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Abstract

This paper establishes isomorphisms for Laplace, biharmonic and Stokes operators in weighted Sobolev
spaces (WSS). The W:l P (R™)-spaces are similar to standard Sobolev spaces W'™P (R"), but they are en-
dowed with weights (1 +|x|?)%/? prescribing functions’ growth or decay at infinity. Although well estab-
lished in R” [3], these weighted results do not apply in the specific hypothesis of periodicity. This kind of
problem appears when studying singularly perturbed domains (roughness, sieves, porous media, etc) :
when zooming on a single perturbation pattern, one often ends with a periodic problem set on an in-
finite strip. We present a unified framework that enables a systematic treatment of such problems. We
provide existence and uniqueness of solutions in our WSS. This gives a refined description of solution’s
behavior at infinity which is of importance in the mutli-scale context. The isomorphisms are valid for
any relative integer m, any p in (1,00), and any real a out of a countable set of critical values.

Keywords: periodic infinite strip; weighted Sobolev spaces; Hardy inequality; isomorphisms; Laplace
operator; Stokes equations; Green function; boundary layers;
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1 Introduction

In [9, 24, 25], the first author studied blood-flow in stented arteries using homogenization techniques. Blood
flows were modeled through Laplace or Stokes equations (which is plausible since the Reynolds number in
arteries is relatively small) and the stent device was introduced as a thin singular perturbation between sep-
arated domains. Asymptotic expansions separate scales and lead to microscopic boundary layer problems.
These can be seen as a zoom on minimal periodic patches of the stent device, where the macroscopic ef-
fects are experienced as boundary condition at infinity. Thus the boundary layer problems are defined on
infinite periodic strips with obstacles. In a great number of articles [21, 20, 1, 23, 27], the analysis of such
problems is done in various ways, mostly in the Hilbertian context, out of a generic frame. The aim of this
paper is to provide an adequate framework for a systematic analysis of these problems. To that end, we fol-
low the ideas developed in [17, 3, 4] : since the operators we are investigating are linear, we first solve them
in periodic strips without obstacles in order to only focus on the behavior at infinity of the solutions. Then
using techniques from [4], we combine the latter results and solve the associated exterior problems. This
will be done in a forthcoming paper.

Thus in this paper we consider the Stokes problem
-Au+Vr=f inR" W
divu=g inR",

where the velocity field u: R" — R”, the pressure 7 : R” — R and the data f: R"” — R"” and g:R" — R are Ly
periodic with respect to the first n — 1 directions, that is, for any y = (y', y,) € R”,

wy'+Ly)=uly), ny'+Ly)=nQ), 2)
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and
fO'+Ly)=fy), g +Lyy=gQ), 3)

where L= (L;) jeq1,..,n-1; is a vector of positive real numbers.
We shall also consider the biharmonic problem:

~A’u=f inR" 4)

where, for any y € R”,
uy' +Ly)=uly) and fQ'+Lya)=[fQ@). ©)

This problem is closely related to the Stokes problem.

In order to be able to define functional spaces on the strip Hﬁ:"l [0, L) x R, we follow the ideas devel-
oped in [22, 33]. We identify the strip Hﬁ:f‘l [0, L) x R with the set G := Hﬁjg_l (R/LiZ) x R, which together
with addition as group operation and the canonical quotient topology inherited from R” yields a locally
compact abelian group. The Haar measure associated to G is, modulo some normalization, the product of
Lebesgue’s measures associated to each direction. The Stokes problem (1)—(3) can be rephrased in G as:

—Au+Vrn=f ingG,
{ ! (6)

divu=g inG.
Similarly the biharmonic problem (4)—(5) can be rewritten as:
~AN’u=f inG. )

Since the solutions of (6) and (7) correspond to the microscopic solutions of the boundary layer prob-
lems, their behavior at infinity in the y,-direction are of importance: they provide averaged feed-backs on
the macroscopic scale (see [12] and references therein). Therefore we choose to solve (6) and (7) in weighted
Sobolev spaces in order to describe this behavior of the solutions and of the data. Moreover, this approach
allows to consider a large type of behavior at infinity of the functions (polynomial growth or decay). The
weights, when adapted to our problem, are polynomial functions at infinity and regular bounded functions
in the neighborhood of the origin : they are powers of p(y) := (1 + y2)!/2. The literature on the weighted
Sobolev spaces is wide [18, 4, 16, 15, 11, 10, 7, 30, 5, 6] and deals with various types of domains. To our
knowledge, this type of weights has not been applied to problems (6), (7) and (8) in the context of periodic
strips.

This paper combines various tools from several fields mixing Fourier analysis on local abelian groups
[22, 33], fonctionnal analysis with Muckenhoupt weights [34], weighted Sobolev spaces techniques for the
whole space [3, 2, 29]. We prove these results in the framework of W, " (G) spaces as defined in [3], for
p € (1,00) and «a in R out of a discrete set of critical values. The core of the paper are the isomorphisms of
the Laplace operator for any relative integer m, any p € (1,00) any weight «a : for a given data f we look for u
solving

-Au=f inG. (8)

Firstly, these results are obtained on a starting interval of weights a € (—1/p, 1/p’) for which we prove The-
orem 4.1. Then using induction arguments higher regularity is obtained combined with a natural weight
shift. Calderén-Zygmund-type results from [34] provide another set of regularity results, the weight index a
being kept in the initial interval. The combination of these latter steps extends then the first isomorphisms
to the general non critical case as stated in Theorem 4.3.

Composing isomorphisms of the Laplace operator, we provide similar results for the poly-harmonic
operator A", m being any given positive integer. For sake of simplicity these results are shown in detail for
the bi-harmonic operator.



At this stage, one solves the Stokes problem (6) : eliminating the divergence equation, the pressure is
obtained using the isomorphisms of Laplace operator, then the velocity is obtained through another use of
these isomorphism, the gradient of the pressure becoming part of the right hand side in the first equation
of (6). The biharmonic operator is used in order to characterize the kernel of the Stokes operator.

The structure of the paper follows lines explained above. First in Section 2, we define the differentiable
structure on our locally compact abelian group. Then in Section 3, we set up the weighted function spaces
and establish their basic properties. In Section 4, we construct isomorphisms of the Laplace operator, in
Sections 5 and 6 we then use the latter results in order to provide isomorphisms for the biharmonic and the
Stokes operators. Finally, in the appendix, we provide some results on distributions with compact support
defined on the Pontryagin’s dual group G.

2 Fourier analysis on the LCA-group G

As in [34], we briefly define the structure inherent to periodic strips. We denote = the canonical quotient
mapping
EG:R"—= G, Ec®) =yl [Yn-11, ¥n), €)

where [y;] € R/L;Z is the equivalence class of y; €R, for j e {1,...,n—1}.

Let A € N", be a multi-index an n-uple of nonnegative integers 1, we denote Dy, = d; the partial deriva-
tive wrt j-coordinate, then DA = H;’ZIDAij denotes the differential operator of order |A| = Z;’l=1 Aj. For

Yj

m e NuU {oo} let us define

C"™(G):={u:G—C,suchthat3aze C"R™ and &i = uo =g}
the space of m-times differentiable functions on G. We define the derivatives via
y) A
D% u= D 10,1, xR

where A € N" with |A| < m and we identified G with T1?Z1(0, L) x R. We define C(G) the space of C°(G)
functions that vanish when | y,| — co and 2(G) := C;°(G), the set of infinitely many differentiable functions
with compact support. The Schwartz-Bruhat space associated to G reads

Z(G) :={ue C®(G) such thatn;(u) <oco, VjeN}

where we set the semi-norm 1 (1) := sup 6 (1+1y,1%)/?IDJ ()] and D/ u := (D} 1) 2.< (see [36]). The corre-
sponding dual is well defined with respect to the weak-* topology and denotes .#'(G), the space of tempered
distributions on G. This allows to define the derivatives of elements of .’ (G) via the primal space :

<D u>=1D)M<T, D u>, ueFG), AeN”

and proves that they are also tempered distributions. The Pontryagin dual of G is identified with G :=
Hii{"l(ZH/LkZ) x R. It is also a locally compact abelian group see [32, Theorem 1.2.6]. By default G is
equipped with the compact-open topology which in this case coincides with the product of discrete topolo-
gies on each 27/L;Z and the Euclidian topology on R. The Haar measure on G is simply the product of
counting measures on 2w/L;Z for each k € {1,...,n — 1} and Lebesgue’s measure on R. The associated dif-
ferentiable structure similar to the group G is then

C(G):= {ue G — Csuch that u(k,) € C*R), Vke L=~ 272/ L)}



where we define the derivatives D' u(k, () = D?A u(k, ¢) together with the norms i (u) := SUp,cq (1+|m Y u(m)|

where D/ u := (D:}A u))<j- The Schwartz space on G then reads
F(G):={Adue C®(G)s.t.fij(w) <oo, VjeN*}

and again this provides the correct setting in order to define the associated dual space. For more details see
[22, 34] and references therein. By the same arguments as in [19, Theorem 1.5.2], one can prove that &'(G),
the set of tempered distributions with compact support in G is identical to the dual space of C*(G) with the
topology defined by the semi norms 1 x (1) := suppeg IDJ u(1))| where K ranges over all compact sets of G,
and j over all non-negative integers.

We are in the position to define the Fourier transform % : L' (G) — C(G) as

1
Few) (k&)= — f f uy', yp) exp(—iy" - k—iy,&)dyndy’
IZl JsJr

where we denote X := H;’;ll (0,L,) and |X| its Lebesgue measure. Several remarks are to be made, % maps

L'(G) into C(G) by the Riemann-Lebesgue lemma. One proves [13] that g : % (G) — .%(G) is a homeomor-
phism. The corresponding inverse Fourier transform reads & L. LY(G) — C(G) where

FE Wy yn) = > f u(k, &) exp(iy’ - k+iy,&)dy,dy'.
kelk="12n/1,2) /R

By the Pontryagin duality theorem, there exists also a Fourier transform %4 : . (G) — #(G), which again has

an inverse denoted 951 . #(G) — <(G). We have the correspondence 951 (Fc(MNWY)=fy) =F(Fc(H(=y)
for all y € G and every f € .#(G). One is able to define the Fourier and the inverse Fourier transforms of a
tempered distribution by duality % : %' (G) — .%'(G) and Fl ! (G) — F'(G) as

<Fe(1),p>=<T,Fclp)> VYpeFL (G

and
<FG (D),9>=<T,F:'(@)> VoeI Q.

For all T € &'(G) there is a correspondence between derivation and multiplication in the frequency do-
main : Fg(DAT) = iyt F(T) for any A e N* and 57 = (k, &) € G.

3 Properties of the weighted Sobolev spaces

We define the weight function with respect to the normal coordinate p(y) := /1 + y2.
The sequence (Uy)xez defined as

U := H?Z?_l ([0, 7k, ;) ULj =i j, L)) X (—Zk,Zk), Ik,ji= min(Zk,Lj),
together with A=2 and 8(k) = k+ 1, forms a local base of 0 € G i.e.
) UkezUk =G
i) UpcUpifk<k'

iii) there exist a positive constant A and a mapping 8 : Z — Z such thatforall k€ Zand allx € G, k <
0(k), Uy — Ux € Ug(r), and p(x + Ug(r)) < Ap(x + Uy). The set difference stems for U -V :={z€ G;Ju e
UAdand veV, z=u—-v}.



This proposition shows that the structure of G is compatible with Assumptions 1.1in [33]. Let p € (1,00).
Aweight w e Llloc(G) belongs to the Muckenhoupt class A, (G) iff

oy (w) ;= sup
UeG

1 1 7
—f wd,u)(— w ﬂdu) <00
w) Ju ) Ju
where the supremum runs over all base sets U € G.

For any p € (1,00) and any real number «a € (—l/p, l/p,), the weight p“P(y) is of Muckenhoupt type
A (G).
p

Proof. As the weight p is constant wrt y’, the Muckenhoupt criterion reduces to check whether p*”(y,,) is
in A,(R),ie.:
14 )

plp'

1 1 P
oy (pP) = _f P(yn)“pdyn(_f p(yn) P dyn <00
R Jiy,1<r R Jiy,1<r

for R := 2K > 0 for any k € Z. If @ > —1/p then the first term of the product behaves as R%”, whereas as
a < 1/p’ the second term is equivalent to (R~%”')?’P'. Thus the product of both terms is bounded for a €
(=1/p,1/p"). O

For a € R, we introduce the weighted space :
LE(G) = WP (G) = tue L] (G)st. p®ue LP(G)),
which is a Banach space equipped with its natural norm
lullp = lp%ulir-

Proposition 3 allows to use [34, Lemma 3.1] and claim that 2(G) is dense in L5 (G) for a € (=1/p,1/p").
This yields the general density result stated below. For any real number a, 2(G) is dense in L% (G).

Proof. The proof is obvious considering that for any a, the mapping u € L5 (G) — pYu e LZ_Y(G) is an iso-
morphism for any real y. Then using the previous density result established in the range a € (-1/p,1/p’),
the claim is proved. O

For any integer m > 0, any p € (1,00) and any real number a, we now define the weighted Sobolev space
WP (G) = {u €S (G;VAEN" 1 0<|A| < m, p* ™ MDAy e LP(G)}» ,

which is a Banach space endowed with its natural norm

1/p
”“”WJ""”(G):( X ||Pa_m+wDA””fn(G)) '

0<|Al=m

We define the semi-norm

1/p
_ AP
|u|w;”"’(G)—( > lpD ””Ln(G)) :
[Al=m

For detailed studies on this functional space defined in the whole R”, the reader can refer to [3, 17, 18].
Among several properties, we have the following algebraic and topological inclusions :

Wy (G) e WP (G- e Lh_ (6. (10)

5



The mapping

ue WP (G)— Drue w"MP (G (11)
is continuous for A € N”. Using the fact that forany 1,y € R,
|D;A pYl<Cp’ A, (12)
the mapping
ue Wy P(G)— pue W27 (G) (13)

is an isomorphism for any «,y € R.
For any (m, p, @) € N x (1,00) x R, 2(G) is dense in W,, "7 (G).

Proof. The ideas of the proof come from [3] and [28]. Let u be in W, "7 (G).

(i) We first approximate u by functions with compact support in the y,-direction. As this is a standard
procedure, we refer to [18] p. 230-231 for further details.

(i) We define w, the y’-periodic transform of a test function ¢ € 2(R")

wp@) = Y. 91—k, Y1 —kn-1,¥0), VyeG.
kell}~!L,Z

A simple computation shows that for any ¢ € 2(R"),

”‘”‘P”LZ(G) < c(Isupp ‘PD”‘P”Lg(W)- (14)

There exists a function 6 € 2(R""!) such that wf = 1. Indeed, for any non-negative function ¢ €
2(R"1) whose support contains at least one period X, one can chose 0 := ¢/(w¢). Such a function
is called a y’-periodic partition of unity. Let (@;) ey be a sequence such that a; € 2([R"), a; =0,
Jrn@j(x)dx =1 and the support of a; is included in the closed ball of radius r; > 0 and centered
at 0 where r; — 0 as j — oo. It is well known that as j — oo, a; converges in the distributional
sense to the Dirac measure. We set w(y) = 0(y")ii(y), where & denotes the periodic extension of u
in R”. Then w belongs to W, "” (R") and has a compact support. Moreover, since 6 = 1, we have
ww = w0i) = (wd)u = u. We define ¢; = w * aj. Then ¢; belongs to Z(R") and converges to w in
W, "P (R™) as j tends to co. Let j:=w@j, theny; belongs to 2(G) and thanks to (14), ¥ ; converges to
ww=uin W,"P(G) as j tends to co.

O

If j € Z then we denote by 2?; the set of polynomials of degree less or equal to j that only depend on the
Yn-direction, with the convention that if j <0 then £?; = {0}. For any integer m = 1, we denote by g’jAm the
set of polyharmonic polynomials of order m of £2;. In particular, 3?’]4 is the space of harmonic polynomials
of & e

Observe that since the polynomials of 2?; only depend on the y, direction, then the degree of the poly-
nomials of @fm can not exceed 2m — 1. In other words, for any integer m = 1, we have

Am
‘@j = @min(j,Zm—l)-
Let m = 0 be an integer, p € (1,00) and a be real numbers. We introduce the integer

lm-1/p—al ifl/p+ae¢?z,

(m,p,a) =
7P {m—l/p—a—l otherwise,

where [-] denotes the floor part of its argument. Then 2y, p,q) is the biggest set of polynomials included
in w,"?(G),



For any a e R and p € (1,00), one has the continuous embedding
F(G) — LF(G) — 7 (G).

Moreover we identify the distribution with its pointwise L} (G) associated function in order to define its
action on Schwartz test functions.

Proof. 1If a < —1/p then a simple application of Holder inequalities leads to

”‘P”LZ(G) < csuplp(y)l = cnp(ep)
yeG

which proves continuous injection in these cases. Otherwise, if @ = —1/p, then for any ¢ € #(G), we can
write
”‘/’”ZP(G) =f lpWIPp“P(y)dy ssup(1+p(y))lp|(p(y)|lﬂf pP=iP (y)dy
‘ ¢ yeG G

the latter integral is finite as soon as j := |a+1/p] +1 > a+1/p, which ends the proof of the first continuous
injections for all @ € R. Then using these injections one has directly that

’fG uy)p(y)dy

< llullzr ||‘P||ng’a(g) = cllullpp i)

for a certain j to be chosen accordingly. Thus u is a linear continuous form on .#(G) and the latter contin-
uous injection is proved. O

Corollary.1. Let (m,p,a) € Nx (1,00) xR then
F(G) = WP (G) — L (G).

Let a € R, m be a negative integer, and p € (1,00), then the Sobolev space W, " (G) is defined as the dual
space of W_"P (G), where p’ is the conjugate of p.

Corollary .2. Let a € R, m be a negative integer, and p € (1,00), then elements of Sobolev spaces W,"* (G) are
tempered distributions.

Theorem 3.1. Let m = 1 be an integer; p € (1,00) and a be real numbers such that1/p+a ¢ {1,...,m}. Then
there exists a constant C > 0, depending only on m, p and n such that

m,p
Vu € WOC (G), || u” WL:nyp(G)/‘@q’(m,p,a) < C| u|W‘;"'ﬂ(G)
where q'(m, p, @) = min(q(m, p, @), m—1). In other words, the semi-norm |-l wmr () definesanormon WP (G)/
Py (m,p,a) that is equivalent to the quotient norm.

The proof follows the same lines as in [3, Theorem 8.3 p 598]. As a direct consequence of Theorem 3.1,
we can prove isomorphism results on the gradient and the divergence operator. To that end, let us define
the spaces

V:={pe2Q", divg=0} and H,,:={veL,(G)", divv=0}.

Given a Banach space B and a closed subspace X of B, we denote by B’ L X (or more simply X+, if there is
no ambiguity as to the duality product), the subspace of B’ orthogonal to X, i.e.

B'lX=X'={feB :VveX,<f,v>=0=(B/X),

7



the space X~ being also called the polar space of X in B’ and possibly denoted X°. Let p € (1,00) and a be
real numbers such that 1/p + a # 1. Then the operators defined by

VWP (G Py pa) — LUG) LHy 4 (15)

and
div : L5(G)" Hpy — Wy P (G LDy, - (16)

are isomorphismes.

Proof. The gradient operator defined by (15) is linear, continuous and its kernel is reduced to &y 1,p,a)-
Actually, thanks to Proposition 3, this means that if @ < 1/p’ then ¢'(1, p,@) = 0 otherwise g(1,p,a) <0

which implies that %1 p,a) = {0}. Since 1/p + a # 1, then thanks to Theorem 3.1, the semi-norm |- |, 1»

is a norm on the quotient space Wé'p (G)/ Py ,pa)- Thus the gradient is an isomorphism from W,i’p @)/
Py a,p,a) Onto its range Ry and R, is a closed subspace of LY (G). Hence by the Closed Range Theorem
Rg = (ker(div))?, where div is the operator defined by

div: L7 (G) — WP (G 1Py a, pay) -

We deduce that Ry = (H pr_a)o, so that the gradient operator defined by (15) is an isomorphism and through
duality and transposition the divergence operator defined by (16) is also an isomorphism. O

In the remaining part of this section, our aim is to characterize tempered distributions by means of their
gradients.
Letpe[l,o0) and a e R. Iffe LEC(G)" such that

dgv)=0 Vve7,
then there exists p € Lj (G) such thatf=Vp.
Proof. For everyy in R" we associate the periodic extension of freading :
f9) :=f(Ec(y)), Azae. yeR".

where the restriction operator Z¢ was introduced in (9). As fe Lﬁ) .(G)", then for any K = R" compact set,
one can write:

f fy)1Pdy= ) f If3)|Pdy < C(K]) f f3)|” dy
K (G+x K’

-1
kEH?:ngZ

-1
?=1 k[eg) nK

where K’ c G is a compact set. Then f belongs to Lﬁ) @R and as a consequence falso belongs to Lll0 LR

Let now @ be in 2(R™)" and satisfy divg = 0 in R”. Recalling that w is the y’-periodic transform defined in
Lemma 3, then w@ € 7 and is a y'-periodic function. Moreover one has

f fmempdy= > f - f(y)(i)(y)dy:ff(y)w(p(y)dy:().
R~ kGH';;llL[Z G+Y,2, keee G

Thanks to [14, Lemma II1.1.1. p. 144] : there exists p € W"! (R") s.t. Vj = f almost everywhere in R".

loc

Thanks to [14, Lemma I1.6.1. p. 81], p € Wlif (R™). Then defining p := ﬁh-[?:ll (0,L,) xR Proves that p belongs to
L’ (G). O

loc

Hereafter we adapt to our case arguments from [26]. We define X, , the closure of 7 for the Lh(G)
norm. We also define Ay o := le the annihilator of X,y 4. Forany p € [1,00), and a € R, A4 ={Vp €

Ly(G)", pell (G}

/ )
—a



Proof. Since fe L} (G)", integrations by part are well defined so that if f = Vp, then we can write
)y =(Vp,u) = —(p,divu) =0, VYue7.

this proves the inclusion of the gradients in the annihilator set. Thanks to the previous Lemma one has the
converse claim. O

The tempered distribution u € #'(G) satisfies Au=0in G if and only if u € P]’IA.

Proof. Ttis clear that if u € 222, then Au = 0. Conversely, let u € .%'(G) satisfy Au = 0. Applying the Fourier
transform, one has
ln|* Fewm =0, vqed,

which implies that the transform is compactly supported in {0} ¢ G. Then by Theorem A.2 (see Appendix)
there exists g € N such that

q
<FGW Y >geyxa= 2 GrDLY(0), Vye&(G).
r=0

Now we prove that 7 1(Z(w)) is a polynomial. Indeed

(TG (FW), ) gy i) = SFGWLFE @) o

P .
= Z cr (Dgr (gc(w)(—n)))' BT Y o (Dgrf Py) eXp(in-y)dy)

r=0

=0
p

=fG{ Z (iyn)" }(p(y)dy.

crfqo(y)(lyn) exp(in- y)dy

IZI =0

Since the polynomial should be harmonic and in %#/(G) it might belong by definition to Q”IA. O

Let p € (1,00) and a € (—1/p,1/p’) be real numbers. Moreover, assume that ¢ € Lﬁ) (@) is such that
Ag=0andVqe Lh(G)". Then Vg =0.

Proof. Since Vg € L} (G) then Vg € #/(G). As q is harmonic, Vg is harmonic thus by Prop. 3, Vg is either
constant or proportional to y,. Since neither y, nor constants belong to L? (G)", the gradient is zero. O

Corollary.3. Ifp€ (1,00) and a € (=1/p,1/p"), then Hp o N Ap o = {0}

If p € (1,00) and a € (-1/p,1/p"), there exists a bounded operator 0, , from Lh(G)" onto H p,a such that
Opqu=uforallue Hy,.

Proof. In a first step we give a formal picture of the rigorous proof below : inspired by Proposition 1.5 [26],
we aim at solving, in the sense of distributions —Ag = divu, so that we use the Fourier transform and write
that (q) = —in- Fs)/|n|>. Formally, the Fourier transform of V4 can be computed as :

nenAa
LS

Fc(Vq) = mmFe), Aawith m(n) :=

where ® denotes the tensorial product. But as we want to avoid circular arguments about the resolution
of the Laplace problem and since we are interested, for Helmholtz decomposition issues, into the gradient
of g, in what follows, g will denote a rigorous computation of the formal quantity Vq. As m is a bounded
function but is not continuous near the origin, the transference principle applies [34, 8], but after a suitable
regularization.



We define the matrix :
m:G— Mu(©), my:=1-mym)men/nlP’
where m () := 1 (k) forall 9 := (k,$) € G and we define the corresponding continuous equivalent to my:

M, R xR — 40,(C), M) =M, (1,8 :=1-9(x))E e/

where ¢ € C°(R) and ¢(0) = 1 and supp¢ € (-3,5). The symbol M, vanishes in a neighborhood of x =0,

and since it is bounded and continuous, it is a Mikhlin multiplier. We define P, the mean value operator wrt
y' and its complement :

1

P n) = —
(Py)(yn) 3]

fz vy, y)dy', Prw=vy-Py, Vye2(G).

Then we set
g= Pune, + 7' (m FoPro)) =:g+g

one has trivially that |g];» ¢, < Ilull;» (), and since m; and M, are well defined, Proposition 5.3 [34] shall be
used giving :
g+ ”LZ(G) = C”P’r“”LZ(G) = clullpz )

where we used the decomposition of L? (G) provided in Lemma 5.6 [34]. At this stage, using the Fourier
transform, it is easy to check that divg = divu in #’(G) . Indeed, one has :

<divgy>=-<gVy>=—<g+g, Vy >
= — < Pup, 0,y > - < m, F(Prw), ' (Vy) >
=< anPun,w >+ <ngG(PTu)rlng(;l(W) >

Now since m, € C*(G), it is trivial to prove that < m, F¢(Pu),inZ;' ) >=< Fs(Pru),imnF;' ) >
and whence as m, 7 = (1 — mp)1n, which gives in turn

<divg, ¥ >=<0,Puy, ¥ > + < (1 - mp) Fe(Prw), inF ' (w) >
=<0, Puyy>—-<(1 —mp)gg(P-‘-u),ggl(VW) >
=< 0,Pupy,p>—< E%(Pfu),f;gl(vu/) >=<0,Pu,,y>— < Py, Vy >,

where the brackets are intended in the .’ (G) or the .’ (G) senses, and we have used that (1—-m p)ZFc(Pru) =
F(Pyu) since Fg(Pyu)(k = 0,¢) = 0, which is indeed the case since Z¢(Pyu) = Fgu) — F(Pu) = (1 -
mp)Fgu) (see (19) p.14 [34]). Now one defines 8, ,u=u—gand the claim follows. O

Theorem 3.2. Ifpe (1,00) anda € (-1/p,1/p’) then
i) there is a Helmholtz decomposition of L, (G)" = H pa®Apa
ii) thespaceV isdensein Hy .

Proof. i) Byour construction of ®,, 4, one has that 2(G)" c Hy, ® A, o < L5 (G)", which proves that H, o ®
Ap,q is dense in LP(G)™. As the projector Opa: LhG" — Hp o (G) is a bounded linear operator and
Hy o, Ap,q are closed, Hp, o ® Ap o is closed. Thus i) holds.
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i) Byi), Hpq =L5(G)"/Ap,q. Hence
H), o = (Lh(G)" 1 Apa) = A%y < Hy a.
The latter inclusion holds. Indeed, suppose thatu e A; o then it belongs to Lfra (G) and one writes :

< diVll,(p >p1G)xL(G)=— < ll,V(p > 0, V(p € L(G),

I (GxLPG)

since ¢ € AA.¥(G), Vg € L5 (G) and thus Vo € Ap,q by Lemma 3. Thus divu =0 and sinceu € Lfla(G) one
concludes thatu e Hy 4.

The subset X,y 4 is total in Hyy,_, if and only if the only continuous linear functional that vanishes on
Xp,—q is the 0 functional. Thus suppose that there exists w € (Hy, ) s.t. foranyve Xy, 4, <w,v>=0
(where the brackets are understood in the L% (G), L , (G) duality), this means thatw e X ; _a = Ap,a, but

since (Hy,—q)' € Hy o thenwe Hj, o N Ap o = {0}, which ends the proof.
|

Assume that p € (1,00) and a € (—~1/p,1/p') are real numbers. Let u € .'(G) be such that Vu € L} (G)".
Thenue Wé’p (G) and there exists ¢ > 0 independent on u such that

l ””W;"”(G)/R < clVullp -
Proof. f ue .&'(G) and Vu € LF(G)", then for all ¢ € 7 one has
<Vu,p>=-<u,divp>=0

where the brackets are to be understood in the #'(G),.#(G)-duality. The left hand side of the previous
equality is nevertheless an integral as well since Vu is in L5 (G). Since a € (~1/p,1/p’), then thanks to The-
orem 3.2, 7 is dense in Hy —, and we see that Vu € LZ(G)J_HPI,_OL. Moreover, under the assumptions on a,
we have ¢'(1, p, @) = 0. Thus by Prop. 3, there exists w € Wé'p (G)/R such that Vw = Vu. Since these func-
tions differ at most by a constant ([35], Theorem VI, Chap. 2) and, under the assumptions on @, constants
are in Wé'p (G), the u belongs to the latter space and the quotient norm provides the estimates. O

4 The Laplace operator
In this section, we solve the Laplace problem
-Au=f inG.

We begin by characterizing the kernel.
Let m = 0 be an integer, a be a real number. A function u € W,"” (G) satisfies Au = 0 in G if and only if

A
ue @q(m’p’a).
Proof. In view of Remark 3, it is clear that if u € P]’qA(m @) then Au = 0. Conversely, if u € W, ”(G), by
Corollary .1, u € .'(G). Proposition 3 implies then that u is a polynomial in 22, as it is also in W,"” (G), it
is necessarily in @g(m )" 0

11



In order to establish the first isomorphism result for the Laplace operator, we compute the fundamental
solution of the Laplace equation in G.
The fundamental solution of the Laplace equation in G reads:

exp(—[kllynl+itky") 1
2 2 2|

_Vn|y

O(y) =

kelly~ £7

Proof. The Fourier transform of the fundamental solution is: F4(®)(n) = 1/|n? for all n € G. Inverting this
expression yields formally:

eXP(irfyn)
Z

2 2

O(y) = o dsexp(i(k,y").

Then separating the case k = 0 from the rest provides the result using residue calculus as in [31, example 1,
Chap. IX, p. 58]. O

The fundamental solution @ is in .#'(G).

Proof. A simple computation gives that |y,| € Llloc(G) is a tempered distribution since for any ¢ € .#(G), one

has ol
Yn
the integral being bounded for j = 3. We define @y (y) := exp(—|kly, +i(k,y"))/ (2|k|) foranyke 1?1227 :

/=1L,
itis a tempered distribution. Moreover, one has that

|< |J/n|r(p>| =

1gjy A2

Ok(n) := gG((Df()(k,f) = W

A simple computation shows that dkisindeed in L' (G), and thus, below, the duality bracket in (#'(G), #((5))
becomes an integral with respect to the Haar measure associated to G. Let now M be a positive real number

large enough, define Zy := (ke I;_| ¥ Z s.t. k# 0 and [k| < M} and

oMy):= Y o).
REZM
Then applying the Fourier transform,
gy A2

& — M =
D)= Fo@m = Y — o

RGZM

The previous arguments show that ®,; € L'(G), but the bound is not uniform with respect to M, since it
behaves as ¥ e 7, Ikl ~!. Nevertheless for any ¢ € # (G), we have

5o 6 ¢k, ¢)Aa
(Dpr1, @) i A = ————d
M P 716, 2(G) (;M o KE+& S
f s _ 1Aa
<@ Y (1+k) ’f o ———d¢ = ().

For j sufficiently large with respect to n, the constant ¢, does not depend on M. This ends the proof since
the Fourier transform is an homeomorphism between .%#’(G) and ./ (G). O
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If f € #(G), then ® = f € #'(G). Moreover if f € 2(G) then

<Oxf,0>90)x7c)=<f P*xP>gxs06, YVeeLG).

Proof. The proof of the first part is obvious and relies on the Fourier transform: indeed <D/ﬁ° =&f and as
the product ® f is again in .#”/(G), then so it is for the inverse transform giving the result. Moreover, one has

<Oxf,p>=<Dxp,f> VpeF(G), VYVfeF).

Indeed, @V, since it belongs to L' (G), this allows to convert the brackets into sums and integrals and use
Fubbini : one obtains the second result for any fixed M. Then passing to the limit necessitates the same ar-
guments as in the previous Lemma. Then since f and ¢ are both in & (G) so are the respective convolutions
with ®. If now we suppose moreover that f € 2(G) then it is also in &'(G) and thanks to these two latter
arguments, the result follows, and the bracket can be transformed :

<P, f>7x70=<[P*P>eG)x60G) -

We can now state the first isomorphism result.

Theorem 4.1. Let p € (1,00) and a € (—~1/p,1/p') be real numbers. Then the Laplace operator defined by
WP (G R A WP (G) LR

is an isomorphism.

Proof. We adapt the ideas from [3, Theorem 5.1, p. 586-587]. The operator is clearly linear and continuous,
thanks to Proposition 4, it is also injective. Hereafter we prove surjectivity. Given f € W, P (G) LR an obvi-
ous candidate could be @ * f, the problem is that neither ® nor f are not compactly supported : the latter
convolution does not make sense a priori.

i) Thanks to Prop. 3, there exists ve L? (G) s.t. divv = f and
vl zp 6 < c|[ £] w2

where the constant is independent on v. Now since 2(G) is dense in L) (G), there exists a sequence
Vv, €2(G) s.t. v — vin Ly(G).

ii) Set fj=divvj,andy; =@ f;,foralli=1,...,nand ¢ € 2(G) we have :

<0y, ¢ >z Gxs @)=~ <P* [},0i0>71G)x7G)
== < [,0i(@* @) >gGx&G) =<V}, VO; (@ * @) >¢G)x&(G)»

the change in the sense of duality brackets is justified by Lemma 4. Then thanks to Prop. 3, p~7'%(y,) isa
Muckenhoupt weight, we apply the weighted Calderon-Zygmund inequality from the proof of Theorem
1.1 p. 15-16 [34], and one has

|< 0V ¢ >[ < ”Vj ”Lﬁ(G) Vo (@) ”LK;(G)

< cllv; ”LZ(G) |a@ =) ”Llj’a(g) =c'||f]l W, (G) ”‘»"Hg’a((;)
So that Vy is uniformly bounded wrt j in Lh(G).
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iii) We can apply Proposition 3, so there exists constants (c; (¥ )) jen and ¢ > 0 s.t.
Lp
yjitcie W, (G), ”wf tPj ”Wi’p(G) = C”f”WI;I"’(G)'

From this it follows that y; + p; converges weakly to some function u in Wé'p (G) and it solves (8) so
that the mapping is indeed surjective.

In order to extend Theorem 4.1 to other values of a, we first prove a regularity result.
Let ¢ be a non-negative integer, p € (1,00) and « € (—1/p,1/p’) be real numbers. Then the Laplace
operator defined by

WP GIRE WP (G LR (17)
is an isomorphism.
Proof. Owing to Theorem 4.1, the claim is true for £ = 0. Assume that it is true for ¢ = k and let us prove

that it is still true for ¢ = k+ 1. The Laplace operator defined by (17) is clearly linear and continuous. It is
also injective : if u € w2thr (G) and Au=0thenue '@Ll p-a

a+k+1
ok +1(G)LIR{ According to (10), f belongs to W | 1+k 'P(G)LR. Then the induction

assumption implies that there exists u € WO:IICC P (G) such that Au = f. Next, we have

| =Rsince a € (-1/p,1/p"). To prove that it

is onto, let f be given in W

A(pdju) =p0;f+0;ul\p+2Vp-V(0;u). (18)

Using, (10), (11), (12), and (13), all the terms of the right-hand side belong to W 1+k 'P(G). This implies that

A(pd;u) also belongs to W__ 1+k P(G). In order to apply again the induction argument it remains to prove

-2+k,p
+k 1

(G), then, for any ¢ € w?

that A(pd;u) is orthogonal to constants Let us first note that A(pa u) also belongs to W (G) Moreover,

since u belongs to W p (G) implies that pd;u belongs W
write

(G), we can

a+k 1 -a— k+1

(APO:iW), p) 2ep ) -kt () = (POiUL AP)

a+k 1 —a—k+1 a+k 1

@xW E (G’

2—k,p
Since R c Wa et

orthogonal to constants. Thanks to the induction assumption, there exists v in W1 k P(G) such that

(G), we can take ¢ € R which implies that Ap = 0. It follows that A(pd;u) is indeed

Av =A(pd;u).

Hence, the difference v — pd;u is a constant. Since the constants are in W1 k P(G), we deduce that pd;u

2+kp(G). 0

belongs to W1+k ' (G) which in turn implies that u belongs to W okl

We continue by establishing a new family of isomorphism using Calderén-Zygmund’s inequality and
Theorem 3.1.

Let p € (1,00), @ € (—1/p,1/p’) be real numbers and m = 2 be an integer. Then the Laplace operator
defined by

WP (G Py > WP (G Py

is an isomorphism.
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Proof. The mapping defined in the claim is bounded linear and injective. Again as in the proof of Theorem
4.1, as a € (—1/p,1/p'), the weights are of Muckenhoupt type and one can apply the weighted Calderén-
Zygmund estimates giving :

Yue W, (G), VYAeN":|AMl=m-2,Vi,j=1,...,n

|o:0,0"

Moreover, using again the assumption on @, we have m—1 < m—1/p—a < m. Then thanks to Theorem 3.1,
the semi-norm | - lwm? () is a norm on the quotient space W, "? (G)/2,,_. This yields

<clapty| ,
L

a

< _
LG o = ClAulyr2r Gy,

lullwrr Gy, = clAullymzp G g

which shows that the range of the operator is a closed subspace of the target quotient space. The Closed
Range Theorem and the injectivity of the adjoint operator imply that the range is the whole target space. O

A direct consequence of this result is the Let p € (1,00), a € (—1/p,1/p’) be real numbers and m = 2 be
an integer. Then the Laplace operator defined by

WP (G S WP (6)

is an isomorphism.
We can now extend Theorem 4.1 to other values of a.

Theorem 4.2. Let p € (1,00), a € (—1/p,1/p") be real numbers and ¢ = 1 be an integer. Then the Laplace
operators defined by

A _
wht @1 2w P 6) (19)
and A
1,p -1,p
WP (G =W PG L (20)

are isomorphisms.
Proof. Let us recall that due to Proposition 4, the mapping
WP (G122, S WTEP(G)
is an isomorphism. Now through duality and transposition, the mapping
WolE (G A W (G) L

is an isomorphism. Next, using the same arguments as in the proof of Proposition 4, we are able to show
that for any integer £ = 1, the mapping

W—m+2+€,p’ G) A W—m+€,p’ (G)J_Qzl

—-a+l —a+l

is an isomorphism. Choosing ¢ = m —1 yields the isomorphism result defined by (20) which through duality
and transposition also enables to obtain the one defined by (19). O

Summarizing Theorems 4.1 and 4.2, we deduce
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Theorem 4.3. For p € (1,00) and any a € R satisfying
a+l/p¢eZ and a-1/p' ¢Z, (21)

the mapping
1, A -1,
WP @Dy, )= Wa P GLPS (22)

is an isomorphism. As a consequence, for any m € Z and for any « € R satisfying (21), the mapping
m+2,p A A m,p A
Wo "GP o 1ip-a) = Wa " (O L 1)pria) (23)

is an isomorphism.

5 The biharmonic operator
Here we consider the polyharmonic problem: given f, we look for u solution of
Au=f inG.

Proceeding as in Proposition 4, we can prove the following characterization of the kernel of the bihar-
monic operator.

Let a a real number. A function u € W, (G) satisfies A>u = 0 in G if and only if u € 2,

We first have the following isomorphism result.

AZ
|lm-1/p-al*

Theorem 5.1. Let p € (1,00) and a € (—1/p,1/p’) be real numbers. Then the biharmonic operator defined by
A2 WEP(G) I, — W, PP (G) L,
is an isomorphism.
Proof. Since a € (—=1/p,1/p'), applying Proposition 4 for m = 2, we see that the Laplace operator defined by
W, (G)I2 — L5 (G) (24)
is an isomorphism. Then using duality and transposition we also see that
7,6 — W27 (G) L

is an isomorphism. Since a € (=1/p,1/p’) implies that —a € (—=1/p’, 1/ p), it follows that the Laplace operator
defined by
Lo(G) — W, P (G) L2y (25)

is also an isomorphism. Composing (24) and (25) proves the statement. O

Let p € (1,00) and a be real numbers satisfying (21). Then the biharmonic operator defined by
N WEP @D e = Wa P QLD ) (26)

is an isomorphim.
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Proof. Thanks to Theorem 5.1, the statement is already proved for a € (-1/p,1/p’).

Assume now that a < —1/p.

The biharmonic operator defined above is clearly linear and continuous. Its injectivity follows from
Proposition 5.

Let us prove that the compatibility condition is necessary. For any u € Wi’p (G) and ¢ € #(G), we can
write

|(A2u,(,0>y’(G)xy(G)|SfG|Au||A<P|dy
= ”Au”LZ(G) “A(p”sz’ ©)

< ||Au||L5(G)|‘/’|WE;f'(G)'

Butif a < —1/p, then the semi-norm |- |W_2;f,’ @ is anorm on W_z'p (G)/P2-1/p +a)- Moreover if a < —1/p the
spaces Z2-1/p+al ‘@LAZ—I/p’+aJ and PJ’LA;_UP,WJ coincide. Hence A? belongs to W(;z'p(G)J_QLA;_I/p,MJ.

Let now prove that the operator is onto. Take f in W, Zp (G) LPp-1/p'+a1- Then thanks to the isomor-
phism result of the Laplace operator defined by (23), there exists v € L, (G) such that Av = f in G. Since
« < —1/p, there are no polynomials in the space 271/, +q, then using again (23), there exists u € W,f’p (G)
such that Au = v in G which implies that A% = f in G. As a consequence the operator defined by (26) is an
isomorphism if @ < —1/p. Then using duality and transposition it is also an ismorphism if & > 1/p’ which
ends the proof. O

As a consequence we have the below general result.

Theorem 5.2. Let p € (1,00) and a be real numbers satisfying (21) and ¢ € Z. Then the biharmonic operator
defined by

2 . a2+lp A? —-2+0,p A?
AT W (G)/‘@L2+€—1/p—aj — Wy (G)J“@Lz—é—llp’ﬂzj

is an isomorphim.

6 The Stokes equation

This section is devoted to the Stokes problem: given f and g, we look for a pair (u, 7) satisfying

-Au+Vr=f ingG,
. . (27)
divu=g inG.
For any integer k, we introduce the space of polynomials
N =10, e P x 2P |, divO=0, A0 +VA=0}.
Let m = 0 be an integer and a a real number. A pair (&, 7) € W,,'ZHI"’(G) x WP (G) satisfies
—Au+Vr=0 and divu=0 ingG, (28)

ifand only if (&, 7) € A m+1-1/p-aj-

Proof. Let (u,m) € W' LP(G) x W, P (G) satisfies (28). Then taking the divergence of the first equation

of (28) implies that Ax = 0 and therefore 7 is a polynomial of Q”LAm_l Ip—a)® As a consequence, we have

A?u= A(Vr) = 0 which implies that u belongs to P}”LArZ T-lipal* O
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We first look for solutions in W,i’p (G) x LP(G).

Theorem 6.1. Let a be a real number satisfying (21). Let fe W, LP(G), g € LY (G) satisfy the compatibility
condition
(29)

V(B»/’U E'/‘/I_I—I/p’+ajy +<g)A>

(ﬁ0>W;1'p(G)xW_1;f’ (G) LG LP(G) 0.

Then the Stokes equations (27) has a unique solution (u, ) € (Wé'p(G) x LD (G) I Mi-1/p-a)-
Proof. Let us introduce the Stokes operator
T: (u,n)— (—Au+Vnr,—divu).
Then the statement amounts to prove that the operator
T: (W (G) x Ly (@) M -11p-a) = We " (G) x Ly (G) LM1-11p 4

is an isomorphism.
We assume first @ < 1/p’.

The operator T defined above is clearly linear and continuous. Its injectivity follows from Proposition 6.

Let us show that the compatibility condition is necessary. Note that under the assumtion a < 1/p’, there
are no polynomials in L” ,(G) and the polynomials of W_l}xp (G) are at most constants. Then (29) is reduced

to show that f € Wy "’ (G) L)1 -1y +q). Consider now (u,7) € W,”(G) x L} (G). Then ~Au+Vr e W, P (G)
and for any 0 € 2|11/ 14, We have

(-Au+Vvm, 0>w;“’(c)x wh ()

= <u;_A0>W1,p( —{7,divO)

G xW ' (G) 12G)x L7, (G)
=0
since @ is at most a constant vector. This shows that the compatibility condition is necessary.

Let us now show that the operator T is onto. Let fe W, YP(G) and g € LP(G). Then this implies that
divf+ Ag belongs to W, >P(G). Since a < 1/ p', the degree of the polynomials of 25_1/,/4q is at most
one. Hence Ag belongs to W, >” (G)LP|2_1/p+a). Then since fe W, Lp (G)LP1_1/p+a), it follows that
divf+ Ag e W, 2P (G)LP3-1/p +a)- Thanks to the isomorphism result (23) of the Laplace operator, there
exists 7 € L} (G) such that

An=divf+Ag inG.
It follows that f— Vi e W, Lp (G)L21-1/p +a)- Thanks again to (23), there exists ue Wé’p (G) such that
-Au+Vrn=f inG.
As a consequence divu— g € L) (G) and satisfies

A(divu—g) =0 inG.

AZ
[1-1/p-a]®
AZ
[1-1/p-al

Therefore divu—g=A21¢ ‘@[A—I/p—a]' Lety(yn) = [;" M(s)ds, then y belongs to Pin,11-1/p-al) €2,

Let now 6 be a polynomial such that0; =0 forany j =1,...,n—1and 6, = y. Then 0 belongs to &
and satisfies div@ = A. Thus (u— 0, ) satisfies (27) and as a consequence, the operator T is onto.
Through duality the operaor T is also an isomorphism if @ > —1/p and this ends the proof. O

Using again regularity and duality arguments, we have the following statement.
Theorem 6.2. Let a be a real number satisfying (21) and m be an integer. Let fe W'’ (G), g € W,;nﬂ'p(G)
satisfy the compatibility condition

V(H, AN e JVL—m—l/p’+aJ ’ (I:a}me + <g; A) WP 0.

G)xW " (G) GYxW G T

Then the Stokes equations (27) has a unique solution (u, ) € (W(;"Jrz’p(G) X W:l+1'p(G))/<M_m+2_1/p_aJ.
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A Compactly supported distributions, &'(G)

TheoremA.1. Ifu € &'(G) of order p, then for any test functiony € &(G) s.t. D ;¥ () =0 forall pointsn in the
supportofu andall j €{0,..., p}, one has < u,y >= 0, where the brackets denote the duality in &'(G),&(G).

Proof. Asthe supportof u is compactin G there exists a finite collection of integers / N and finite sequence
of compact intervals (K(j))jey s.t. suppu € {(kj, K(j))jes}, we denote the set of all S := {(k;);e;}, a finite
subset ofl'I" 1(271 ZILy). Let K¢ (j) :={( e Rs.t. d({,K(j)) < €}. We define the smooth cut-off function

Sk @€ =0dl Agifke S
otherwise

Xe(k»f) = ¢ {

where ¢ € C°(R) s.t. ¢ 20, [p@()d¢ =1 and suppy < B(0,1). Then it is clear that y.(k;,-) = 1 in Kc(j)
and that suppy.(kj,-) < K3¢(j). One has then < u, ¥ >=< u,yy, > since ¥(1 - x.) = 0 in a neighborhood of
suppu. Hence

<u,y>|<C sup 'D (wxe)
neG,j<p

which by arguments similar to Theorem 1.5.4 [19] is bounded uniformly by €, and thus tends to 0, as € — 0.
Indeed, for any fixed k; using

lwk;,&| <

sup | D1y, & + 1€’ - EAa ¢ - &P+
+D! el ¢
for all ¢ € R and similar estimates for all derivatives of higher order, it implies that supgc g, 1D7w(k;,¢")| <

¢j,q€”*179. On the other hand supc, ) ID7 ye(k;, &)l < c; q,e_q’, which together with the Leibnitz formula
gives that

| <u,w>|<csup sup Ple. qe’”l_qd e P < e
e . I jr=a
]€] SEKSe(])

O

Theorem A.2. If u € &'(G) s.t. suppu c {0} then for any ¢ € &(G), there exists a p € N s.t. < u,p >=
X1 Cr0fp(0).

Proof. Let p be the order of u. Set y(k, &) = p(k, &) — Zp 0’,(p(k 0) ‘r, it is a smooth function s.t. any deriva-
tive in direction ¢ vanishes up to order p. Since u is compactly supported, one defines y(k,¢) = 1x=¢ which
is in C*(G). Applying the previous result it comes < u,9 >=< u, y >= 0. Then using that u is linear, one
recovers :

<U,P>=< U, Yk= OZagr (kO)f >= Z<u)(k 0£—>65r (0),

which gives the definition of the constants (¢;)reqo,..., p}- O
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