NEUMANN AND MIXED PROBLEMS ON CURVILINEAR
POLYHEDRA

Monique Dauge

We prove regularity results in LP Sobolev spaces. On one hand, we state some abstract
results by LP functional techniques : exponentially decreasing estimates in dyadic partitions of
cones and dihedra, operator valued symbols and Marcinkievicz’s theorem. On the other hand, we
derive more concrete statements with the help of estimates about the first non-zero eigenvalue of
some Laplace-Beltrami operators on spherical domains.

1. INTRODUCTION

It is well known [1] that elliptic boundary value problems in a smooth domain 2
are regular in the class of L” Sobolev spaces. For instance, if u is a strong solution of
the Neumann problem with Au € W*P(Q), then u belongs to W**t2P(Q). Here k € N.
Such properties no longer hold in general in non-smooth domains : for instance for p = 2,
k = 0, the regularity property fails for non-convex polygons. But non-smooth domains,
and especially piecewise smooth domains, are very important in numerous applications to
problems arising from physics. Moreover, one also may have to consider boundary conditions
which are discontinuous on the boundary : this is what is called mixed conditions.

The LP regularity of elliptic boundary value problems on non-smooth domains has
been studied by several authors. Let us quote Fichera [16], Grisvard [17], [18], Maz’ya and
Plamenevskii [25], [24], Maz’ya and Rofimann [26]. But all of them use weighted spaces
techniques. In particular, this does not provide complete results for the Neumann problem
associated with the Laplace operator. There exists more literature in Hilbert Sobolev spaces.
Let us quote Kondrat’ev [20], Rempel and Schulze [27], Schulze [28] and the author [11]. The
extension from p = 2 to p # 2 is in no way straightforward, because of the constant use
of Mellin transform on cones and partial Fourier transform on edges. Such an extension
gives rise to interesting and difficult techniques : study of operator kernels in [1] and [18],
exponentially decreasing estimates in dyadic partitions of cones and dihedra in [25], [24].

Our method is inspired by [25], [24]. We have performed some simplifications and
introduced improvements in order to obtain results in non-weighted spaces for a variational
solution in H'(£2), which seems impossible by a strict application of the above references.
This leads to an “abstract” result, as stated in the following Theorem 1.1. In this statement,
the regularity is linked with the location of some spectra. Estimates from below for the first



non-zero element of these spectra leads to explicit bounds for the couples (k,p) so that the
regularity property
Au € WFP(Q) = u € WH2P(Q)

holds for any solution of the mixed problem. The above mentioned spectra are only deter-
mined by the geometry of the domain and of the boundary conditions.

Here is what we obtain in a simple situation. Let Q be a polyhedron in R?. We
denote by € the set of its edge points and by & the set of its vertices. To each z € & and to
each x € &, we associate some spectrum o (z). This spectrum is determined (except possibly
for its integer elements) by the set of the eigenvalues of some Laplace-Beltrami operator.
Let Ai(x) be the least > 0 element of o(z).

Theorem 1.1 Let k € {—1,0,1,...}. Let u be the variational solution in H'(Q) of
Vo € H'(Q) / Vuvo =< f,v >
Q

with f € WEP(Q). Then u € WF2P(Q) if both following conditions are fulfilled
(1) VYexe€ k+2-2/p<(z),
(i) Yee & k+2—3/p<(z).

When = belongs to an edge, A\i(x) is well known : it is equal to m/w where w is the
opening of the edge. When z is a vertex, the exact value of A;(x) is not known in general.
For Dirichlet boundary conditions, minorizations using the monotonicity with respect to the
domain are possible and yield information. For Neumann conditions, minorizations are more
difficult to obtain since the monotonicity principle no longer holds : see [14] for instance.
We have obtained that when € is convex
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Here is the outline of the paper.

In section 2, we introduce our class of domains : this is a class of piecewise C?
domains. We also introduce our class of operators : we are going to study second order
operators defined by a symmetric integrodifferential form with real coefficients with limited
regularity (C*~! for the principal part, where p is the same parameter as previously).

In section 3, we introduce the characteristic spectra at the vertices and edges of the
domain and we state our main results, the abstract one (Theorem 3.2) and several more
concrete ones using estimates about the “first eigenvalue” \;.

In section 4, we study this “first eigenvalue” and prove various minorizations which
allow to deduce concrete statements from Theorem 3.2.

We give the proof of Theorem 3.2 in the remaining sections. By perturbation ar-
guments we show in section 5 how to reduce to the case of constant coefficients. We prove
regularity results for the Laplacian in cones (section 6) and wedges (sections 8 — 11). Fol-
lowing the idea of [25, 24] we prove exponentially decreasing estimates : see in section 7
Lemma 7.1 where we state such estimates in an “abstract” framework and Lemma 7.2 which



gives the use of such estimates. For wedges, such estimates are applied to operator valued
symbols on the edge.

A complete study of boundary value problems on polyhedral domains would require
either the introduction of spaces with asymptotics like in [27, 28] or a more direct description
of the variational solution with the help of a splitting into regular and singular parts near the
edges and corners. If the faces of the polyhedron are flat and if the operator is the Laplacian,
such a description is given in [11]. But when the edges are curved, the situation is much
more complicated as can be seen in [26] and in the joint work with M. Costabel [8, 7].

Part of the results of this paper have been announced in the two notes [12, 13]. In
[4], we apply these results to the problem of coerciveness of the curl form on divergence free
vector functions with mixed conditions on the boundary and to the study of vector potentials
for the three-dimensional Stokes problem. Discussions about this problem were the starting
point of the present work.

Acknowledgments. I thank Professor V. G. Maz’ya for interesting discussions we
had in Darmstadt in Februar 1990. He suggested to me that the regularity assumptions
about the domain could be weakened by the use of multiplier results [22, 23].

2. OPERATORS AND DOMAINS

The regularity of the coefficients of the operator and of the faces of the domain are
limited by a parameter p > 1. The domain (2 is a polyhedral domain in the class Q, we
are going to define below. The boundary value problem we consider is determined by an
integrodifferential form a and a partition of the boundary 9Q. Let a;; € C*~1(Q) be real
functions such that a; ; = a;; and satisfying the strong ellipticity condition

dc > 0, Vo € g, Vf c R3, Zai,j(x) 515; > C|§|2. (21)
"j

Let ag € C»=2+(Q) be another real function, where
Notation 2.1 For any 7 € R, 7, denotes max(t,0).

Our integrodifferential form is defined by

a(u,v) = / > aij Oudiv+ aguv dz. (2.2)
Q
2¥)
The form a is coercive on H'(2). In every point z € €, the quadratic form
> ai(x) &5 is diagonalizable, i. e. there exists an invertible matrix MM, = (m;;(x))
such that

Zai,j(x) 515; = Z (Z mi7j($)§j) . (23)

i

For each x € 0€), this matrix 91, allows to introduce some geometric object attached
to x. This object is a polyhedral cone Z, in R3, i. e. a positive homogeneous cone with plane
faces.



Definition 2.2 We say that Q € Q, if Q is a bounded domain in R?® satisfying that
for any x € 0) there exists a CP local map x. in a neighborhood of x and a polyhedral cone
= such that x, maps a neighborhood of x in Q onto a neighborhood of 0 in =. Let us suppose,
which is not a restriction, that Dx,(x) is the identity map in R®. We set

- t —1=
Hy =", E.

The reason for the introduction of =, is the following : the change of variables
X — "M1X transforms = into =, and the form a into another form a, with principal
coefficients a ; satistying
ai ;(0) = d; ;.
So, in x, the principal part of a becomes the standard gradient form.

Definition 2.3 Let Q € Q, and let x € 0N).
(i) If =, is a half-space, we say that x belongs to a “face”.
(i1) If =, is not a half-space but can be written in the form of a product R x 'y, where T’
is a plane sector, we say that x belongs to an “edge” ; w, denotes the opening of I'y and
Gy =)0, w,].
(111) If =, cannot be written in the form of a product R x T', we say that x is a “vertex” ; we
also denote 'y := =, and G, := =, N S?.
We denote by & the set of the vertices and by € the closure of the set of the edge points.

We now introduce a partition of the boundary of €2 : we fix two open sets dp{) and
On§) in Of) such that

8&2 = 8D—Q U 8NQ and 8DQ N 8NQ = @ . (24)

Such a partition is usually a partition of the faces of 2. But it is also possible to
divide each face itself. We then introduce new “edges” or “vertices” on the border lines.
Generally speaking, all points in dp$2 N Iy 2 have to be considered as singular points.

We define our boundary value problem in variational form. We introduce the vari-

ational space
V={ueH(Q)|u=0ondpQ}.

The boundary value problem we consider is defined by

\% — %

u —  f={v—a(u,v)}. (2:5)

If f € LP(Q) and is identified with v — [, fU, then problem (2.5) can be interpreted
in a classical way (v; is the j-th component of the outward normal to 9)

Z 0]-&1-7]- @u = f on Q,

.3

u=0 on Opf (Dirichlet condition),
> vja;;0u=0 ondyQ (Neumann condition).
.3



3. MAIN RESULTS

We assume that 2 € Q,. We are interested in the regularity of a solution u of (2.5)
when f belongs to some LP Sobolev space. For any k € N and any p €]1, +oo[, W*P(Q)
denotes the usual space of functions f such that

Va, |af <k, D*fe LP(Q).
We also introduce the space W~12(Q) as the dual space of

{v e WH(Q) | v =0 on 9pQ},
where ¢ denotes the conjugate of p : }% +i=1.

q

We assume conditions on (k, p) so that W*P(Q) C V’. We also want to avoid some
limit cases in Sobolev imbedding theorems. Thus, we suppose

P> 2, p#3 itk=-1
p>%,  p#2 if k=0 (3.1)
p>1, p&{2,3} ifk>1.

The abstract form of our statement relies on the notion of “injectivity modulo poly-
nomials” we introduced in §3.C and §23.B of [11] and which we recall hereafter. Let x be
a singular point of the boundary of 2. To x we have associated a cone I',. We denote by
Opl'; the faces of I', which correspond to dpf2 via the diffeomorphism y, and the linear
transformation ‘9 1.

Definition 3.1 The “spectrum” o(z) is the complement in C of the set of the X such
that the following condition C*(Ty, Opl',) of injectivity modulo polynomials holds. Denoting
by (r,0) the polar coordinates, we set

SMT,0pD) = {u= > r*log?ru,(0) | u, € H'(G) and uy = 0 on dpGY}.
f‘ilr%‘?e

Then the condition is

u € SMNTy,,0ply) and Au = f with f polynomial in cartesian variables
CMT,,0pT,) implies
u polynomaial in cartesian variables.

Here Au = f means that Vv € HY(T') such that v =0 on Op' and with compact support, we
have [ VuVT =< f,v >.

Our basic result is the following

Theorem 3.2 We assume that p > k+2. Let u be a solution of problem (2.5) with
f e WkP(Q). Then u € W*+22(Q) if both following conditions are fulfilled :
(i) Vree& VA 0<Rer<k+2-2/p, A o(x)
(ii)) Yre& VA —1/2<ReA<k+2-3/p, A¢&o(x).
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The conjunction of conditions (i) and (7i) is indeed a necessary and sufficient con-
dition to have the regularity of solutions. Though such a statement is optimal in a certain
sense, it is not informative enough. That is why we investigate now conditions (i) and (7).

With the help of [17], [11], it is possible to determine completely the spectrum o(z)
for any point in an edge. For Dirichlet or Neumann problems

o) = {2 |12\ {o})

except when w, = 2w, where o(z) coincides with the previous set from which one removes
the positive integers. For the mixed Dirichlet-Neumann problem

[+1/2
o(r) = {M |1 eZ}.
Notation 3.3
M (z) = Wy for Dirichlet or Neumann conditions on I';,
! | 7/ 2w, for mixed conditions on T'; .

Then condition (i) holds if k£ +2 — 2/p < A\i(x) for any = € €.
Let us now study the case of the vertices.

Notation 3.4 For a domain G in the sphere S? and a subset OpG of its bound-
ary, we denote by pui(G,0pQ) the first non-zero eigenvalue of the positive Laplace-Beltrami
operator L on the space H(G,0pG) := {v € H(G) | v =0 on OpG}.

We can prove

Lemma 3.5 Let x € &. If A has its real part < 2 and belongs to o(x) then A(A+1)
is an eigenvalue of the Laplace-Beltrami operator L on the space H' (G, 0pG,).

This lemma is a consequence of the more general results we proved in [11], §4. We
only give here two arguments which help to understand the link between the injectivity
modulo polynomials and the eigenvalues of L : let us consider u € S’\(F », Opl'y) such that
Au = f with f polynomial ; firstly, if Re A < 2 then f = 0 ; secondly,

A(rug(6)) = 72 (AN +1) = L)uo(6)
and ug belongs to the domain H'(G,,dpG,) of L. Indeed there holds :
IfFAEN, CMNT,0pT') does not hold <= A\(\+ 1) is an eigenvalue of L on H'(G,dpG).
(3.2)

If A(A+ 1) is an eigenvalue p of L, since we are only interested in the A such that

Re A > —1/2, we have
1 1
A==t fpt -
2 TR

Then the least value of A corresponds to the least value of pi. For Dirichlet or mixed problems,
the least value of pis > 0 and it is equal to (G, dpG.) according to Notation 3.4. For the
Neumann problem, the least possible value of 4 is 0. But we have proved in [11], §23.C that
the condition of injectivity modulo polynomials always holds in A = 0. Thus, the important
value is again u1(G,, OpGy).



Notation 3.6 We set forz € &

1 1 ~
)\1(1‘) = —5 + \/ul(Gx, 8DGI) + Z and )\1(.%) = min()\l, 2) .

As a consequence of Theorem 3.2 and using Notations 3.3 and 3.6 we get

Corollary 3.7 Let u be a solution of problem (2.5) with f € W*P(Q). Then u €
Wk+22(Q) if both following conditions are fulfilled :
(1) Vexe€ k+2-2/p<(z),
(ii)) Yre&, k+2-3/p<(z).

Remark 3.8 1t is possible to prove [9], that for the Neumann problem one can take
min(Aq, 3) as A; instead of min(\, 2).

Introducing for each fixed k the greatest possible value of p such that the conditions
of Theorem 3.2 hold, we write the previous corollary in another way :

Corollary 3.9 Let k € {—1,0,1,...}. Let pp(Q,0pQ) be the greatest real p such
that conditions (i) and (ii) of Theorem 3.2 hold Vp < p. Let v(€) be the minimum of ()
when x € €. Let v(6) be the minimum of \i(x) when x € &. Then

(€, 9p ) > min { (k+2—v(€) (k+2- v<<‘5>>+} |

Minorizations of v(€) and v(&) yield minorizations of pg(€2, 0pS?). Since v(€) is
greater than % for Dirichlet or Neumann problems, and greater than i for mixed problems
and since v(&) > 0 we obtain

Corollary 3.10 For Dirichlet or Neumann problems, p_1 > 3 and py > %. For
mized problems, p_1 > %.

Remark 3.11 By a duality argument it is easy to deduce from the previous state-
ment that the Laplace operator

{ue W'(Q) | u=0ondpQ} — W ?(Q)

is an isomorphism for Dirichlet or Neumann conditions when % —e<p<3+eforae>0.
Jerison and Kenig in [19] obtain the same result for Lipschitz domains.

The estimates we are going to prove in the next section (see §4.c and Proposition 4.5)
allow to obtain

Corollary 3.12 Let us suppose 2 convex. Then
e For Dirichlet problems, p_; = +o0 and po > 2.

e For Neumann problems, p_; > 3%/5 ~ 7.854 and po> 2.

e For mixed problems, p_1>3 and po > %.



Lemma 4.9 gives an improvement of the above Corollary for mixed problems when
all Neumann faces are isolated from each other.

The results in §4.c and Proposition 4.8 yield :

™

Corollary 3.13 Let us suppose that §) has all its edge openings w, < 3 and that
the form a is the gradient form. Then for the Dirichlet problem

2

pe(2,00) > —
ki

and for the Neumann problem

p-1(Q,0) = 400, po(2,0) >3, pi(Q2,0)>

DO Lo

Corollary 3.7 joined with Lemma 4.1 allows to obtain precise results in the case
when the domain €2 is a polygonal cylinder, i. e. of the form P x I where P is a curvilinear
polygon and [ is a bounded interval. In particular :

Corollary 3.14 Let us suppose that ) is a rectangular parallelepiped and that the
form a is the gradient form. Then for Dirichlet and Neumann problems

pP-1,Po = +00, p;=2.

This statement is an extension of Faierman’s result in [15] which can be expressed
as pg = +00.

4. ESTIMATES FOR THE FIRST EIGENVALUE

4.a Explicit formulas.

In two special geometric situations : the dihedra I',, and the half-dihedra T'}, it is

possible to determine explicitely the value of ;. Let w be an opening angle. We denote by
(y,p,¥) with y € R, p € RT, 9 € [0, 27[, cylindrical coordinates in R3. We set

[, ={zreR|0<¥<w}, G,:=T,N5

and
If={reR|0<id<w y>0}, GI:=Tins
We denote by Ty the side ¥ = 0 of G, or G and Tt the side y = 0 of G .
We denote by A(G, dpG) the set of the characteristic values

1 1
)\j = —5 + \/Mj(G, 8DG) + Z

where (G, OpQ) are the eigenvalues of the Laplace-Beltrami operator on H'(G,dpG). We
recall that A\ (G, dp@G) is the least positive element of this set.
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Lemma 4.1

MG, 0G,) = {ZT4+d|leN, deN}, MG, 0G,) = g
A(G,,0) = {Z+d|l,deN}, (G, 0) = min(1,—)
MG, Tp) = {T 42 +d|l,deN}, M (G, To) = %
ANGH0GH) = {1+ 2d|leN, deN}, MN(GHOGEH) = 1+g
A(GS,0) — {424 |l,deN}, M(G2,0) — m1n(2,£)
MG, Tp) = (" X 4 2d|1,de N}, M (GE,Ty) = %
ANGE,TT) = {T+1+2d|l,deN}, M(GE,TH) =1
AMGHTWUTY) = {E 4y Z 4142 |1, deN},  MNGHT,UTY) = %H

The proof of this lemma is based upon the knowledge of the structure of the eigen-
functions of the Laplace-Beltrami operator. Following [11], §18.C, one can show that they
are the trace on the sphere S? of functions of the type

> AIQ(y) gp™ v (p, V)

qeN

where () is an homogeneous polynomial (here, this is y?), 7, are constants which only depend
on v and v is an homogeneous harmonic function on the plane sector {0 < ¥ < w} and
satisfies the boundary conditions induced by the initial problem on (G, dpG). The powers 7 ln
come from v and the integer powers come from (). Depending on the boundary Condltlons
on T, the degree of @ is odd or even.

Remark 4.2 When \; is equal to 1, the corresponding eigenfunction on I' is a
polynomial. Indeed the condition of injectivity modulo polynomials is satisfied in A = 1. A
similar phenomenon happens on the plane sector with opening 7 with the mixed conditions :
the characteristic value A = 1 does not give rise to any singularity. Anyway, in such cases,
we can consider the next characteristic value for the computation of the parameters v(€&)
and v(S) in Corollary 3.9 which give the limits for the regularity of the problem (2.5). This
is due to the fact that we take zero Neumann boundary conditions. On the contrary, if the
Neumann conditions are non-zero, there appears a logarithmic singularity in A = 1.

4.b A monotonicity result.

Here is an extension to mixed problems of the well-known monotonicity result for
the eigenvalues of the Dirichlet problem.

Proposition 4.3 Let G and G’ be two connected curvilinear polygons in the sphere
S2. We consider partitions (2.4) of the boundary of G, resp. G', into OpG and OnG, Tesp.
OpG" and ONG'. We assume that

GCG and OyG C NG . (4.1)

9



Then
H1 (G7 aDG) Z /’LI(G/7 aDG/) .

Proof. = We can assume that dpG # 0, since if OpG were empty, we would have
G C G' and 0G C 0G', thus G = G’'. Since

G,0pG) = min
m(G,0pG) = min IDE

u=0 on OpG
and a similar formula for G’, it is enough to prove that if u € H'(G) is such that v = 0 on

OpG, then u € HY(G') and @ = 0 on dpG’, where @ denotes the extension by 0 of u.

As OpG' C G\ (G UONG), we have indeed @ = 0 on dpG’. To end the proof, it suffices to
prove that Vo € G, there exists a neighborhood V, of x such that @ € H'(G' NV,).

Since for x € G or x € G’ \ G, this is obvious, it remains to consider the case when x € 0G.
But
0G = 0pGUING U T,

where J is the finite set of junction points J = IpG N ONG.

e If x € OyG, there is no extension in the neighborhood of z. So, 4 = u on a suitable V,.

e If x € Op(, the usual result about extension by zero of functions with null traces yields
the wanted result.

o If x € J, with the help of local map, we reduce to the case when x = 0 and GNYV, is a
plane sector in R? with opening w. Let us denote by 9 the angular variable in R?. We can
assume that

OGNV, = {zeR*|9=0, |z]| <e},
INGNY, = {zeR* |V =uw, |z| <e},
G'NY, C {zeR? | <V <w, |z <e},
with w — 27 < W' < 0. Since u € HY(G) and u = 0 on dpG, then |z|~'u € L. So, in the

coordinates (t,9) with ¢ = log|z|, we have u € H'(Ix]0,w[) with I =] — oo,loge[. Since
u(t,0) = 0 Vt € I, the extension by 0 yields that it € H'(I x]w’,w[). Hence u € H'(G'NV,).
|

4.c Dirichlet problem.

In numerous situations the conjunction of Lemma 4.1 and Proposition 4.3 yields
estimates on the values A\ (z) for any vertex x. For instance, if € is convex, and if w denotes
the greatest edge opening of €2, then for any vertex z, the cone I', is contained in I',,. Thus

/\1 (ZE) Z

SHE

In this case, v(€) = T and v(&) > min(2, 7).
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4.d Neumann problem.

We begin with a general result.

Lemma 4.4 Let M be a convexr domain on the sphere S™ with C*° boundary. Then
(G, 0) >n—1.

Proof.  We follow the proof of [21], Theorem 7. As the Ricci curvature of S™ is
(n — 1)1, with the help of Theorem 3 in [21] we arrive at the minorization

a; : {4(n_11)d2 (m%f tin= 1)} = mle 0

where « > 1 is arbitrary and d is the diameter of G, compare [21], (3.8). Therefore, Vo > 1

(1- Y —1) < m(c,0).

«a
Hence the lemma. [ ]

We derive the statement which is useful for us.

Proposition 4.5 Let G be a convex curvilinear polygon on the sphere S* with C*
sides. Then pi(G,0) > 1.

Hence X\ (G, 0) > @ as stated in the introduction.

Proof. Regularizing G in the neighborhood of each vertex (with preservation of
the convexity), we construct a sequence of convex domains G,, C G with smooth boundaries
such that mes(G \ G,) — 0 when n — oo.

Let u be an eigenvector on G associated with u1(G,0). Let u, be defined as
— (mes Gn)’l/ u(z) de.

n

Uy = U

n

Then u, € H'(G,) and [, un(x) dx = 0. Therefore Lemma 4.4 yields

Since mes(G \ G,,) — 0, it is easy to see that
unll2(Gn) = Mlullrz  and [V, = [[Vullz@).-

Hence

We are going to prove a sharper result when G is a spherical triangle.

Proposition 4.6 Let G be a spherical geodesic triangle (i. e. the cone T' such that
G =T N S? has three flat faces). Then there exists a side T of G such that

lul(G> (Z)) Z M1 (G> T)
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Proof. Let u be a real eigenfunction associated with u1(G,0). Let Gy,..., G, . ..
be the nodal domains of w, i. e. the connected components of u*(R\ {0}). Let u; be th
restriction of u to Gy and 4, be the extension of u; by zero outside G. We rely on the
following lemma which is stated in [3] and proved in the appendix of [9].

Lemma 4.7 Let D be a bounded domain. Let u be a function on D such that

u€ H' (D), ue€C%D), u€ Lip,/(D).
If moreover u|, =0 then u € H}(D), i. e. u is the limit in H'(D) of a sequence of C§°(D)
functions.

We deduce from this lemma that wuy, is the limit in H'(G},) of a sequence of C*(G},) functions
whose supports do not meet Ty, where T}, denotes the complement of G in 0Gy.

Therefore, u;, is an eigenvector of the positive Laplace-Beltrami operator with the Dirichlet
conditions on T} associated with the eigenvalue u;(G, (). Since uy has a constant sign on
G, we infer that

11(G,0) = pi(Gy, T).- (4.2)

As another consequence of the above property of uy, we obtain that i, € H'(G). Therefore,
the Max—Min principle yields :
where 0,G denotes the complement of 0G), in 0G.

Since there exists at least one nodal domain G}, such that 0,G contains a full side T" of G,
(4.2), (4.3) and Proposition 4.3 yield Proposition 4.6. [

Proposition 4.8 Let G be a spherical geodesic triangle such that all its openings
are < % Then

Proof. Applying Proposition 4.6, we obtain that there exists a side T of G such
that p1(G,0) > p1(G,T). Let N be the vertex of G such that N ¢ T. Let us choose N as
north pole and (¢, 0) € [—m, w[x[0, 7] as spherical coordinates such that in the neighborhood
of N, G coincides with the spherical sector G|,

peS*|0<p<w, 0<O <7}
We introduce

GI::{¢€SQ\O<90<(,U,O<9<%} T+::{w652]0<gp<w,9:g}.

It is possible to prove [9] Lemma 8.11, that G is included in GJ. Then Proposition 4.3
implies that
(G, T) = i (GL,T).

But Lemma 4.1 yields that \; (G}, T") = 1. Therefore p (G, T") = 2. Hence u; (G, T) > 2.
|
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4.e Mixed problems.

We only give two results which can help to obtain minorizations of v(&) in Corol-
lary 3.9.

Lemma 4.9 Let G be a convex geodesic polygon on the sphere and T be one of its
sides. If OpG is the complement of T in 0G, i. e. if the Neumann condition is prescribed
only on T, then

m
>
M(G,0pG) > %

where w s the smallest of the opening angles of G at the vertices which belong to the side T'.

Proof. It is possible to include G in a spherical sector GG, so that one of the sides
of G, contains T'. Then according to Proposition 4.3

)\I(G7 aIDG) Z )\1 (Gwa TO)
with the notation of Lemma 4.1. This Lemma yields the result. [

Lemma 4.10 Let G be a spherical geodesic triangle such that all its openings are

< 3. Then
w1 (G,0pG) > 2.
Proof. Owing to Proposition 4.3
M1 (Ga 8DG) Z M1 (Ga (D)
Proposition 4.8 yields the result. ]

4.f Last comments about eigenvalues.

If one knows the numerical value of the first non-zero eigenvalue p, at each vertex,
one can deduce regularity results on the domain €2. Till recently, the existing eigenvalues
approximations were only done for the Dirichlet problem. But in this case there are also
theoretical ways to get minorizations :

(1) Monotonicity with respect to the domain,
(11) Faber-Krahn principle, which holds on all spheres S™, see [5] for example.

For the Neumann problem, theoretical questions remain open : for example, is the
minorization in Proposition 4.5 optimal 7 When explicit theoretical computation is possible,
one gets pu1(G,0) > 2 (for convex domains of the following form : spherical sectors, half
spherical sectors, spherical disks, ...). But the theoretical general lower bound is 1 and
not 2 ... Do correct numerical computations exist for the Neumann problem ? There is no
monotonicity with respect to the domain, even for convex domains. But it seems that, in a
neighbourhood of the hemisphere H (for which we have exactly u; (G, ) = 2), the eigenvalues
are decreasing when the domain increases, i. e. if we consider an analytic decreasing one
parameter family of spherical domains 7 — G, 7 € [0, 1] such that Gy = H, then % would
be > 0 in 7 = 0. To see that, one may use [14]’s method without returning to the equation
and compute the sign of the derivative “on the hemisphere”. But what is the situation
outside such a neighborhood ?
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Now, let us give a little list of works about numerical approximation of Dirichlet
eigenvalues :
e Fichera [16] for the complement of an octant (which gives upper and lower bounds (this
last one by Faber-Krahn) : 0.4335 < A; < 0.4645)
e Beagles and Whiteman [2] for theoretical formulas and computations : in particular when
separation of variables is possible, formulas involving Legendre functions are given, and
methods for calculating them — compare also [14] relating to that topic. [2] also indicates
a finite elements method combined with stereographic projection. Results of computations
are given for the complement of an octant (see above).
e Walden and Kellogg [30] use finite difference approximation for the computing of the first
Dirichlet eigenvalue on various spherical geodesic triangles. Tests are made for theoretically
known situations.
e A programm by Costabel [6] uses a first kind integral equation and approximation by
boundary elements. The problem is reduced to the detection of a zero eigenvalue for a
preconditioned matrix. The numerical results are sharp with a short computing time.

5. PROOF : REDUCTION TO CONSTANT COEFFICIENTS

In the next sections, we will prove Theorem 3.2 in the case when the integrodiffer-
ential form a is the gradient form and (2 is a polyhedron with flat faces : Theorems 6.4 and
8.1. We explain here how to perform the reduction from the variable coefficients case to the
constant coefficients case.

We assume that conditions (i) and (7i) of Theorem 3.2 hold. We take v and f as in
Theorem 3.2. Let x € Q. We want to prove that u belongs to W**+%? in a neighborhood of
x. With the help of the local map x, and the matrix !9 ! we transform locally the domain
into the straight cone =, and the integrodifferential form into a form b with coefficients 0; ;
and by satisfying

bi,j c Ck1 and by € Ch+ (51)

and
b@j(O) == (5i,j' (52)

Now we are going to use a perturbation argument, like in §10.C and §10.D of [11]. Let ¢ be
a smooth cut-off function which is equal to 1 in a neighborhood of 0. For ¢ > 0 we introduce

07;(2) = iy +(2)[bi(02) = 6;5] and  B(2) == 0?bo(02). (5.3)

These coefficients define an integrodifferential form b, on the cone =,. We note that for
o = 0, b, coincides with the gradient form and that for o # 0, the change of variables z — oz
transforms o~2b,, into a form whose coefficients coincide with those of b in a neighborhood
of 0. We will prove in the next sections that (i) and (7i) of Theorem 3.2 imply the regularity
result on the cone =, for by. In order to deduce the corresponding result for b it suffices to
prove that

|l| 6, — bg |||k, p — 0 when o — 0, (5.4)

where ||| . |||k, p denotes the norm of the induced operator from W*™2P(=Z,) into WkP(=,).
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Let K be the support of ». We have

(=)= ey < CI00(02) s gty 1 anr
and

19;1bi.i (02) = 0ii10u(2) | gy < Cllbii(02) = 0ijll cuon gy Nl yprsomr) -
As a consequence of (5.1), ||by(c2)]|
(5.2)

R4 (B) is uniformly bounded when ¢ € [0, 1] and with

[bi j(0z) — 5i,jHCk+1(?) — 0 when ¢ — 0.

All that yields (5.4).

We will now show by two examples that the assumptions about the regularity of
the coefficients a; ; are not far from optimality : it is impossible to replace “continuous” by
“bounded” without destroying the regularity result.

Let us take k& = —1 and 2 a convex plane polygon. Let a;; be real continuous
functions on Q) satisfying the ellipticity condition. Let A be the operator
Zajam@-.
bsJ

Our statement, adapted for 2-dimensional domains, gives immediately that any function u
such that i
u€ H'(Q) and Auec W H(Q) (5.5)

satisfies
u € WHP(Q)

for any p > 2. Such a result no longer holds in general when the coefficients are only
bounded. We are going to study two examples.

Example 5.1 Let a be a positive parameter. We write (z,y) the coordinates in R?,
(r,0) the polar coordinates and we suppose that 0 € Q2. We define A as

2 2
) Z LY LY

In polar coordinates we have
A = (rd,)? + ad;.

A is an elliptic operator. Let 1) be a cut-off function with support in 2 and equal to 1 in a
neighborhood of 0. For any p > 2, the function u := 1 1V cos § satisfies (5.5) but if a €]0,1] :

2
u€ W (Q) <+ 1—]—)<\/E.

Indeed we can show that for this example, with the notation of Corollary 3.9,
B 2
p—l - 1 . \/a .




Example 5.2 We consider a case when the coefficients a; ; are piecewise constant.
This is a framework for transmission problems. The polygon 2 is covered by a finite number
of disjoint polygons €2, and there are given aq,...,ax > 0 and
@ij|q, = Otk O
Let us consider in the neighborhood of 0 the covering of the half-space x > 0 by the 3 sectors
—5 <0< -4, —F <0< Tand § <0<3. Weset

4
ap, a3 =1, «ag = (tan ;)\)_2,

where A is a positive parameter. Then p_; < % as shown by the consideration of the

function 7*v(#) where v = (vy,v9, v3) defined by

v1(0) = ksin A\(0 + %) T <f< I
v9(f) = cos A0 I <f< I
v3(0) Zfisin/\(%—g) T o<f< 1

with £ = (tan 2X)~. .

6. PROOF : REGULARITY ON CONES

Let T be a cone in R™ with vertex 0. We set G :=T'N.S™!. We assume that G has
a Lipschitz boundary. Let dpG be an open set in 0G. We denote
z

8DF = {Z e R" | g S 8DG}

We denote by H'(T',0pT") the space of the functions v € H*(T') which are zero on dpT. Let
us recall that we define the space W~1?(T") as the dual space of
{v e WH(T) |v=0ondpl},

where ¢ denotes the conjugate of p : }% + % =1

We take k € {—1,0,1...} and p €]1, oo such that k+2—2 >1— 2. Thus we have
the imbeddings
WHEIT) C Hygo(T) and - WH(I) € Wi (D).

We also assume that &+ 2 — 2 ¢ N. Thus WHP(T') is imbedded in CF="/P(T'). Moreover,
setting
Vi) = {u € D'(T) | P17 Doy € LP(T) Ya, || < K},

we obtain as a standard consequence of Hardy’s inequality
Lemma 6.1 We assume that k — % & N. For any f € WFP(T') we have

Ya, \a|§k—§, DUf(0)=0 = feVirD).
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We are going to deduce a regularity result in LP Sobolev spaces on I' from two hypotheses :
the first one about the regularity “far from 0” and the second one about the absence of
singular functions at the vertex.

Hypothesis 6.2 For j = 1,2, let TY be the subsets {x € T | 277 < |z| < 27}.
For any v € HY(T,0pQ) such that Au € WHP(T) we have u € W*T2P(T) with the a priori
estimate

ol ycsery < O Nnny + 0l 1 ey

This hypothesis always holds when the section G of T' on the sphere is smooth (I" is a
“regular” cone). But we are interested here in the polyhedral cones ', for x € &. The
above hypothesis will be satisfied if the regularity property holds in the neighborhood of
each edge of I';, in {z | 1/2 < |z| < 2}. Such a regularity is a consequence of condition (i) of
Theorem 3.2 as will be shown in Theorem 8.1.

Hypothesis 6.3 For any A\, ReA€ [l — 5, k+2— %], the condition CM(I',0pT’) of
injectivity modulo polynomials holds. Let us recall from Definition 3.1 that

u € SMNT,0pT) and Au = f with f polynomial in cartesian variables
CMT, dpl) implies
u polynomaal in cartesian variables.

When z € &, this hypothesis corresponds exactly to condition (7i) of Theorem 3.2.
The main result of this section is

Theorem 6.4 We suppose that k + 2 — % ¢ N is greater than 1 — 3. We assume

the above hypotheses 6.2 and 6.3. Let u € H (T, 0pT") with compact support such that
VYo e HY(T,0pT) < Vu,Vu>=< fv> with fcW-T).

Then u € WH22(T).

Note that if £ > 0, u is solution of the following boundary value problem

Au=f onl,
u=70 on dpI’ (Dirichlet condition),
O,u=0 on oyl (Neumann condition).

Proof.
First step : reduction to weighted spaces on I'. With the help of Lemma 6.1, we write f as
the sum of a polynomial @ of degree [k — %] and a function in VyP(T). With the results
of §4.C in [11], we obtain that for each homogeneous component @, of degree A — 2 of @,
with A =2,3,... [k +2 — 2] there exists an element Py € SMT, 0pl) satisfying APy = Q.
Hypothesis 6.3 yields that P, is a polynomial.

Second step : problem on the strip R x G. Now we can assume that f € Vok’p(F) with compact
support. We introduce the new coordinates

t:=log|lz|] and 6:= % e st
T
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and the following functions on R x &G
v(t,0) =u(z) and g(t,0) = e*f(x).

We need some spaces on R x G. It is well known [20, 25] that the previous change of variables
transforms the weighted spaces of the type of Vﬂk P(T") into spaces with an exponential weight

on R x GG. We set for any real ¢
WEPR x G) ={he D'R x G) | e 'h € WF(R x G)},
where, as usual, W~1?(R x G) denotes the dual space of
{fweWH(RxG)|w=0onR x dpG}.
We have
Lemma 6.5 The change of variables z — (t,0) induces an isomorphism
ViP(D) — WEPR x @) with (=k—8—n/p.
We will also use some kind of “variational” spaces :
%é:{wEWS’Q(RXG)\w:()onRx@DG}

and, with the above notation
H' =W R % G).

Indeed, J—CC_I is the dual space of J—Cl_c. H* denotes .

Functions ¢ and h satisfy the following properties

Lemma 6.6 We set

n=~k+2— L
p
Then
V(<n,  geWIP(RxG)
V(¢ <, g e J—CC_I
and n
Moreover

(0 +(n—=2)0—Lv=g
where L is the positive Laplace-Beltrami operator on H'(G, dpG).

(6.4)

The assertions (6.1), (6.3), (6.4) are not difficult to obtain. We are going to prove (6.2),

which uses the basic tool of translation invariant partition of unity on R x G.
Lemma 6.7 Let xo € D(] — 1,1]) such that
Xo(t) =xo(t —v), veELZL

forms a partition of unity on R. Then

p 1/p
1l yemee = (30 6hengncy) -

VEZL

18



Let us deduce (6.2) from (6.1). We set g, := x,g. Let ¢ <n. We have the uniform estimate

le™" gull e < Clle™ gull s

which implies :
1/2

_ 2 1/2 _ 2
(S lealie) < (X lealiye,)
VEZ VEZL
o If p €]1,2[, as [? C [? the right hand side is smaller than
_ 1/p
C(X Nl gule,)
VEZL
Lemma 6.7 then imply that He_gtgHinl < He—“gHW,W
o If p > 2 we fix € > 0 such that ( + ¢ < n and we write :

—(C+e)t

He‘(thHkam :ieEVHe gVHpvkm'

As the support of ¢ is bounded from above, and as the sequence (€”),cz- belongs to [!, the
Holder inequality yields that

_ 1/2 lete 1/
(X e lye,) < (X e ally,)

VEZL VEZ

We conclude as previously.

Third step : reqularity on the strip R x G in Hilbert spaces. Among other things, we use
classical facts of the theory of such problems in Hilbert Sobolev spaces. We recall these facts
without proof in the two following lemmas. The techniques of proof are essentially based
on the partial Fourier-Laplace transform in the variable ¢ and the Cauchy residue formula
joined with some a priori estimates : see [20, 11] for instance.

Lemma 6.8 If ( € R satisfies
C(C+n —2) is not an eigenvalue of L
then the operator 07 + (n — 2)0; — L induces an isomorphism :
AS fHé — 9‘(51.
Lemma 6.9 Let (1,( € R, (1 < (o such that
Gi(§j+n —2) is not an eigenvalue of L for j=1,2.

Let h € U'Cgll N IHC_QI. Lemma 6.8 gives the existence of w; = (A%)"'h for j = 1,2. We
denote by u; the function on I' defined by u;(z) := w;(t,0). Then, if \1,..., A\x denotes the
set of the A €]C1, (o[ such that A(\ +n — 2) is an eigenvalue of L, we have

K
Uy — Uy = Z P, where Py, € S*(I',0pI") and AP, = 0.
k=1

In particular, if VA €]C1, G, A(A+n —2) is not an eigenvalue of L, wy = w,.

We come back now to the functions g and v which were previously defined and satisfy the
properties in Lemma 6.6. Since, according to our hypotheses 7 ¢ N and the condition
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CA(T, dpl) holds for A = n, then n(n+n—2) is not an eigenvalue of L (see (3.2)). Let (o <n
be such that
V¢ € [Co,m], C(C+n—2)isnot an eigenvalue of L.

The conjunction of (6.2) and Lemma 6.9 yields that V¢ € [Co,n[, (A%)~tg gives the same
function w. Let us set ug(z) = w(t, ).

From (6.3) and (6.4), we deduce that V( < 1 — g, (A9)"lg = v. As a consequence of
Lemma 6.9, we obtain that

K
U — Uy = Z Pk
k=1
and Hypothesis 6.3 yields that the Py are polynomial. Theorem 6.4 will be proved if we
show that uy € Vy™>P(I), i. .
e Mw e WH2P(R x G). (6.5)
Fourth step : regularity on the strip R x G in LP spaces. We are going to prove (6.5). This

is the basic step, where we use the idea [25] of pseudo-localization of the operators (A¢)~!.
We introduce the sequence (v,) defined for v € Z, by :

v, = (A)lg, with g, =x.g,

as previously (cf Lemma 6.7). The properties of {, imply that :

Ve € ool v = (A g,
As Y g, = g with convergence in 9—(51 for all ¢ € [¢y,n| (compare (6.2)), we have

> v, = w with convergence in fHé, V¢ € [Co, -

Thus, to obtain (6.5) it is enough to prove that :

ey v, € WHEP(R x G). (6.6)
For doing that, we first prove :

the sequence (x, > e "v,)uez belongs to I(H' (R x G)). (6.7)

Next, we will complete the proof of (6.6) by a priori estimates.

In order to prove (6.7), we start from the isomorphisms A¢ for ( = n 4 &, with a suitable
small enough ¢ > 0, such that the property

¢(¢ +mn —2) is not an eigenvalue of L
still holds for any ( in the interval [n — e, + €]. So
Veelm—en+el v =(4)"g.
We are going to estimate x,v, where u spans Z.
As, we have, for ( =n+e:
le™ Npvull g0 < Clle™ gull 3o

we deduce that :
6i5“ququg{}] < Ceﬁ”ngH}ql :
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When v > u, we choose —¢ ; when v < pu, we choose €. So, we obtain :

||6_ntXMUVHj.(1 < Ce_€|“_y|||6_ntgll||g{—l : (68)

But 4C' > 0, Vv :

le™gullyr < Clle™™gull -

That estimate yields :

le™™ X0, |50 < Cemb [l g, |

(6.9)

Wk *

Now, we define the four following sequences :

ay = ||6_77tgl’||Wk,p
b = Ixud_e "oll0
14
A Ze—E\M—V\aV
14
ey = eclul.

The sequence c is equal to the convolution (e,) * (a,). As e""g € W"P Lemma 6.7 give us
ae€l’.
As (e,) belongs to I', the convolution by a belongs to * . But (6.9) yields :
’bu’ < O‘Cu"
So b € [P. Thus we have just gotten (6.7) :
Zﬂ: Ixe™™ ;“V"Zl(u@xe) < CHeintgszw(RxG) '

Let us recall that w is equal to the sum Y, v,. We easily deduce from the latter estimate
that :

S e ™0y ey < Clle ™ gl (6.10)
w

Now, Hypothesis 6.2 yields the uniform estimate (as the operator 92 + (n — 2)9, — L is
translation invariant, the constant C' does not depend on p)

+ [Jwl]

HX}LwHWIH—Q,p S (HgHwk p(}u 1//'+1 XG Hl ,U' 1;1,+1[><G))

Since the weight e™ is equivalent to e~ on |u — 1, u + 1] we deduce the estimate

<C

vinn S CUIE sy "0l

(6.11)

t
ey 0]]? ettt

The two inequalities (6.10) and (6.11) yield :

Z le™ ntXNwHWk+2p < Clle” ntgHWkp'

So, we obtain that e "w € W*2P(R x G) ; thus uy € Vg >"(I") hence u € W*+22(T). g
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7. FUNCTIONAL LEMMAS

The last steps of the proof of Theorem 6.4 state results (estimates (6.8) and (6.10))
which can be formulated under more general assumptions. We state them here, because we
will be lead to use them anew in the proofs below.

The domain has the following form : RxU. All the spaces B we introduce are Banach
spaces of distributions over R x U such that Vi € C§°(R), the mapping g(¢,6) — ¥ (t)g(t, 0)
defines a bounded operator from B into B.

For v € Z, T, denotes the translation : T,g(t,0) = g(t — v,0). We say that B is
translation invariant if :

VweZ VgeB, |Tgl,=lgl,-

Lemma 7.1 Suppose that By and By are Banach spaces as above, and translation
variant. For ( € R and j = 1,2 we set :

Bjc:={9€ DR xU) | e g € B;j}.

Letn € R and e > 0. For ¢ € {n—¢e,n,n+¢e}, let AS be such that :
(i) AS : By ¢ — By is bounded,

(ii) g € Byy—e N By yie = AT g = Alg = AT =g.

Then 3C' > 0, Vg € By, YV, v € Z :

I A" O, < Cem " gl

We say that a Banach space B as above is of [P-type if we have the equivalence

(compare Lemma 6.7) :
1/p
lgll, = (3 Iwglly) ™
VEZ

Lemma 7.2 Suppose that By and By are of IP-type. We set
B :={g € By | g compactly supported in the t-variable}.

Let A be an operator from B{° into By such that :
3C' >0, de >0, Vg € By, Vu,v € Z

Ixu ACwI) ,, < Ce gl -

Then A extends to a bounded operator By — By defined by Ag =3, A(x.,9)-
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8. PROOF : REGULARITY ON WEDGES - REDUCTION TO FLAT
DATA

Let I be a plane sector ; we denote by w its opening angle. Let D be the wedge
R x I". The variables are (y, z) with y € R and z € I'. We denote by 9;I" for j = 1,2 the two
sides of I' and 0, D the two corresponding sides of D. On each of these sides we prescribe
the Dirichlet or the Neumann condition. For doing that we choose OpI" equal to

h, or OI', or O, or O,

and we define dpD as the set R x dpI'. The first case corresponds to the Neumann problem,
the second to the Dirichlet problem and the last ones to mixed problems.

Following Notation 3.3, we set

Nl Jw for Dirichlet or Neumann problems
"7\ n/2w  for mixed problems.

The last sections of this work are devoted to the proof of

Theorem 8.1 We assume that 0 < k+2—2/p < Ay. Let w € H'(D,dpD) with
compact support such that

Yo € H(D,0pD) < Vu,Vv>=< fo> with fcW"(D).

Then u € WH22(D).

The first stage of the proof is to reduce to the case when f has null traces on the
edge E := R x {0} of D. As in section 6, we use weighted spaces on D :

ViP(D) = {u € D'(D) | rH1eI=k Dy € LP(D) Va, |a < k}.

We obtain as a standard consequence of Hardy’s inequality (compare Lemma 6.1)
Lemma 8.2 We assume that p # 2. For any f € W*?(D) we have
2
Vo eN? Ja|<k—=, 00f| =0 = feViP(D).
p

We also need the corresponding result about trace spaces. We denote by 7;, resp. n;, the
tangent, resp. normal, unitary vectors to the side 0;I" for j =1, 2.

Lemma 8.3 We assume that p # 2. Let m; € {0,1} for j = 1,2. If ¢; €
Wht2=mi=1/pp(9,D) satisfy for j = 1,2 :

VaeN, a<k+2—m;—2/p, ag,wj]E:o,
then there exists u € Vi>P(D) such that :

Opiu=1v; on 9D, j=1,2.

23



We will use both these lemmas to prove the reduction to flat data.

Proposition 8.4 Let f € WkP(D), with k—2/p > 0 andp # 2. Ifk+2—2/p < Ay,
then there exists u € W*T2P(D) such that :

u‘E =0, u=0 ondpD, Oyu="0 ondyD and Au— f e VyP(D).

Proof. To fix the notations, we prove this statement for the Neumann conditions
(0pD = ). Using Lemmas 8.2 and 8.3 we are reduced to find u € W**2?(D) such that :

V8,18 <k —2/p (Au—f)| =0
V8,18l <k+1—2/p 02 0nu| =0, j=1,2 (8.1)
uj, = 0

We can be write (8.1) in the following form, with suitable coefficients ¢&# and ¢ :

VK =2, [k+2—-2/p, V3,18l = K =2 (X cPotu+diofu—af)| =0

la|l=K
VK =1,...,[k+2—-2/p],Vj=1,2 (Zcf”@?u)‘E:O
la|l=K
u’E =0.
(8.2)
If we find for each a € N2, |a| < k +2 —2/p,
Uy € Wk+2f\a|*2/p,p(E)
such that :
VK =2, [k+2-2/p], V8,8 = K =2 (3 cfPus+dus—3lf)| =0
la|=K
VK =1,... [k+2-2/p|, Vj=1,2 (X cfua)| =0 (8.3)
la|l=K
UO‘E = Oa

then problem (8.2) will be solved by a lifting
u € WH2P(D)  such that Vo : 8?u‘E = Uq.
Such a lifting of traces does exist ([29], p.223). As 9% f € W*=I8I=2/pP(E) it is easy to prove
by induction over K that (8.3) will be solved if
Vg5 € Wk'—lﬂ\—2/p,p(E)

there exists u, such that :

VK =2,...,[k+2—-2/p], V3,|8| =K —2 ( S Cf’ﬂua)\Ezgg
|a|=K

VK =1,... [k+2-2/p], Vj=1,2 (X eua)|, =0 (8.4)
|a|=K
UO‘E:O
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To solve that system we introduce for K =0,..., [k+2—2/p| the square (K +1) x (K +1)
matrix My = (mf ) defined by :

for K =0, My=1

for K > 1, my =k with v=(K,0) for j=1
v=(0,K) for j=2
mi =cff with = (6 +1,0+1).

It is enough to prove that each M is injective, thus invertible. We will indeed have :
(UQ)\M:K = M;{l (O, 0, (g[g)m‘:}(_g) .
As gg € Wh=EK+2=2/pp(F) | we will obtain u, € WFK+2-2/pr().

Let us prove that Mk is injective. Let us consider v, € R such that MK(va)M:K =0. If we
set

o= @
we have 0 P(0) = v, and (8.3) yields :
VB, 1Bl = K —2 S F o P0) =0

la|l=K '
j=1,2 > B9 P(0) =0.

la|=K

Coming back to (8.1), that means :

V3, 1B8l=K—-2  9°AP =0
j=1,2 aﬁj—lan].P =0.

As P is homogeneous of degree K, we obtain :
AP =0 and 0,,P=0onoI.

Since K < Ay, no such polynomial exists. ]

9. PROOF : REGULARITY ON WEDGES - SYMBOLIC CALCULUS

With the help of Proposition 8.4, the proof of Theorem 8.1 is reduced to prove :

Theorem 9.1 We assume that 0 < k+2 —2/p < A\y. Let u € HY(D,dpD) with
compact support such that

Yo e HY(D,0pD) < Vu,Vu>=< fo> with feVy*(D).
If, moreover u ‘E =0, then u € V3 ™>?(D).

Remark 9.2 If 0pD # 0, i. e. if this is not the Neumann problem, the condition
u ‘E = 0 is a consequence of u € H'(D,dpD). We prove in the appendix how we can reduce

to the case when u ‘E = 0 for the Neumann problem (see Proposition 11.3).
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In this section, we are going to show how Theorem 9.1 can be proved by partial
Fourier transform along the edge with the help of Marcinkiewicz’s theorem. We will prove
suitable estimates for the operator valued symbol in the next section.

Relying upon local a priori estimates on domains in the form
{(y,2) | ly—wol <e¥, e <r<e '}

for v € Z and yo € e "Z, we can show that (compare [24], §4) :
full ooy < COF Loy + o o)
So, we are reduced to prove :
ue VP (D). (9.1)
We set :
B, = V() and B, =V ,(I). (9.2)
When k& > 0, we have : f € LP(R,B;). When k = —1, similar arguments can be
used [10].

So, to obtain (9.1), it suffices to state the following estimate :

[ul

LP(R,Bs) OHfHLp(RBﬂ : (9.3)

To state that, we use Lemma 7.2. We are going to construct a bounded operator
R : such that :
R:LP(R,B;) — LP(R, By) such that Ru = f. (9.4)

Since LP(R, B;) for j = 1,2 has [’-type, Lemma 7.2 yields that it suffices to construct
R on compactly supported functions and satisfying :

30> 0, Vg € IP(R, Br), Y, v €2 xR Xt iy < O s (9.5)

LP(R,B,)

That will give estimate (9.3).

In order to apply Marcinkiewicz’s theorem, we are going to replace By and By by
suitable Hilbert spaces H; and Hy. We want the estimates :

3C > 0, YVw, Vv € Z

HXVwHLp(R,Hl OHXVwHLp R,B1) and HXVU]HL;D(RJg2 CHXV/LUHLP(RH (96)
We also want to construct an operator R such that :
R(x.f) = R0 f) W
and B
16 RN oy < O 09N iy (9.7)
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It is clear that (9.6) and (9.7) imply (9.5). We set
b=—-k—2+4+2/p
and we choose :

Hy={w e V;*I) | w=0ondpl'} } 9.8)

H, is the dual space of {w € V_lg(F) | w=0ondpl}.

The estimates (9.6) are a consequence of the isomorphism in Lemma 6.5 and of the
assumptions on (k,p). As another consequence of these assumptions, we also have

-\ < B <O.
To end the proof of theorem 9.1, we only have to construct R satisfying (9.7) and such that :

> R ) = u (9.9)

We search for R with the following form :
R = F I F (9.10)

where & — I1(&) is a suitable symbol with values in £(H;, Hy) — the bounded operators from
H, into H,. Here, F denotes the partial Fourier transform on R x I'. Roughly speaking,
I1(¢) will be (—A +¢%)1. In the situation of the Neumann problem, a correction is needed :
it will consist of the elimination of the first trace along the edge. As we have supposed that
u‘E = 0, we will still obtain the convergence (9.9) towards u (see the appendix). Now, we

rely on the following Lemma 9.4 (compare Proposition 11.1 in the appendix).
Notation 9.3 For v € R, we introduce the following spaces
E,(L,0pD) :={w e V.,)*(I') | "w € L*(I') and w =0 on dpT'}.
and the operator

¢, : E(l,0pl) — E_,(T,0pT)
u — (b =< Vu,Vo >+ <u,o>).

We have
Lemma 9.4 We assume that OpI’ # 0. Let v €] — Ay, M[. Then €, is one to one.
The important fact is the equality

Ey(T,0pT) = HYT, 0pT)

which is no longer true when OpI" = (. So, as a consequence of the Lax—Milgram lemma, &
is one to one ; then we obtain the Lemma by classical “corner” analysis on the plane sector
' ([24], see also Proposition 11.1).
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Let us introduce the homotheties 'H,
Ho,w(z) = w(pz). (9.11)

We note that :
—A+ [P = EHuje (A + 1) Hyg. (9.12)

Since (€5)~! exists and solves —A + 1 in the convenient spaces, we set :
T1(§) = & Hyg (€5) " Hayjg (9.13)

Then we note that II(£)f solves the Dirichlet or mixed problem in I' for the operator
—A + [£]? with right hand side f. From that, we easily deduce the operator R defined by
(9.10) and (9.13) satisfies (9.9).

It remains to prove (9.7). We have :
Xu Ry = F () F

where II,,(§) = x,I1(§)x,. We are going to prove in the next paragraph the following
estimate, where ||| ||| denotes the norm of bounded operators H; — Ho :

Je>0,dC >0, Vu,v e Z, V¢ #0 :

d
11T () 111+ I fd_fﬂu,u(g) | < Ceelevl, (9.14)

This estimate will imply (9.7) with the application of Marcinkiewicz’s theorem.

The idea of applying Marcinkiewicz’s theorem with the help of the estimate (9.14)
comes from [24]. Our method to obtain (9.14) is different from [24].

10. PROOF : REGULARITY ON WEDGES - ESTIMATES OF THE
SYMBOLS

The mapping £ — I1(¢) is C*° from R\ {0} into £L(H;, Hy). For € > 0 such that
[ﬁ—é‘,ﬂ—}—fj] C] - )‘170]7

IT is still C° from R\ {0} into £(V'Z(T,9pT), V*(T,9pT)), for all ¢ € [3 —e,8 +<].
Thus, such is also the case for IT'(¢) := (d%H)(f). Therefore, with the help of Lemma 7.1,
we deduce that there exists C' > 0, such that Yu,v € Z, V¢ € [1,2] :

Il 1) xo NIl < Cem#7,and [ x §IT() xo [l < G0, (10.1)

We deduce from (9.13) the formula
I1(€) = &2 Hig TI(1) Hyypg- (10.2)
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We are now going to prove that we have for £IT1'(€) the following similar formula :
§I'(€) = £ Hig IT'(1) Haype.

We differentiate formula (10.2) and we use that for £ > 0 :

d 1 d
d_ﬁHE = EHg o(rd,) and d§H1/§

Thus, we easily obtain that :
(&) = €2 Hyg {[rd,, TI(1)] — 2T1(1)} Hayje)-

1
E(r&) o Hl/f‘

For £ = 1, that yields :
Ir'(1) = [ro,, 1(1)] — 2I1(1).

The two previous formulas give us (10.3).

(10.3)

Now, we want to prove (10.1) for all £ # 0. To simplify the notations, let £ > 0.

There exists | € Z such that & € [2!, 2. We set p := 2!, (10.2) gives that :
- §
(&) = p~* H, 11(= )Hl/P
So :

Xu () X = P72 X Hp TI(

Therefore :

_ £
||XH ( )XVHL(Hl H2 — p 2||7—l || H ,HQ) X HX}L—Z H(;) XV—ZHC(HLHQ) X ||H1/p||L(H1,H1) .

But it is easy to prove that :

-3 248

HH HC(HQ H») =p and HHl/PH L(H1,H1) =P

On the other hand, as {/p € [1, 2[, the first estimate in (10.1) yields :

5 —e|lp—l—v+l
Pt )Xol 1,y < €€ u=t=v].

Inequalities (10.4), (10.5) and (10.6) give the uniform estimate :

Il TE(E) o [I] < Cemele,

(10.4)

(10.5)

(10.6)

for £ € R\ {0}. We obtain the corresponding estimate for £I1'(£) by starting from the second

estimate in (10.1) : (10.3) yields an estimate as (10.4) and we deduce that :

[l ET(€) x [I| < Ceeel,
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11. APPENDIX : NEUMANN PROBLEM IN A WEDGE

For the Neumann problem, it is impossible to define the solving symbol II(§) by
formula (9.13) as in section 9, because the operators €, are never invertible. We begin this
section by a study of the properties of these operators. They are still defined according to
Notation 9.3 as operators

E,(T) — E_(I)

where E. (') := E,(T,0).
Let us denote by 2 the operator
u— (0 >< Vu,Vo >+ <u,0>)

acting from H'(T) into its dual space. 2l is one to one.
Now A\ = 7/w.

Proposition 11.1
(1) If —m/w < v <0, &, is injective and Fredhom ; the codimension of its range is equal to
one ; there exists a compactly supported function o € C(T') such that :

c(0)=1 (thuso & E,(')) and Rg€,d (Ao)=FE_,(T)".

(i) If 0 < v < w/w, €, is onto, and its kernel is one dimensional ; there exists a generator
R of Ker &, (which does not depend on ) such that < K,Ac >= 1.

Proof.
(1) As a consequence of the general theory of such problems [24], €, is Fredholm if and
only if 72 is not an eigenvalue of the Neumann problem for the opeator —d; on ]0,w[. The
first eigenvalue being 0 and the next one being (5)2, we obtain that &, is Fredholm when

—m/w < < 0. On the other hand, the following property holds if v < ~' (cf [24])
ue B, (') and €uc E_,(I') = ueE,(I)
Then any element of Ker ¢, belongs to H'(T') thus is equal to 0.

When —7/w < v < 0, a classical proof based on Mellin transform yields that there is only
one singular function ¢ which is generated by the constant function. A convenient choice
for o is :

o(z) = ¢(r) Z (—1)7 479 r2 (11.1)

0<2j<—v (j!)Z

where ¢ is a smooth cut-off function which is equal to 1 in a neighborhood of 0.

(it) The dual of €, is €_,. Thus
Rg¢_, = (Kere,)*

and the statement is a consequence of the Fredholm alternative. ]
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Corollary 11.2 Let f € E_(I')" with —w/w < v < 0. Then there exists a unique
v e E,(I') such that
Eo=f— <K |>Uo.

If moreover § € HY(T)" and u := A~f then
u=v+ < RK,f>o.
If moreover f € Vi'P(T') with 0 < k +2 — 2/p, then

<R f>=u(0) and u=1v-+u(0)o.

We are going to show how to modify the proof of Theorem 9.1 to reach the case of

the Neumann problem. Then, we will prove how to reduce to the case when u is zero on the
edge of D.

Proof of Theorem 9.1 for Neumann. We recall that —7/w < # < 0. Applying
the above corollary, we define I1(1) as

HI(1)f = (€)' (f — < &, > o)
and I1(¢) by the formula (cf (9.13) and (10.2))
T(§) = &7 Hyg (1) Mg

Since this formula allows, exactly as in section 10, to prove the estimate (9.14) on the symbol,
it remains to prove that equality (9.9) holds, i. e. setting (" denotes the Fourier transform F)

0,(€) = T1(&) (o f)
that we have

> 0, = . (11.2)

Setting A
AE) =7 Hig A My and 4, () == A() (. f)
it is clear that Y, 1, = 4. Then using corollary 11.2 we obtain that
uy (&, 2) = vu(§,2) + w (&, 0) o (|€]2).
Since Y, 1,(£,0) = 0(&,0) and (£, 0) = 0 we deduce (11.2). N

Our last task is to prove

Proposition 11.3 We assume that 0 < k+2 —2/p < w/w. Let u € H (D) with
compact support such that

Yoe HY(D) <Vu,Vo>=<fo> with feV?(D).

Then there exists U € WF2P(D) such that u — U‘E = 0. If £k > 0, we have moreover
0,U =0 on 0D.
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The main point is to prove that u has a trace ug on the edge E and that this trace
belongs to W**+2-2/P2(E). When we have that, the construction of U will be done with the
help of lifting of traces (compare Proposition 8.4 and Lemma 8.3).

Let us prove that uy makes sense in §’(R). The partial Fourier transform yields that
@(¢) € HY(T') and is solution of the Neumann problem associated to the operator —A + [¢|?
with right hand side f(¢). But f € S'(R,W*?(T")) ; so f € S'(R, W*?(I')). The result of
Theorem 6.4 still holds for —A + [£]? instead of —A, and it is easy to obtain polynomial
estimates with respect to £. That gives u € §'(R, W**2P(T")) hence uy € S'(R).

To obtain the regularity of uy, we are going to prove :

Lemma 11.4 There exist functions K¢(r) independent from w such that
N L[
V£ 0: () = - [ f(g2) Kelr) d.

That lemma will allow to state that ug is also the trace of the solution of a Neumann
problem on the half-space with a right hand side in W*?.

Proof. We deduce from Corollary 11.2 that
io(€) = [ f(¢2) R(lgl2) d=

We are going to prove that there exists a function K (r) such that
1
R(z) = = K(r). (11.3)
w

So, setting K¢(r) := K(r|¢]), we will obtain the Lemma. To prove (11.3) we use the sep-

aration of variables in polar coordinates. Similarly to the operators €., we introduce the

following operators 98, which come from the radial part of —A (compare Notation 9.3) :
%’Y . E’Y(R+) — Ei’Y(R‘F)/
u — (0 —o<dau,dbo>4 <uv>)

with rdr as mesure on R, in relation with the polar coordinates in I' : dz = rdrdf. B
denotes the same operator acting from H'(R,) onto its dual space.

Now, all the results (Proposition 11.1 and Corollary 11.2) we proved for &, and 2 remain
true for B, and B (moreover (7) holds for any v < 0 and (i) holds for any v > 0) : we
may take as singular function 6(r) such that 6(r) = o(z), cf (11.1) ; there is a function
K € Nyso Ker B, which satisfies :

< K,Bo >=1.
But B = o. So :
/K(T)Qladz = /w/+OOK(T)%5Tde€
' = w0<(.)f(,%6>:w.

So, we have proved that (11.3) holds. [

Proof of Proposition 11.3.  Lemma 11.4 still holds when w = 7 (the domain
is then the half plane P). f satisfying the assumptions of Proposition 11.3, we introduce f

32



defined by :

f,2)=fy,2), yeR, ZeP

where, for Z € P :
z T Z

z €T is such that

Z w2l

Since f € Vok’f’(]R x T'), we obtain that f € VFP(R x P) ; as the support of f is compact, we
deduce that f belongs to WkP(R x P) N H(R x P)’. So, we can consider the solution
weW:={velLl (RxP)|VveL*Rx P)}
of the Neumann problem on R x P :
<Vw,Vv>:<f,v> Yv e W.

As R x P has a smooth boundary, w € Wk”’p(R x P). So, the first trace wy of w on the

loc

“edge” F (r = 0) belongs to W "PP(E). Finally, Lemma 11.4 yields

ocC

ao(e) = = [ 7€) Kelr) dz
- %/Oﬂ /0+°° F(6,3) Ke(r) rdr df
= é/ow/oﬁof(ﬁ,z) Ke(r) rdrdf
= (&).
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