then by step ii), we obtain that (u,q) € W3/2(02) x L3/2(0). If r < 3,
we deduce thanks to Theorem 16 that (u,q) € W27(£2) x WL7(£2). If now
r > 3, then uw € L*>°(£2) and using again Theorem 16, we obtain the same
conclusion. O

Theorem 22 Let (u,q) € L3(£2) x W=13(2) be the solution given by The-
orem 20. Then, the following regularity results hold:

i) Suppose that 3/2 < p < 3 and let
Fo € WO(2), fi € WOIP(Q), he W' (), g€ W= 1/pP (),

with o = %—1, 1< %—I—% andr < p. Then (u,q) € WoP(Q2)xWo=LP(().
ii) Let o be such that 1/p < o <1 and o > 3/p — 1. Suppose that

FEWT2P(Q), he WItP(Q), ge WIV/PP(T),
Then (u,q) € WP (02) x Wo=Lp(02).
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: o,r 1_oc_1_1 1 2
Proof. i) Note that W77 (£2) — L3/2(£2) because 2 — ¢ = 1 +3 < 3.

P
We have also the embedding W ~1/P?(I") < L2(I") — W~1/33(I") because
1/p—(c—1/p)/2=1/2and 2/3-1/6 =1/2. As3/2 <p<3,then0 <o <1
and we apply Corollary 8 point 1).

ii) When o = 1, the property is consequence of Theorem 15. If o < 1, then
p > 2 and Theorem 18 implies that (u,q) € W7P(£2) x WI12(2). O

Remark 16 In particular, when p = 2 and r = 6/5, if
f e W V(R), he WHESP(2), g e LA(D),

then the solution given by the previous theorem satisfies (u,q) € H/2(£2) x
H-Y2(0).

Acknowledgements The second author thanks the Laboratoire de Mathématiques
Appliquées, University of Pau et des Pays de I’Adour, for the financial support dur-
ing her stays in Pau (France).

References

1. Adams, R. A. Adams: Sobolev spaces. Pure and Applied Mathematics, Vol. 65.
Academic Press, New York-London (1975)

2. Amann, H.: On the strong solvability of the Navier-Stokes equations.
J. Math. Fluid Mech. 2 16-98 (2000)

3. Amann, H.: Nonhomogeneous Navier-Stokes equations with integrable low-
regularity data. Nonlinear problems in mathematical physics and related topics,
II, 1-28, Int. Math. Ser. (N. Y.), 2. Kluwer/Plenum, New York, (2002)

4. Amrouche, C., Girault, V.: Propriétés Fonctionnelles d’opérateurs. Applications
au probleme de Stokes en dimension quelconque. Publications du Laboratoire
d’Analyse Numérique de 1"Université Pierre et Marie Curie. Rapport 90025
(1990)

5. Amrouche, C., Girault, V.: Decomposition of vector spaces and application to
the Stokes problem in arbitrary dimension. Czechoslovak Mathematical Journal
44 119, 109-140 (1994)

6. Amrouche, C., Girault, V., Giroire, J.: Weighted Sobolev spaces for Laplace’s
equation in R™. J. Math. Pures Appl. (9) 73, no. 6, 579-606 (1994)

7. Amrouche, C., Necasova, S., Raudin, Y.: Very weak, generalized and strong
solutions to the Stokes system in the half-space. J. of Differential Equations,
244 4, 887-915 (2008).

8. Amrouche, C., Razafison, U.: Weighted Sobolev spaces for a scalar model of the
stationary Oseen equations in R®. J. Math. Fluid Mech. 9 , 181-210 (2007)

9. Bergh, J., Lofstrom, J.: Interpolation spaces. An introduction. Springer-Verlag
No. 223, Berlin-New York (1976).

10. Brown, R. M., Perry, P. A., Shen, Z.: On the dimension of the attractor for
the non-homogeneous Navier-Stokes equations in non-smooth domains. Indiana
Univ. Math. J. 49, no. 1, 81-112 (2000)

11. Brown, R. M., Shen, Z.: Estimates for the Stokes operator in Lipschitz domains.
Indiana University Mathematics Journal 44 (4), 1183-1206 (1995)

12. Cattabriga, L.: Su un problema al contorno relativo al sistema di equazoni di
Stokes. Rend. Sem. Univ. Padova 31, 308-340 (1961)

13. Conca, C.: Stokes equations with non-smooh data. Rev. Math. Appl. 10, 115—
122 (1989)

14. Fabes, E. B., Kenig, C. E., Verchota, G. C.: The Dirichlet problem for the
Stokes system on Lipschitz domains. Duke Math. Jour. 57-3, 769-793 (1988)



56 Chérif Amrouche, M. Angeles Rodriguez-Bellido

15. Fabes, E. B., Mendez, O., Mitrea, M.: Boundary layers on Sobolev-Besov spaces
and Poisson’s equation for laplacian in Lipschitz domains. J. Funct. Anal. 159,
no. 2, 323-368 (1998)

16. R. Farwig, R., Galdi, G. P.: Very weak solutions and large uniqueness classes
of stationary Navier-Stokes equations in bounded domain of R?. J. Diff. Equat.
227, 564-580 (2006)

17. Friedman, A.: Partial Differential Equations. Holt-Rinchart-Winston (1969)

18. Galdi, G. P.: An Introduction to the Matematical Theory of the Navier-Stokes
Equations, Vol 2: Nonlinear Steady Problems. Springer Tracts in Natural Phi-
losophy, vol. 39. Springer, New York (1994)

19. Galdi, G. P., Simader, C. G., H. Sohr, H.: A class of solutions to sta-
tionary Stokes and Navier-Stokes equations with boundary data in W ~'/®¢,
Math. Ann. 331, 41-74 (2005)

20. Giga, Y.: Analyticity of the semigroup generated by the Stokes operator in
L,-spaces. Math. Z. 178, 287-329 (1981)

21. Girault, V., Raviart, P. A. Raviart: Finite Element Methods for Navier-Stokes
Equations.Springer-Series SCM (1986)

22. Grisvard, P.: Elliptic Problems in Nonsmooth Domains. Pitman, Boston (1985)

23. Jerison, D., Kenig, C. E.: The inhomogeneous Dirichlet problem in Lipschitz
domains. Journal Funct. Anal. 130, 161-219 (1995).

24. Kim, H.: Existence and regularity of very weak solutions of the station-
ary Navier-Stokes equations. Arch. Rational Mech. Anal. 193, 117-152 (2009).
(DOI) 10.1007/s00205-008-0168-7.

25. Ladyzhenskaya, O. A., Ural’tseva, N.N.: Linear and Quasilinear Elliptic Equa-
tions. Academic Press (1968)

26. Leray, J.: Etude de divesres équations intégrales non linéaires et de quelques
problémes que pose ’hydrodynamique. J. Math. Pures Appl. 12, 1-82 (1933)
27. Lions, J. L.: Quelques Méthodes de Résolution des Problémes aux Limites Non

Linéaires. Dunod, Paris (1969)
28. Lions, J. L., Magenes, E.: Problemes aus limites non-homogeénes et applications,
Vol. 1 & 2. Dunod, Paris (1968)

29. Marusi¢-Paloka, E.: Solvability of the Navier-Stokes system with L? boundary
data. Appl. Math. Optim. 41, 365-375 (2000)

30. Moussaoui, M., Zine, A.M..: Existence and regularity results for the Stokes
system with non-smooth boundary data in a polygon. Math. Mod. Meth. Appl.
Sc. vol. 8-8, 1307-1315 (1998)

31. Necas, J.: Les méthodes directes en théorie des équations elliptiques. (French)

Masson et Cie, Ed., Paris; Academia, Editeurs, Prague (1967)

32. de Rham, G.: Variétés différentiables. Hermann, Paris (1960)

33. Savaré, G.: Regularity results for elliptic equations in Lipschitz domains. J.
Funct. Anal. 152, no. 1, 176-201 (1998)

34. Schumacher, K.: Very weak solutions to the stationary Stokes and Stokes re-
solvent problem in weighted function spaces. Ann. Univ. Ferrara Sez. VII Sci.
Mat. 54, no. 1, 123-144 (2008)

35. Serre, D.: Equations de Navier-Stokes stationnaires avec données peu régulieres.
Ann. Sc. Norm. Sup. Pisa 10-4, 543-559 (1983)

36. Shen, Z.: A note on the Dirichlet problem for the Stokes system in Lipschitz
domains. Proc. AMS 123-3, 801-811 (1995)

37. Triebel, H.: Interpolation theory, function spaces, differential operators. North-
Holland 18, Amsterdam (1978)

38. Zanger, D. Z.: The inhomogeneous Neumann problem in Lipschitz domains.
Comm. part. Diff. Eq. 25, no. 9-10, 1771-1808 (2000)



