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Well Posedness of Perfectly Matched or Dissipative
Boundary Conditions with Trihedral Corners

Laurence Halpern * Jeffrey Rauch ™

Dedication. It is a pleasure to contribute this paper to honor of the 90"
birthday of Peter Lax. Forty eight years ago Peter suggested the study of
mixed initial boundary value problems for hyperbolic equations as a thesis
topic for JBR. This article returns to this rich area. We thank Peter for his
inspiration to the entire field of mathematics. And for his friendship. We
offer our best wishes on this landmark birthday.

Abstract. Existence and uniqueness theorems are proved for boundary
value problems with trihedral corners and distinct boundary conditions on
the faces. Part I treats strictly dissipative boundary conditions for symmet-
ric hyperbolic systems with elliptic or hidden elliptic generators. Part II
treats the Bérenger split Maxwell equations in three dimensions with possi-
bly discontinuous absorptions. The discontinuity set of the absorptions or
their derivatives has trihedral corners. Surprisingly, there is almost no loss of
derivatives for the Bérenger split problem. Both problems have their origins
in numerical methods with artificial boundaries.

Keywords trihedral angle, Bérenger’s layers, strictly dissipative boundaries,
symmetric hyperbolic systems, Maxwell’s equations

1 Introduction

1.1 Overview

This paper analyses mixed initial boundary value problems in domains with
corners that arise when one computes approximate solutions of hyperbolic
equations on unbounded or large domains by simulations on a smaller com-
putational domain. The computational domain is very often a ball or a
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rectangle. The latter is the most common and has corners as in the figure 1
below.

Absorbing boundary
conditions on the faces

Figure 1: Artificial boundary

At the external boundaries absorbing boundary conditions are imposed. The
boundary conditions on faces that are orthogonal are usually different so the
initial boundary boundary value problem is of mixed type because of the
change in boundary condition.

In spatial dimension d = 3 the external corner is a meeting point of three
orthogonal faces making a trihedral angle. The study of hyperbolic problems
in such regions is very little developed. For nontrivial absorbing conditions
we know of no previous work asserting existence and uniqueness with tri-
hedral angles. It is often easy to prove existence of fairly weak solutions
and uniqueness of fairly regular ones. Closing the gap for these external
corners is the subject of Part 1.

A second set of problems leading to domains with trihedral angles is the
use of the perfectly matched layers of Bérenger. The geometry of such a
method in dimension d = 2 is a rectangular domain including in its interior
the domain of interest, surrounded by absorbing layers where Bérenger split
equations are satisfied with transmission conditions on all the solid horizontal
and vertical lines in the figure 2.
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Figure 2: Internal corner in two dimensions

On the dotted lines absorbing boundary conditions are prescribed. Note in
particular the interior corners. In dimension three the interior domain is
a cube and the interior corners are trihedral.

Figure 3: Internal corner : {x] xzox3 = 0}

We study the Bérenger transmission problems for Maxwell’s equations in R3.
At the intersection of the 3 planes parallel to the coordinate planes in R3,
transmission conditions are prescribed. We give the first existence proof for
the Bérenger split problem with more than one absorption coefficient dis-
continuous. The original prescription of Bérenger was of this type, though
in common practice one uses smoother coefficients. With more than twenty
years of computational experience, it is not surprising that the problem is
well set. Even in the case of smooth absorptions our theorem is surprising
because it has almost no loss of derivatives. Sources in H! yield solutions
in H'. Shortly after the introduction of Bérenger’s method, Abarbanel and



Gottlieb [1] proved that the split Maxwell equations are only weakly hyper-
bolic. Sources in H* yield solutions in H*~! and not better. The resolution
of this apparent contradiction between our result and theirs is that the split
system loses a derivative for general initial data. It does not lose a deriva-
tive for the divergence free solutions of Maxwell’s equations (see Section 3.5).
Our earlier paper [8] introduced the scheme of the demonstration analysing
the first order system version of the 2d wave equation. S. Petit in [17], [8]
showed that the split equations are lossless for elliptic generators. Here we
treat the much subtler case of Maxwell’s equation.

Our well posedness results apply to the Bérenger split system even when
the permittivities are not scalar provided that the non scalar values are
constrained to take place on a compact subset of the domain of interest.
This is the first such result, with or without loss of derivatives.

The analysis of the Bérenger method for Maxwell’s equation answers some
important questions but leaves some open. For example at the external
boundary one imposes boundary conditions for the Bérenger split system
hoped to be absorbing. To our knowledge there are no existence or unique-
ness proofs for such exterior corner problems for the split equations.

The analysis of the two problems treated have five common elements. They
treat trihedral corners. They proceed by Laplace transform. They rely on
elliptic estimates. They use capacity at key points. They are both come
from numerical methods with artificial boundaries.

1.2 Part I. Dissipative boundaries for elliptic generators

For symmetric hyperbolic problems, the simplest natural artificial boundary
conditions are dissipative. With the aim of absorbing as much as possible the
most natural choices are strictly dissipative. That is the context of the first
part of this paper, strictly dissipative conditions on the faces of rectangular
domains. As the faces have different directions, the boundary conditions
imposed on adjacent faces are usually different.

Our main result asserts existence, uniqueness, and limited regularity for such
problems. Existence is a fairly easy consequence of energy dissipation. It is
uniqueness that is difficult. The constructed solutions do not have sufficient
regularity to justify an integration by parts. Friedrichs’ method of mollifiers

does not save the day as there are few tangential directions at corners (see
§2.1.2).

1.2.1 Regularity and incoming corner waves

A key idea is to take advantage of estimates on the trace of solutions at the
boundary that comes from strict dissipativity.



Uniqueness asserts that solutions with homogeneous initial and boundary
conditions must vanish. How could there be waves in such circumstances?
Consider an initial boundary value problem in R; x O with O equal to the set
of vectors with strictly positive components. The zero initial conditions give
the idea that the energy must come from the lateral boundary R; x 00. At
the flat faces of 9O a dissipativity assumption shows that energy is absorbed
not emitted. The enemies are the singular parts of 90. One must show that
energy does not sneak into the domain through those sets, for example the
edges of codimension 2,3,...,d. Considering radiation problems on R!*¢
with sources f(t)d(z1)d(x2) - d(z)) shows that waves can emerge from sets
of dimension k& < d. The proofs show that energy emerging from sets of codi-
mension > 2, corresponding to the singularities of 0O is incompatible with
the square integrability of the objects constructed in the existence theory.

1.2.2 Corner problems

Problems with corners have a rich literature some of it very well known.
For example, the study of the Dirichlet and Neumann problems in lipshitz
domains notably by Jerison and Kenig in the eighties. We appeal to their
results at two junctures in the analysis of problems with hidden ellipticity.
Their results are used to prove regularity of potentials. They do not treat
problems of mixed type where the boundary conditions change from face
to face. Another class of problems concern the diffraction by conical sin-
gularities where again the boundary conditions do not change from face to
face.

A recent reference that treats polyhedral domains with different boundary
conditions on different faces and that includes extensive reference to earlier
work is [3]. However, the boundary conditions treated are restricted to
elliptic problems with conditions associated to coercive bilinear forms. Our
boundary conditions are motivated by absorbing conditions at the edge of
computational domains. They usually do not fall under this umbrella.

Higher dimensional corners are discussed by Kupka-Osher in [12] for con-
stant coefficient scalar wave equations, with an explicit solution technique.
Their proof of uniqueness seems incomplete. They merely observe that the
conditions are dissipative so uniqueness is a consequence of the energy iden-
tity. The integrations by parts needed to prove the identity requires extra
regularity. This sort of difficulty is classic. For example, existence of not too
regular solutions of Navier Stokes was proved by Leray in the thirties and
uniqueness or regularity is a Clay Millenium problem. Addressing this diffi-
culty for absorbing conditions at a trihedral corner is the problem attacked
in Part I.

Taniguchi in a series of papers starting with [21] considered gluing two dis-
sipative problems together at a dihedral corner when one of the problems is



strictly dissipative. As in our case, existence is easy and uniqueness hard.
With respect to the corner variables Taniguchi’s coefficients are constant.
The analysis is by a Fourier- Laplace transform in those variables. Ad-
vantage is taken of the strong trace estimates from the strictly dissipative
problem. For the trihedral problem this strategy hits a serious obstruction.

The papers by Osher [16] and Sarason-Smoller [20] show how geometric op-
tics constructions can reveal pathological behavior at corners. These papers
inspire the counterexamples in Section 2.4.

1.2.3 Main result

Part I treats two classes of problem. The easiest to describe is the case
where the generator is elliptic. Analogous results are obtained for Maxwell’s
equation and the linearized compressible Euler equations. For Maxwell the
divergence is independent of time while for Euler linearized at a constant
state the curl is independent of time. In both cases this allows one to re-
cover estimates resembling those for problems with elliptic generators. In
the introduction only the elliptic case is presented. Problems with hidden
ellipticity are treated in Section 2.3.

To concentrate on the essential difficulty, consider the case of a single mul-
tihedral corner. Using a partition of unity one can reduce the general case
to this one. Denote

O :={zeR!:2;>0, j=1,...,d}.
The singular subset of 00 is
S = {x€eO :z;=0 for at least two values of j}.

Assumption 1.1. i. The matriz valued functions Aj(z) and B(x) are
smooth with partial derivatives of all orders belonging to L>(RY). For each
x, Aj(z) is hermitian symmetric.

ii. The differential operator Zj Aj(x)0; is uniformly elliptic for all x € 00.
iii. The subspace Nj(x) is defined for x belonging to the hyperplane {x €
R : xj = 0} and is a smoothly varying subspace that is maximal strictly
dissipative (see §2.1.1) for the boundary matriz —A;(z)|

z;=0"

Definition 1.1. Denote

A(z,8) = Y Aj(@)g,  Glz,0) = Ax,0)+ B(x),
J

L = 0,+G(x,0), Z(x) = B(x)+B(x)" — > 0;A;(x).
J



Denote by L* the adjoint differential operator with respect to the L?(R'*%)
scalar product, L*® = —0;® — 3 0;(A;®) + B*®. The symmetry of the
Aj(x) implies that

L+L" = G+G =Z(x).

Condition iii asserts that the boundary space is dissipative for A(z,v(z))
where v(x) is an outward conormal to 9O. The minus sign comes from the
fact that the outward normal is —e; where {e1, ..., eq} is the standard basis
in R?,

The change of variable v = e *u yields an equation of the same type with Z
replaced by Z + AI. Thus the next assumption entails no loss of generality.

Assumption 1.2. There is a > 0 so that for all t,z, Z(t,z) > pl.

Definition 1.2. With the notations of Assumption 1.1, a function h €

L?(00) is said to satisfy the boundary condition h € N, when for 1 < j < d,
h‘{szo}m{BO\S} € Nj(z) a. e

The boundary traces appearing in the next theorem are discussed in Section

2.1.3.

Theorem 1.1. With Assumptions 1.1 and 1.2, and Definition 1.2, for
each g € L*(O) there is one and only one u € L*(]0,00[; L*(0)) with
u‘a(}o,oo[x(’)) € L?(0(]0,00[x0)), Lu = 0, u(0) = g, and, u eN. In
addition for all 0 <t <T < oo one has the energy identity,

00

|u(T)|* + / (A(z,v(z))u, u) dtdS + / (Z(z)u,u) dtdx = l|u(t)|)?.
[t,.T]x00 [t,T]xO

(1.1)

Remark 1.1. 1. Strict dissipativity in the elliptic context is equivalent to
the existence of ¢ > 0 so that for all x € O and u satisfying u|so € N’

(A(z,v(2))u, u) > cllullZx -

2. Taking t = 0 and applying Gronwall’s inequality yields

2 2
sup He“tu(s)HLz(O) + / ul? dtdE < Hu(O)HLQ(O) :
0<s<oco
[0,00[x 00O
1.3 Part II. Internal trihedral angles for Bérenger split Maxwell
1.3.1 Bérenger split Maxwell

In contrast to Part I that treats general symmetric systems, the results of the
second part are limited to systems that are close cousins of the wave equation,



notably Maxwell’s equations. Proofs pass by an analysis of equations that
are relatives of the Helmholtz equation.

Definition 1.3. The set Q := {xjz273 # 0} C R3 is the disjoint union
of eight open octants. O := {z; > 0 for all j} plays the role of domain of
interest. The other seven octants are denoted O, with 1 <k < 7.

The dynamic Maxwell’s equations in time independent media are
e(x)E; = curl B — 47y, pu(x) By = —curl E. (1.2)

The charge density p and current j satisfy the continuity equation

ap
ot

The physically relevant solutions are those satisfying

= —divyj. (1.3)

diveE = 4mp, divpuB = 0. (1.4)
Equation (1.4) is satisfied for all time as soon as it is satisfied at ¢ = 0.

Assumption 1.3. In Part II, we suppose that e(x) and p(x) are C? matriz
valued functions so that 0%{e,u} € L®(R3) for all |a| < 2, and there is a
C > 0 so that for allx, e > CI and p > CI.

There is a compact subset K C O with the property that € and u are scalar
valued on B :=R3\ K.

Write
0 —03 O
curl = 63 0 —81 = ZCJ 8j, (1.5)
-0y O1 0
0 0 O 0 01 0 -1 0
Ci=100 —-1], Co:=|0 0 0], C3:=[|1 0 0]. (16)
01 0 -1 00 0 0 O

Definition 1.4. The Bérenger splitting involves two vector valued functions
E, B onR;xO and three pairs of vector valued functions E7, B forj =1,2,3
on each of the octants Ry x O.

The pair E, B satisfies Mazwell’s equations (1.2) and (1.4) on O. For each
Kk the split variables E7, BJ satisfy the split system with the warning that
C;0; 1is a single term not summation notation

k=3
€O+ oj(x;))EY = C;0; Y B,
. for j=1,2,3. (1.7)
M(at + O'j(l’j))Bj = — Cjaj Z Ek .
k=1

8



Abusing notation define the total fields U := (E, B) on all of Q by

(E,B) on o,
U := (E,B) = (1.8)
(XFE,>BY) on Q\O.

The Bérenger split system is completed by the transmission conditions de-
manding that the tangential components of the function E, B on the left of
(1.8) are continuous across the two dimensional interfaces in OS).

1.3.2 Main result

Consider sources and solutions supported in ¢ > 0. In particular, with initial
values equal to zero. It is only in this situation that we can prove results
with essentially no loss of derivatives.

Theorem 1.2. Suppose that Assumption 1.3 is satisfied and w O K is open
with compact closure w C O. There are constants C, \g, depending on w,
with the following properties. If A > Ao, suppj C [0, 00[xw, and

V|al <1, op € ML*(R; L*(RY)),

then there are E, B defined on Ry x O and split functions E7, BJ defined on
Ry x UQy, supported int > 0, so that the total field U defined on the left hand
side of (1.8) belongs to e H' (R x R?) and satisfies the Bérenger differential
equations. The transmission condition is guaranteed by U € e H LR x R3).

Any solution with U € M HY(R x R3) satisfies for A > Ao
—2\ 2
/e YAV S VealU , AVeoU | |2 sy dt

< O [P RO

o<1

(1.9)

On each octant Oy, the split fields satisfy for each j Eg = B‘;: =0 and
/e‘”‘tHEj,Bj ,OtEj,ﬁtBjHiQ(On) dt

< O [P RO

o<1

(1.10)

In particular there is uniqueness for such solutions.



Support of the data

_—Otiside K, the permittivity
and permeability are constant

Figure 4: Definitions of supports in Theorem 1.2

Remark 1.2. i. Formula (1.9) has derivatives of order less than or equal to
one on both sides. The only possible loss of derivatives is for the split variable
EJ . BJ outside the the domain of interest O. There the loss is restricted
microlocally to {T = 0}.

ii. The estimate for the quantities of interest, namely the restriction of E, B
to w is

22 /ew > ok, o Bll7a ) di
|| <1

< C /6_2>\t Z Hagx-](t)a gzp(t)HiQ(R?’) dt,

o<1

like the estimates that would hold for the Maxwell equations. The estimates
for the Bérenger split equations are somewhat weaker, but only outside the
set w. The compact W can be chosen as large as one likes within the domain
of interest O.

iii. The solutions constructed above satisfy divelE = p, divuB = 0. Section
3.5 presents a numerical study that contrasts the behavior of the Bérenger
splitting for data that satisfy and data that does mot satisfy the divergence
constraints. When the divergence constraint is violated, the loss of
derivatives from the Bérenger splitting occurs.

iv. The uniqueness proof passes through the Laplace transform. To prove
uniqueness of solutions defined only for t < T it suffices to continue them
using the existence theorem to global solutions and then to apply the global
uniqueness result.

10



Remark 1.3. The Bérenger splitting is perfectly matched provided that the
permittivities are constant outside a compact subset of O. As soon as one
proves that the transmission problem is well posed as in Theorem 1.2, it
follows that the interfaces are reflectionless and that the restriction of the
solution to O is exactly equal to the restriction to O of the solution of
Mazwell’s equations (see [7]).

2 Part I. Dissipative boundary conditions for el-
liptic symmetric systems

2.1 Four preliminary results
2.1.1 Nonegative subspaces.

Suppose that V is a finite dimensional complex scalar product space and A €
Hom(V) is a hermitian symmetric linear transformation. Denote by E>(A)
the nonnegative spectral subspace of A and similarly the strictly positive
and strictly negative spectral subspaces E; and E_. The transformation is
omitted for ease of reading when there is little chance of confusion. Denote
by II>(A), II}, and II_ the associated orthogonal projections.

Definition 2.1. For the transformation A = A*, a linear subspace N C 'V
is dissipative when for all v € N one has (Av,v) > 0. It is strictly
dissipative when there is a constant ¢ > 0 so that for allv e N

(Av,v) > c|Tof?.
It is maximal dissipative when in addition dim N' = rank II>o(A).

The maximality is equivalent to the fact that there is no strictly larger
dissipative subspace.

Lemma 2.1. For V = E>q ® E_, denote the natural decomposition v =
>0 + v—. Bvery maximal dissipative subspace is a graph

v_ = Muv>g
for a unique linear M : E>q — E_.

Proof. Suppose that A is maximal dissipative. The assertion is equivalent
to the fact that II>o : N — E> is bijective. Since the dimensions are equal
this is equivalent to injectivity.

Suppose that v € N and IIsgv = 0. Then v € E_. On the other hand,
(Av,v) > 0 by dissipativity. The only v € E_ for which this is possible is
v = 0 proving injectivity. O

11



Example 2.1. The lemma is used to construct smooth deformations of any
mazimal dissipative space N to E>q. Precisely choose ¢ € C°(R) with

o(s) = {0 fors§1/2.

1 fors>1

Then if N is the graph of M then the graph of ¢(s)M is maximal dissipative
for all s and connects N for s > 1 to E>q for s <1/2.

2.1.2 Geometry at a corner.

In dimension d > 2 the study of boundary value problems in a corner is
harder and much less developed than the study in regions with a conical
singularity with smooth crosssection. The singular set S includes strata of
dimensions 0,1,2,3,...,d — 2. For example in dimension d = 2, the only
singularities are corners of dimension 0. In dimension d = 3 there are edges
of dimension 1 and the corner of dimension 0.

Figure 5 represents a corner of a cube in three dimensions.

Figure 5: Corners and edges in three dimensions.

Figure 6 shows that the corner in R? is a cone with triangular cross section.

12



Figure 6: Corner in R? is a cone on a triangle.

Contrast this with a cone with circular cross section, {23 > 3 +23, ¥1 > 0},
sketched in Figure 7. At all points other than the corner, the space of
tangents is two dimensional.

Figure 7: Circular cone.

2.1.3 Traces of solutions of first order systems.

Definition 2.2. Define the Hilbert space H by

H o= {u e L2(0) : A(z,d)u e L2<0)} .

Denote by C(lo) (O) the restriction to O of elements in C}(R%). Friedrichs’
Lemma implies that if O € R™ is a uniformly lipschitzian domain, then
C'(lo) (O) is dense in H. The proof of Friedrich’s lemma in [13] works for
lipshitzian domains after a bilipschitzian flattening of the boundary.

The next result of this section is from [18] whose proof works after flattening
the boundary. The operator A(z,d)! denotes the transpose with respect to

13



the bilinear form ¢, — [ ¢t dz. Thus, ATd = — >-;0j(A;j(z)®). Similarly
LT on R4 and the pairing [ ¢ 1 dadt.

Proposition 2.2. If O € R" is a uniformly lipschitzian domain and A(x,0)
18 a first order system with uniformly lipschitzian coefficients then the map

u A(J:,V(ﬂ;))ubo =

has a unique continuous extension from C(lo) (O) to a map from H to the

dual of Lip(00). If ¢ € Lip(0O) and ® € Lip(O) with ®|so = ¢ then the
trace v satisfies

(2 6) = [ (A0, @)~ (4 0)12, w)

2.1.4 Layer potentials.
. o\ 1/2 md d . .
With (€) := (1+]¢[?) /7, denote by S™(R?xR?) the set of symbols satisfying
1020, p(,€)] < Cap ()™,

uniformly on R? x R%. With G(z,9) from Definition 1.1 choose r > 0 and
p(z,D) € Op(S™'(R? x RY)) a pseudodifferential parametrix,

p(x,D)G(z,0) — I € Op(S~°({z : dist(z,d0) < r} x RY).
The next result on layer potentials can be found on pages 37-38 of [22].

Proposition 2.3. Denote by H the open half space {x1 > 0} and d¥ the
element of surface on OH. Suppose that p(x,&) € STHR? x R?) has an
asymptotic expansion as a sum of j-homogeneous symbols

—00
j=—1
satisfying the transmission conditions
p*l(xaglv 07 s 50) = _pfl(xv _glvoa ceey 0) .

Then there is a g € S° (R4~ x R~1) s0 that for g € L?>(OH) the distribution
p(z, D)(gdY) has trace on the boundary of H given by

(b, D)(gd®)) (0+,2) = q(a', D')g.

14



2.2 Dissipative elliptic corners, Theorem 1.1
2.2.1 Step 1. Proof of existence of solutions

Existence is proved by constructing u as the limit of solutions u€ to problems
in domains O¢ obtained by smoothing O. Take ¢ € C*°(R) from Example
2.1. The ellipticity hypothesis implies that the boundary is noncharacteristic
so the maximal dissipative boundary condition N is given by an equation

vo = Mj(z)vy.
Define J\/j6 to be the maximal dissipative space defined by
vo = d(lesl/e) My(a) vy

Define O¢ by smoothing the edges of ) leaving the boundary unchanged
where all of the z; are greater than €/2 , see figure 8. Define a boundary

Figure 8: Construction of O, when d = 2 (left) and d = 3 (right) .

space N¢ on the boundary of O¢ to be equal to J\/j6 on the unchanged part and
given by the equation E1 (A(x,v(z))) on the parts that have been smoothed.

The domain O¢ has smooth noncharacteristic boundary so the standard
theory constructs u¢ a solution of the mixed problem with initial value equal
to the restriction of g to O°.

The function u¢ satisfies the energy identity for all T > 0,

|us(T)||2+ / (A(z, v(z))us, u)dtdS+ / (Z(z)u,uf)dtdr = [|[u(0)|>.
[0,T]x00¢ [0,T)xO¢

Therefore

o]
sup e |luc(t)||® + / [u()]ool*dt < lgll* -
t>0 0

15



By the Cantor diagonal process choose a subsequence e(k) — 0, a u €
e M L>([0,00[: L*(0)) and a v € L*([0,00[xd0O) so that for all § > 0

u'® oy weak star in L>([0, oc]; L2(©°)), and

u®)| 80 {Jel >3} v weak star in L ([0, 00] x (90 N {dist(z,S) > 6})).

It follows that Lu = 0, u(0) = g and ul(,;,—0yna0\s belongs to Nj. It remains
to study the trace of u at the boundary in a neighborhood of |0, co[xS. The
trace belongs to the dual of Lip. A codimension two subset is not negligible
for such functionals. The next computation shows that the trace of u at
the boundary is the square integrable function equal to « on ]0, co[x 9O and
equal to g on {t = 0} x O. There is nothing supported on the singular
parts of the boundary. This is equivalent to showing that for all compactly
supported lipschitzian functions ® on R!*,

/}DOO[XO (u,L'®) dvdt =

/ <’y, Az, V((L‘))‘I)> dXdt + / <g, (0, x)> dx .
10,00[x 00O {t=0}x0O

(2.1)

To evaluate the left hand side, choose a family of cutoff function s €
C>(R'*9) so that ¢5 = 1 (resp. =0) if dist((¢,2),S) > 1 (resp. < 1/2), and
IVis||ree < 1/6. In the left hand side of (2.1) write ® = ¥s® + (1 — 1)5)P
and analyse the resulting two summands.

(1 —1s)® is supported in a d neighbhorhood of S intersected with a compact
subset X C R The integrand is bounded by C|u|/§. The Cauchy-
Schwartz inequality implies that

’ /]O,oo[xo (u, L' (1~ v5)®) dxdt} <

1 1/2 1/2
( / —Qda;dt> ( / \uPda;dt>
Kndist(z,S8)<d 0 Kndist(z,S)<0

The first term on the left is bounded independent of § and the second tends
to zero as 6 — 0.

The second summand is supported away from the singular set so

/ {(u, LTs®) dzdt = lim (u® | LT s ®) dudt .
10,00[x O

k=00 J]0,00[xO

Since the integrand vanishes near S the integral on the right can be taken
over |0, 00[xO¢. In that set use the equation satisfied by u¢ to find

/]0 o (u¢, LT ;@) dadt =
,00[xO*°

16



/ (ut, A(z,v(z))hs®) dEdt + / (g, ¥s®(0,2)) dz.
10,00[x 0O*€

{t=0}xO¢

For ¢ fixed and k — oo, passing to the limit yields
/ (u, L' ps®) dadt =
10,00[xO

/ (v, A(z,v(z))hs®) dEdt + / (g, Ys®(0,))dx.
]0,00[x00 {t=0}x0
Therefore

lim w, LT ps®) dedt =
6=0 }o,oo[xo< i >

/10,oo[xao<7’ Az, v(2))®) dEdt + /{to}xo (g, ®(0,2))dx.

This analysis of the two summands proves (2.1) so completes the construction
of a solution with u € e " L>°([0, 0o[; L?(0)) and u|so € L%(]0, 00[x00O)).

2.2.2 Step 2. Uniqueness of solutions

We prove that two solutions must coincide by showing that their Laplace
transforms are equal. This reduces to uniqueness for an elliptic problem.
The solutions have just enough regularity to justify integration by parts in
the energy method for the elliptic problem.

Laplace transformation Consider solutions satisfying

u € L°([0,00[; L*(0)), € L*([0,00[; L*(00)).

“‘ao

The difference of two such solutions that have the same initial value has
Laplace transform %(7) analytic in Re7 > 0 with values in L?(Q) and with
t|po analytic with values in L?(00) and satisfying

Tu+ G(x,0;)u = 0, ulgo € N (2.2)

Uniqueness is therefore a consequence of the following uniqueness result for
the transformed problem.

Theorem 2.4. If ReT > 0 and v € L?(O) satisfies

v+ G(x,0;)v =0, €N, and w|pe € L*(00), (2.3)

“‘ao

then v = 0.
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Remark 2.1. i. Since 0O is lipschitzian the Sobolev spaces H*(0O) are well
defined for |s| < 1. ii. The existence of the trace v|go € H/2(dO) follows
from the fact that v and Gv belong to L*(Q) and 0O is noncharacteristic for
G. iii. The second condition in (2.3) makes sense for v,Gv € L*(O). The
third asserts an improved regularity that is true for the solutions constructed.

At a formal level the result is immediate. If the integrations by parts were
justified, Theorem 2.4 would follow for Re7 > 0 from

0:2Re/ (TU+G(:U,8)U, v) dx
o

=2Re 7'||’UH%2(O) + /O(Zv,v)d:v + /80 (A(z, v(z))v,v) d (2.4)

> 2ReT ||U||%2(O) .

In the last step the positivity of Z and the dissipativity of the boundary
condition are used. The method is to prove that the integration by parts is
justified. That is done in several steps.

Lopatinski’s condition

Proposition 2.5. Suppose that

d
A0) = > A;0;
j=1

18 an elliptic operator with hermitian constant coefficients. Suppose that
H = {z : z-£> 0} is an open half space so A(v) = —A(£/|§|). Suppose
that N is a mazimal strictly dissipative subspace for A(v). Then N satisfies
the coercivity condition of Lopatinski for the half space H.

Proof. A linear change of coordinates reduces to the case H = {x; > 0}.
In that case, Lopatinski’s condition is that for all 0 # &' € Rifl, if w(z)
satisfies the ordinary differential boundary value problem

A(0y,iYw(z1) = 0, w(0)eN, and lim w(z;) = 0,

T1—00

then w = 0.

Under the above hypotheses, the function u = €€ w(z;) is a stationary
solution of the hyperbolic equation (at + A(@))u =0.

Denote by e; the standard basis for C%. For j =2,...,d choose nonzero real
numbers «; so that a]f;- = 27. Define for j > 2, v; := «aje;. Introduce the

lattice L € Rifl consisting of vectors ) NV with n; € Z. The stationary

solution u(x) = '* w(x;) is then L-periodic in .

18



The energy identity for L-periodic solutions of Lu = 0 then asserts that

d 2 / / / /
u(t + —A1u(t,0,z), u(t,0,2'))dz’ = 0.
dt“ ( )H[,‘A’(Ri/c) (s1=0}/ (—Aru( ) s u( )

For the stationary solution one finds
/ (—A1u(0,2"), w(0,2'))dx’ = 0.
{z1=0}/L

The strict dissipativity of N implies that u|y,—9 = 0. Therefore w(0) =
0. Uniqueness for the ordinary differential equation initial value problem
implies that w is identically equal to zero. Therefore u is identically equal
to zero. O

Corollary 2.6. If1/2 > s> 0, H is one of the half spaces {x; > 0}, r as
i Section 2.1.4,

veLl*H), GueH*'H), and Il (2)v|,, € L*(0H),
then v € H*({0 < x; <r/2}).

Proof. Choose a locally finite cover of {0 < x; < r/2} by balls B¥ of radius
3r /4 with centers on 9H. Denote by B¥ the ball with the same center and
radius 4r/5. Use the boundary regularity estimate that follows from the
Lopatinski condition,

ooy S 1Gs ganny + 0B agingm - (25)
Summing on k yields the conclusion. O

Sufficient regularity at the singular set § With ¢ from Example 2.1,
define a cutoff function

x(@) = 0§ 6(z;).
Define x¢(z) := x(x/€). With v from Theorem 2.4, define v := x(z)v €
NsH?*(0O). For this function integration by parts is justified and yields

0 =2Re / (Tv¢ + G(z,0)v°, v°) dx

© (2.6)

= 2ReT||v€||%2(O) +/(Zve,ve)dx+/ (A(z, v(z))v,v) dz .
@ 00

The boundary term vanishes. Write

Gv® = G(xev) = xeGv — [G, xJv.
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Need to pass to the limit in (2.6). The Z term, and x.Gv pose no problem.
The commutator is a multiplication operator by matrices with coefficients
bounded in magnitude by C/e so

‘/ <[G,X€]v,v> d:v‘ < C/ \v[Q dx .
(@] € Jdist(z,9)<e

To complete the proof of uniqueness it suffices to show that

lim — / o> dz = 0. (2.7)
=0 € Jdist(z,S)<e

Once established this implies that [(v¢, [G, xc]v®) dz — 0. The convergence
(2.7) is proved in the next two paragraphs.

Negligible sets for H/2(R?) and H'(R3). We prove that sets of codi-
mension 1 are negligible for H'/?(R?) and those of codimension 2 are negli-
gible for H'(R3). The sets are not negligible for H'/2+¢(R?) and H'*¢(R?)
respectively. Lemma 2.9 is used in Part I and Lemma 2.10 in Parts I and II.

Lemma 2.7. There is C > 0 independent of € so that the following hold.
i. If |D|Y?w € L*(R?) then w € L*(R?) and if w # 0,

1/2
Jiwiee lw|* da:
[l < ce (i >1/2 [gia@orae. @)
|z|<e <fR2 ‘w|4 dSL‘) R2
ii. If |D|w € L*(R3) then w € LS(R®) and if w # 0,
1/3
(me || dx)

|lz|<e - (fRs \w|6dx> /3 Jps

€l l@@©)Pde.  (2.9)

Proof. Following [5], the space H*(R?) is the set of tempered distributions
with Fourier transforms in LlloC and

2 o 25| 2
ey = [ €@ PdE < oo

If0 < s < d/2, then the space H*(R?) is continuously embedded in == (RY).
i. Using the previous result with d = 2 and s = 1/2 yields

([ wertar) e s ([igio@pda)”. e
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The Cauchy-Schwartz inequality yields

1/2 1/2
2de < / 224 / 12d
/|1‘<e|w v ( \a;|<e(|w|) x) ( |z|<e x)

!w\4d9€)1/2 = Ce (f|fr\<e|w\4dx)1/ < \w!4d$>1/2.
(f]}@ ‘w‘4dm>1/2 R

The proof of i is completed by (2.10).
ii. The case d = 3,s = 1 yields

(/Rg \w(x)\de)l/ﬁdx S (/Ra \§|2!@(§)]2d§)1/2. (2.11)

Estimate using Holder’s inequality with exponents 3 and 3/2,

1/3 2/3
|w*dz < / lw|? S dx / 132 da: =
/|z|<e ( |:1:\<e( ) > ( |z|<e )

1
2 1 Jipiee lw]° da: ’ 1
() ¢ ([ wra)’ =ce <<IR:w6dx>> GRZEOR

The proof of ii is completed by (2.11). O

wl—=

Lemma 2.8. i. If d > 2 and |D|'?w € L*(R?) then

1 1

- / wl* dz < [|1D]Y* w32z, and ase—0, - / lw|? dz — 0.
€ J|z1,xal<e € Jlz1,ma|<e

ii. If d >3 and Vw € L*(R?) then

1 2 2 1 2

- |lw|*dz < |||Vw||L2(Rd), and ase — 0, — |w|*dx — 0.
€ |z1,22,23]<€ € |z1,22,23]|<€

Proof. i. Denote by w(&1,&2,2") the partial Fourier transform with 2’ :=
(x3,24,...,24). Then

/ €1, & |@(&1, &2, ') drdada’ < || 1D]"?w 7o gy -
Define

1/2
( f|z1,z2|<e \w(x1, 22, -73/) |4 dﬂ?ldl‘2>

<1
1/2 =
o |w(zy, 22, 2")[* deridxs /
R

0 < fle,2) =
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The function f is decreasing in €. Lebesgue’s monotone convergence theorem
implies that as e — 0,

/f2(e,$/)dx/ = C(d)/ ‘ lw(z1, ze,2')|[* doides  — 0.
x1,x2|<€

It follows that f tends to zero for almost all z’.

The estimate of part i of Lemma 2.7 above implies that

2
(1 / rw|2dx) S [ Pl el 0, &0 derdeads’
|z1,m2|<€ R4

€

Part i follows from Lebesgue’s dominated convergence theorem.

ii. Exactly analogous using part ii of Lemma 2.7. O
Lemma 2.9. If v € HY/?(O) then as ¢ — 0,

1
/ lvf*de  — 0.
€ Jdist(z,9)<e

Proof. Extend v to an element of H'/2(R%). The set of points at distance
less than e from S is contained in a finite union of the cylinders |z;, x| < €
with 1 <7 < j < d. Apply the preceding lemma to each cylinder. O

The conclusion of this lemma is exactly (2.7). Therefore to complete the
proof of uniqueness it suffices to show that v € HY/?(0).

Lemma 2.10. i. If w € HY2(RY) is supported on a finite union of codi-
mension one affine subspaces, then w = 0.

ii. If we H'(RY) is supported on a finite union of codimension two affine
subspaces, then w = 0.

Proof of ii. This case is somewhat harder. Part i is left to the reader.
Denote by I' the finite union. Construct a sequence of cutoff functions
Ye(z) € C®(R?) so that . = 1 at points = with dist(z,I') > ¢, 1 = 0
at points x with dist(z,T') < €/2, and [|Vi)e|| oo (may < C/e.

By hypothesis, 9w = 0. The proof is completed by showing that for all
u € HY(RY), lim |[theu — ul| g1 = 0. For the dense set u € C$°(R?) C H(R?)
this is elementary.

The proof is completed by showing that uniformly in €,

H?/)eUHHI(Rd) S HUHHI(Rd)'

For this, estimate

C
|V (theu) —weVu)Hip(Rd) < 2/ IUP dr < / ‘Vu’Q dx
dist(z,I")<e R4

€

by part ii of Lemma 2.8. O



Proof that v € H'/2(0)

Lemma 2.11. If

w e L*(0), Guw = f € L*(0), and, e L*(00),

w‘a@

denote by f € L*(R?) and w the extension by zero of f € L*(O) and w €
L%*(O). Then in the sense of distributions on R?,

Gw = i + w|5(9d2. (2.12)

Proof. If x € O identity (2.12) holds in a neighborhood of = thanks to the
equation Gw = f in O. If z € R?\ O then both sides of (2.12) vanish on a
neighborhood of .

If x is a smooth point of the boundary w is smooth on a neighborhood of x
thanks to the Lopatinski condition. Then (2.12) holds on a neighborhood of
T.

Therefore, the difference between the left and right hand side of (2.12) is
an element of H~'(R?) supported on the finite union of a codimension two

affine subspaces of R%. The difference therefore vanishes by part ii of Lemma
2.10. Ul

Theorem 2.12. If

v e L?(0), Gv € L*(0), and, € L*(00)

Vo0
then v € HY/?(0).

If O were a smoothly bounded set, this would follow from Lopatinski’s con-
dition. What is needed is to show the H'/2 regularity in a neighborhood of
the singular points of 9O.

Proof of Theorem 2.12. Choose r and p(z,&) as in Section 2.1.4. By
elliptic regularity one has

v E H1/2<{£ < dist(:c,(?(’)) < g}) .
It suffices to show that

v € H1/2<{dist(az,8(’)) < %})

Denote by v the extension by zero. Lemma 2.11 together with the fact that
p(z, D) is a parametrix imply that

G (e, D) +vloodS)) — Gu € N H(dist(r,00) < 7).
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Elliptic regularity on R% implies that
p(z, D)(f +v|pgpdX) —v € NsH?® (dist (z,00) < g) .
Since p is of order -1, p(x, D) f € H'(R?) so
p(z, D)(v|gpdX) —v € H1<{:c eR?: dist(z,00) < %}) .

The proof is completed by showing that p(z, D)(v|godE) € HY?({z € O :
dist(z, 00) < r/2}).
Denote by H; := {z; > 0}. Decompose

vlgo = Zgj, gj € L2(8Hjﬁao).

It is sufficient to show that p(z, D)(g;d%) € H'/?(dist(z,00) < r/2. We
prove the stronger assertion that p(z, D)(g; d%) € HY2({0 < x; < r/2}).
The last assertion does not involve corners.

The trace inequality
1/2 1/ 2d
([ woara)” s ([ [wowra)”  p= 25 <z
BHJ- R4

together with g € L?(0H;) imply that
g;ds € (WhP(RY) = wh(R?), 61] +-=1, ¢>2.
Since p is order -1,
w; = p(z,D)(g;dx) € WO(R?) = LIRY).

The local regularity of w; is better than L?.

Since the distribution kernel of p(x, D) is smooth off the diagonal and rapidly
decaying with all derivatives as the distance to the diagonal grows this is
sufficient to conclude that

w; € L*RY). (2.13)

In addition
Gw; — g;d¥ € NH*(RY).

Since g; dX vanishes on O this implies that

G(?.Uj|H].) S ﬁsHs(Hj). (2.14)
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Proposition 2.3 implies that the trace of w;|y, at OH; is square integrable,
wilom; € L*(0H;) .

In particular
I (2)w;lon, € L*(0H). (2.15)

The three last numbered equations and Corollary 2.6 imply that w;|g; €
H'Y2({0 < x; < r/2}). The proof is complete. O

This completes the verification of (2.7) and thereby completes the proof of
uniqueness.

2.2.3 Step 3. Proof of the energy equality

With the H'/2(©) regularity in hand one can justify the integration by parts
in the basic a priori estimate (2.4) for the operator A + G with real A > 0,

Allu]] € |(A+G)u|| provided u €N on dO.

In particular the family of maps A(A + G)~! is uniformly bounded from
L*(0) to L*(0) as A — oo. Therefore

(I+eG)™t = e tr+6)™!
is uniformly bounded in Hom(L?(O)). Define for 0 < ¢ << 1
g = (I+e@)g.
Lemma 2.13. As e — 0 one has for all g € L*(O)
lg° — 9HL2(0) — 0.

Proof. From the uniform boundedness it is sufficient to prove the result for
g in a dense subset of L?(0). Compute

I — (I+eG)™ = eGI+eG)!.
For g belonging to the dense subset C5°(0O),
lo* —all < el +e)| [Ggll — 0
since the last two factors are bounded. O

Thanks to uniqueness we can define u¢ to be the only solution with initial
value ¢g¢. The function dyu¢ is the solution with initial value Gg¢ € L?(0). In
particular Gyu¢ € L>([0,T]; L*(0)). Therefore, Gu¢ € L*°([0,T] : L*(0)).
Theorem 2.12 implies that u¢ € L>([0,T]; H'/?(0)).
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This suffices to justify the integration by parts in the energy identity for u¢
and also for u¢ — u9. The latter implies that

sup [[u(t) = b ()] + ]| = ) o |l ao.z1000 < Cllg* — 51l
0<t<T ’

Therefore u¢ is a Cauchy sequence in C([0,7] : L?(0)) and uf| o0 1s a Cauchy
sequence in L2([0,T] x 00).

It follows that the limit u is continuous with values in L?(O) with trace in
L%([0,T] x 90O).

Passing to the limit in the energy identity for u¢ on [¢,T] x O yields the
energy identity for u. O

2.3 Maxwell and Euler, hidden ellipticity

This section proves existence and most importantly uniqueness for some
problems with strictly dissipative corners for which G is not elliptic. A
common feature is that the kernel of G(§) has dimension independent of
& # 0. In this situation it is always true that there is a partial differential
operator Q(D) with QG = GQ = 0 and so that G, @ is an overdetermined
elliptic system, see [6]. Solutions of dyu + Gu = 0 satisfy 9,Qu = 0 so one
trivially knows the exact regularity of Qu for all time. The idea is to take
advantage of the ellipticity of G, Q. This is what we call hidden ellipticity.
We consider only the case where there is a @ of first order, a class of problems
introduced by Majda in [2]. We do not propose a general strategy but
treat three important examples; Maxwell’s equations, the compressible Euler
equations linearized about the stationary solution, and the wave equation
written as a first order system. The first two yield to similar but different
arguments. The Maxwell case is substantially harder. The last is equivalent
to the linearized Euler equations.

2.3.1 Maxwell’s equations
Taking the divergence of the dynamic Maxwell equations (1.2) yields
O(dive(z)E — 4mdivj) = 0.  Oy(divu(z)B) =0. (2.16)
The continuity equation (1.3) implies
O (diveE —4mp) = 0. (2.17)

The physical solutions satisfy (1.4) asserting that the time independent quan-
tity in parentheses and div 4B vanish identically.
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In regions without currents and charges, equations (2.16) and (2.17) expresse

hidden ellipticity with
div. 0
@ = < 0 div)
Equations (1.2) have form Lu = 0 with

3
e(x) O
L = Ay(x)0 + A;0; Am:z( >,
o(z) O ;Jy o(z) 0 ulx)
and 6 x 6 constant symmetric real matrices A; for j = 1,2, 3.

For a half space {z - v > 0} with unit vector v, the nullspace of ) A;v;
consists of the vectors E, B with both E and B parallel to v. The range
is the set of vectors F, B with both F and B tangent to the boundary.
Introduce the tangential components

Etan = E—(E-v)v, Bion = B—(B-v)v.

For the halfspace x; > 0, the strictly dissipative subspaces N are those for
which

(Aju, u) > ¢ <E22+E§+B§+B§), E22+E§+B%+B§ = HEmthanH2-

Assumption 2.1. i. In Part I, the strictly positive matriz valued permit-
tivities are assumed to be infinitely differentiable with partial derivatives of
all orders belonging to L°°(R?)

ii. For each 1 < j <3, suppose that Nj is a strictly dissipative subspace for
Aj;. That is for each j, N; has dimension 4 and there is a constant ¢; > 0
so that for all u € Nj

(Ajua u) > ¢ HEtanaBtanHz-

Theorem 2.14. With Assumption 2.1, for each f,g € L*(O) with div e(z)f =
div p(z)g = 0, there is one and only one u = (E, B) € L™ ([0,00[; L*(0))
with
{Etanthan}‘ao S LZ([O,OO[XaO),
Lu=0, uw0)=(f.9), and, ulg—0ynfeo\sy EN; for 1<j<3.

In addition, dive(x)E = divu(z)B =0 and for all0 <t <T < o0
(Ao(z) u(T, ), u(T,2))) + / (A(w(2))u, u) didS

[t,T] x50 (2:18)
= (Ao(@)u(t, ), ut,2))).
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Proof. The existence of a solution satisfying all the conditions except the
energy equality replaced by an inequality for the interval [0, 7] is proved as
before. That is, the domain is smoothed and the boundary condition on the
smoothed part is of the form

Iou = M(z)Isou.

A passage to the limit removes the smoothing.

The difficult part is uniqueness. The strategy is to show that for a solution
with data equal to zero, the Laplace transform vanishes. The essential step
is to show that the Laplace transform @ = {E, B} belongs to HY2(O).
That is done in the next subsubsection.

E.B ¢ H1/2((’)). The tangential components {Et“”’Bm"Hao are square
integrable from strict dissipativity. To take advantage of that, introduce
potentials. The special structure of Maxwell’s equations leads to a shorter
proof of the H/2 regularity than in Section 2.2.2.

Lemma 2.15. If E € L*(O) satisfies

Etan € L2(80), dive(z)E = f € HY?(0), curlE=he H?0),
then E € HY?(O) and

1El 1200y S [ Btanllzzeo) + [1El20) + [divE, curl Bl g-1/5(0) -

Proof. e Reason locally. Introduce concentric balls By of radius 1 and By
of radius 1/2. The balls have centers either at distance > 1 to 9O or are
on a face of the boundary and distance > 1 to the singular points of the
boundary, or are at a singular point and at distance > 1 to the corner x =0
or are at the corner.

The result folllows on taking a locally finite cover of O by balls B{“, a partition
of unity v, subordinate to the cover, and summing over k the local estimates

Bl 20y S IdiveRE, carlYn Bl 1720,
+ qubkEHLZ(O) + HwkEtanH%2(3O)-

In this way the proof of the estimate is reduced to the case of functions
supported in the balls Bj.

e Consider F supported in one of the balls of radius one. If the ball is one
whose center lies on 90, choose an extension h € H~Y/2(R3) of curl E with

supph C Bi, bl S Ihllg-aon) /R?)hdx:o-
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Thanks to the mean zero condition, explicit solution in Fourier constructs
unique solution E € HY2(R3) to

curl £ = h, divE = 0.

From E € H'Y/?(R%) and curl E € H~Y2(R3) it follows that for any hy-
perplane H, E,,, € L?*(H). Similarly from E € H'/?(R?) and diveE €
H~/2(R3) it follows that E , € L?>(H). Therefore,

norma

E|,, € L*(00).

e To complete the proof it suffices to show that E—E € HY/2(ONBy). Since
curl (E — E) = 0 on By N O there is a potential ¢ € H'(O N By) so that

FE—-FE = grad¢ in ONB;.

The potential is unique up to an additive constant. On the lateral boundaries
BN (‘3(’), (grad QZ))tan = (E - E)tan S0

| (grad ¢)tanHL2(BmaO) = (B~ E)tcmHm(BmOO)‘

The potential is uniquely determined by imposing

/ ¢odr = 0.
Bl/zmo

This is used with the inequality of Poincaré type

limmroor < 1600800 + | [, o]
By /5Nn0
They yield
H¢”H1(Bma(')) S H(E_E)tanHL2(8(’)ﬁBl)- (2.19)

On B; one has a scalar elliptic equation
dive(r)grad¢ = f+dive(z)E € L*(By).

The regularity on the boundary from (2.19) together with elliptic regularity
for the inhomogeneous Dirichlet problem [11] yields the borderline regularity
¢ € H3?(Qn B, /2)- In addition with constants independent of the balls,

191l 320008, 5) S Nl @onB) + I1f;hll2@ons,) -
This completes the proof of the Lemma 2.15. O

Given Lemma 2.15, the proof of Theorem 2.14 is completed in the same way
as the proof of Theorem 1.1. O
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2.3.2 Linearized Euler at velocity zero.

Consider the inviscid compressible Fuler equations linearized about a state
of constant density and velocity. Computing such a solution it is intelligent
to make a galilean transformation moving at the background speed, thus re-
ducing to the case of background speed equal to zero. It is that linearization
that we study.

In non dimensionalized form, the linearized equations are
o + gradp = h, Op + divu = 0. (2.20)

We study the case h = 0. By Duhamel’s principal that is sufficient. The
unknown is a d + 1 vctor (u,p). The system

Ul 0 0 cee 81 (75}
: 0 0 - O :
ol -+ 1. . ) 1 =0
Ud . : . Ud
D 81 62 . 0 P
is clearly symmetric. This characteristic equation is (12 — |¢[>)7¢ = 0.

For a half plane with unit conormal v the kernel of the normal matrix A(v)
consists of the states with u - v = 0 = p. The nonzero spectral components
satisfy

I ()| Tt p)[[* = oo+ o

The strictly dissipative subspaces are those on which
<A(1/)(u,p), (u,p)) > c(‘u-u|2+‘p‘2), c>0.
Taking the curl of the first equation in (2.20) yields
O (curlu) = curlh. (2.21)
This is an example of the hidden ellipticity with
- (73

Theorem 2.16. Suppose that for 1 < j < d, Nj is a mazimal strictly
dissipative subspace for Aj in the Euler system, and f € L*(O). Then there
is a unique u € L>=(]0,00[; L*(O)) so that for all T > 0

(u-v, p)ho’T[Xao e L?*(]0,T[x00)

satisfying (2.20), the boundary condition u € Nj on {(O\ 8) N {z; = 0}},
and, the initial condition (u(0),p(0)) = f. In addition for any 0 < t; < to <
T the solution satisfies the energy identity

2(t2
.ol + /] ion AWND), (o) drds = 0.
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Proof. The proof of existence is by rounding the corner and then passing to
the limit. The hard part is uniqueness. Need to show that the only solution
with ¢ = h = 0 is the zero solution. This is proved by showing that the
Laplace transform vanishes for all 7 with Rer > 0. Risking confusion the
Laplace transform is written (u, p) and satisfies

Tu + gradp = 0, Tp + divu = 0, (2.22)
together with
(u,p) € IX(O), (u-v,p) € IXDO), (u,p) €N on JO\S. (2.23)

Multiplying the equation by (u,p) and integrating by parts would show that
u = p = 0 because the boundary conditions are dissipative. To prove unique-
ness it suffices to justify the integration by parts.

The first step is to take the curl of the first equation in (2.22) to find curlu =

0. The integration by parts is justified by showing that wu,p belongs to
HY?(0).

Lemma 2.17. IfRe7 > 0 and (u, p) satisfies (2.22) and (2.23) then (u,p) €
HY?(0).

Proof. Since gradp = —7u € L?, one has p € H'(O). It suffices to show
that v € HY/2(0).

Since curlu = 0 it follows that there is a ¢ € D'(O) with u = grad ¢ on
O. The potential ¢ is unique up to an additive constant. It belongs to the
homogeneous Sobolev space H'(Q). Taking divergence yields

Ap = divgrad ¢ = divu = —7p € HYO).
On 90 one has

g—qj = v-grad¢ = v-u € L2(8(9).
Since grad ¢ € L?(0), regularity for the Neumann problem in the borderline
case (see [10]) implies
gradg € HY?(0),

completing the proof of the Lemma. O

The lemma provides the regularity necessary to justify the integration by
parts in the energy identity that yields uniqueness, completing the proof of
Theorem 2.16. O
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2.3.3 Wave equation written as a system

Reducing the wave equation to a first order differential system in dimen-
sion d > 1 introduces non physical stationary modes. As for Maxwell, the
solutions of interest do not excite these modes.

Treat the case of the wave equation in dimension d. It is converted to a
first order system for the d 4 1 derivatives v, := d,u, p = 0,1,...,d where
Op = O;. Write the variables as

v = (’UQ,V) .
The equations are
81&’()]' = 8j110, j:17...,d’ 8{[}0 — leV

Up to a change of sign these are exactly the linearized Euler equations at
velocity zero so are treated in the preceeding section.

2.4 Counterexamples

We construct examples, related to those of Osher [16] and Sarason-Smoller
[20]. Our examples include nonuniqueness, ill posedness, and the failure of
weak=strong in the sense of Friedrichs for problems that come from gluing
boundary conditions at a corner where each condition is strictly dissipative
for an L%(R?) scalar product. The L? scalar products appropriate for distinct
faces of the boundary are distinct but equivalent norms. In Theorem 1.1 the
scalar products on adjacent faces are identical.

2.4.1 Counterexamples from two transport equations

The examples are all in dimension d = 2 where
O = {xE]R2 a1 >0, anda:2>0}.

Introduce the shorthand U = (Uy,Usz) and U9, := U190y, + U20,,. Consider
the pair of transport equations

(0 + Udy)u = 0, (0 + VOy)v =0
for the unknown (u(t,z),v(t,z)). The vectors U and V satisfy
Uy <0< Us, and, Vo<0<Vy.

The boundary segments of O are non characteristic. The vector field U
(resp. V') points into the northwest (resp. southeast) quadrant. Every ray
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starting in O reaches the boundary at a point other than the origin after a
finite amount of time. Broken ray paths suitably reflected at the boundary
meet the boundary infinitely often and never at the origin.

On the z; axis, a homogeneous boundary condition v = av with a € C is
imposed. On the zo axis one imposes v = fu with g € C.

The scalars « and [ are reflection coefficients. When |a| < 1 the reflection
on the x axis decreases amplitude. For |a| > 1 the reflections amplify. The
case a = 0 corresponds to perfect absorption. For the L? norm

/M2 W + o de, M>0, (2.24)
Q

the boundary condition on the z-axis is strictly dissipative when M|a| < 1
and conservative when M|a| = 1. Similarly for the x2 axis, the norm is
nonincreasing when |5| < M. Osher [15] observes that there is a norm
dissipated at both boundary segments when there is an M > 0 with

Mla| <1, and 1Bl < M.

This holds if and only if |a3| < 1. In this case it is easy to construct square
integrable solutions for square integrable initial data.

Because the equation is so simple with no characteristics emerging from the
origin one can prove uniqueness, characteristic by characteristic.

In the opposite case |af| > 1 the system can misbehave. Our ray tracing
analysis is as in [20].

The case U = —V. When U = —V, the values of u are rigidly transported
with speed U till they reach the xo axis where their value is multiplied by 3

Figure 9: The case U = —V.

and fed to the V equation where they are transported to the x; axis along
the same ray traversed in the opposite direction. Then they are multiplied
by a and fed to the U equation. And so on.
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When |af| > 1 one circuit with two reflections leads to an amplification. In
the absence of corners, this would cause no problem at all.

For initial data supported in 21+ > ¢ the shortest circuit has length 26v/2
and solutions are amplified by no more than (a3)/ (20v2)) | One easily shows
existence and uniqueness of solutions supported in {x] + x9 > 0}.

As one approaches the corner the amplification becomes more and more
extreme. Data supported in 27" < 21 + 29 < 27" is amplified at time
t ~ 1 by |ap|?". In order for a solution to have finite L? norm, the initial
data must satisfy

> lask” | f@)Pdr < o

>0 2= (D) < 4ap<2—n

This is a dense set of data. For f vanishing outside a bounded subset of O,
the corrsponding sums are finite for all ¢ > 0 if and only if

VK>0, /eK/LT |f(2)]? dz < oc.
@

Adjoint boundary spaces. For the general operator L := 9; + G(x,d),
denote by L the adjoint differential operator with respect to the L2([0, T] x
2) scalar product. Since A; has hermitian symmetric values,

L'w = —0w — ) _0;(Aj(z)w) + Bw.
J

For u and w in C(lo)([(), T] x ) one has

(u(t),w(t)){OT—i- / (Lu, w)+(u, L'w) dtdz+ / (A(z,v(z))u, w)dtdy = 0.
[0,T]xQ [0,T]x 09

If u satisfies a homogeneous boundary condition u € N (z) then the boundary

term does not appear if one requires that w satisfy the adjoint boundary

condition w € N*(x) where

N*(z) = (A(:c,u(ac))/\/')L = {w e CVN :VYue N(z), (w, A(z,v(z))u) = O}.

When u,w € HY([0,7] x Q), u(0) = w(T) =0, and u € N and w € N* on
10, T[x €2, one has

(Lu, w)orixe + (u, LTw)grxa = 0.

The adjoint Cauchy problem is solved backward in time.
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Example 2.2. For the pair of transport operators with unknown (u,v) € C2,

(U 0
A1_<0 Vl).

For the boundary condition u = av on the x1-axis,

N = (aa 1)(:’ AlN = (Ulaam)ca N* = (Vi, *UlOé)C .

The adjoint operator L = —L so the transport equations are unchanged. On
the x-axis one has
-V
U= —v
al;

so the reflection coefficient for the adjoint problem is —Vi/aUj.

When U = —V this simplifies to 1/a. If |a| > 1 the boundary condition
for L is amplifying. The adjoint problem has reflection coefficient 1/ with
modulus < 1. The adjoint problem s solved with time running backward so
this too is amplifying.

Summary. For the case U = —V the direct and adjoint problems glue
together problems satisfying the uniform Kreiss-Sakamoto condition. When
|aB] > 1 there is existence only for a dense set of data that are small near the
corner. Uniqueness is proved locally in each set {27" < z1+x2 < 2"}, n > 0.

Nonuniqueness for U = (-1,1) and V = (1,—a), 1 < a. For these
U, V, an initial ray and its successive reflections are sketched Figure 10.
Each cycle of two reflections brings one closer to the origin by a fixed factor

Figure 10: Multiply reflected rays.

< 1. A ray starting in the little disk in the figure approaches the origin in
finite time with infinitely many reflections.

Suppose that o > 0, 8 > 0, and aff < 1. In each cycle there is decay.
Suppose that at ¢ = 0, w and v are nonnegative, not identically zero, and
supported in the little disk. Consider the value of the solution transported
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along the broken ray starting at ¢ = 0 at the center of the disk in the ,+V 0,
direction.

On the initial segment, v is constant. On the reflected ray, the value of u is
a times the value of v on the incoming ray. In each cycle of two reflections
the value of v is multiplied by a3. Along the ray the value of v converges to
0 as t increases to T. The value of |z| also converges to zero and the solution
is < Clx|.

An entirely analogous argument shows that the initial values of u when
traced forward in time yields wave approaching the origin where they are
O((Jf)-

The reflecting waves constructed above have nonnegative components and
move steadily toward the origin as ¢ increases. Ray by ray they are absorbed
at the origin. After the last ray starting in the disk arrives at the origin,
say at time T, there is nothing left. Define a candidate solution to be these
values extended by zero at all points that are not reached by the broken rays
starting at ¢ = 0 in the disk.

Now play the candidate solution backward in time. This backward problem
is amplifying in each cycle. The solution just constructed vanishes for large
time. And as time decreases, a positive wave emerges from the corner.

It is not hard to show that the resulting candidate is indeed a weak solution
of the boundary value problem. It is an example of non uniqueness.

The boundary conditions, though amplifying, both satisfy the uniform Kreiss-
Sakamoto condition. Each is strictly dissipative with respect to a scalar
product equivalent to that in L?. The scalar products associated to the
different boundary edges are different.

Summary. Gluing two boundary conditions together at a corner can yield
nonuniqueness. A non zero wave can emerge from the corner. Even when
each individual condition is strictly dissipative with respect to an L? scalar
product of the form [ M|u|?+|v|? dz with different M for the two conditions.

The existence and uniqueness theorem that we proved differs from this ex-
ample in two respects. First the generator is elliptic. Second, the boundary
conditions are strictly dissipative with respect to the same scalar product.
The counterexample satisfies the hypothesis of square integrable traces on
the boundaries.

2.4.2 Elliptic counterexamples.

The transport counterexample violates two hypotheses, ellipticity and strict
dissipativity with respect to a fixed scalar product. We next sketch an elliptic
version.
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Let
G = A101 + A0y, A = (1 O) s Ay = (0 1) .

Modify the equations to be
(0 + U0y +pG)u = 0, (0 — Udp+pGv = 0, 0<p<kl,

where now both u and v are C? valued. The characteristic variety is given
by

((r+U- 92— ule?) ((r—U- 2 uleP) = o.
The boundary conditions are as before.

When || > 1, the problem is strongly explosive as one shows by geometric
optics. The convenient choice is to take & parallel to U in which case the
transport directions of geometric optics are parallel to U. The leftward going
wave will have a value Tefr and the rightward waves a Tyjgni. The transport
equations of geometric optics are exactly the equations of the Osher example.
They are explosive.

Prove ill posedness as follows. Given a challenge number M, choose a ray
and T > 0 so that the transport equation of geometric optics yields ampli-
fication > M at time 7. Choose a very small disk so that along this ray
the translated disks and their successive reflections do not meet the corner.
Then choose an initial amplitude function supported in the disk and consider
the approximate solutions in the limit of wavelength tending to zero to find
solutions whose L? norm is amplified by more than M.

Summary. Two strictly dissipative Kreiss well posed conditions glued to-
gether at a corner yield an ill posed problem. The problems are strictly
dissipative for different but equivalent L? norm.

3 Part II. Trihedral Internal Maxwell Bérenger
Corner

The set 2 comprised of eight octants O and O is defined in Definition 1.3
page 8 and sketched in Figure 3 page 3.

The nonnegative absorptions 0 < ¢;(x;) are uniformly bounded, o; € L>(R).
The original absorption coefficients of Bérenger were chosen as heaviside
functions. In dimension d = 3 the present paper is the first demonstrating
that the Bérenger split Maxwell equations are well posed for absorptions less
regular than C?.
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3.1 Splitting Maxwell
3.1.1 Vector calculus

Denote by e; := (1,0,0) , e2 := (0,1,0), and e3 := (0,0,1) the standard
basis elements of C3. Denote by Dj : C? — C! the linear transformation
pj(vi,v2,v3) = wj. If m; denotes the orthogonal projection on the gt
coordinate axis, then mjv = (p;v)e;. The 1 x 3 matrices of p; are

pri= (1,0,0),  p2 := (0,1,0),  ps := (0,0,1),

Then,
div. = (01,02,03) = ijaj'

The C; from (1.5), (1.6) satisfy

0 0 0 -10 0 -1 0 0
¢t =|(o -1 of|, ¢c3:=10 0 0], C2:=]10 -10
0 0 -1 0 0 —1 0 0 0

and,

0
CiCy = |1
0

o O O

0
0
0

Denote by m; ; € Hom(C?) the linear transformation whose matrix has a 1
in the 4, j position and zeroes elsewhere. Then

CiCy = may.

More generally
for i # j, CiCj = mj;.

Expand

divcurl = ijﬁj Z Cror = ij Cr 00k .
J k g,k

The identity 0 = div curl is equivalent to the matrix identity
piCr + prC; = 0 forall j, k. (3.1)
The Laplace transform of the split Bérenger Maxwell equations (1.7) is
e(r+oj(z;))E) = Cj0; Y BY

. _ for j=1,2,3.  (3.2)
M(T+Uj($j))BJ = —CjajZEk.
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Mulitply by 7/(7 4+ 0;) to find for j =1,2,3

i T 9. nk pi_ _ T iy ok
eTEJ_T_'_UjC’]a]ZB, pt B = T+ch]a]ZE. (3.3)

Care must be taken to keep the factors in this order since the absorptions
oj depend on z; so do not commute with 0;.

Introduce the total fields defined in (1.8) to find on Q\ O

~. T ~ ~. T ~
EN = — (C;0,B B = —-—— C;0,F. 3.4
7 T4+ o; T o T+ o 7 (34)
Summing on j yields on Q\ O
~ T ~ ~ T ~
eTE = zj:T"i‘Uj C;0;B, utB = — j P C;0,E.

Including the Maxwell equation on O yields everywhere in €2

~ T = n 5 T o
ek = chjajBJrélm, TMB:_ZW Cjo; E. (3.5)
J

One can recover 9, B in Oy, from the values of E, B in O, using (3.4).

This is the basic system of equations satisfied by E , B that are, for each 7,
functions of . The next sections analyse the sytem of equations applied to
arbitrary functions of x, returning to the Laplace transforms in 3.4.

3.1.2 Tilde operators

Introduce operators so that equations (3.5), in the domains O, resemble
Maxwell’s equations.

Definition 3.1. In each of the eight octants define differential operators

cﬁz:zz T pj 0j C/Jr/l::zLCj@j,
J

T +0; T+0j
— T T T
d¢ = ( 016, Ooh 9 ) :
grad¢ T+ 01 19 T+ 09 20 T+ 03 3
~ — T T
A = di d = 0; | —— 0; .
veta %:T‘FO']' J (T+Uj ]¢>
Lemma 3.1. The tilde operators satisfy in each octant
- - A0 0
div curl = 0, grad div — curlcurl = |0 A 0
0 0 A
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Proof. For the first identity compute

diveurl = Y szakpkak(z TJ:JJ, Cﬁj)
j

k
= E}; T+Tak PrOk (TJ:Uj Cjaj)-
e
Expand
T T T
o (755, 00) = o(757) @t + 5 Gy

The first term vanishes except when k£ = j. The sum of the resulting contri-
butions to the divergence vanishes since it is equal to

T T
; T+ 0; 8j<7+aj) p;C50;

and p;C; = 0 by (3.1). The sum of the remaining contributions to the
divergence is equal to

T T T 2
C.0.0: = ( ) -2
jZkT+UkT+Ujpk 7ok ; T+o; ) PTG

T T

C; i CL)OR0;.

+% T+op T+0; (pk J TP k) k&
J

This vanishes since p;C; = 0 and for k # j, pr,C; + p;Ci, = 0 completing the
proof of the first identity.

For the second identity compute the first component of the left hand side
applied to B to find

T T T

-
B B B
7'+0181 <T+O’181 1+7’+aga2 2+T+aga3 3)

N ag< T 9By — — 3231)

T+ 09 T+ 01 T+ 09
T T T
19; 03B — 01 B3 | .
T+ 03 3<T+(T3 371 T+ 01 ! 3)

Rearrange to find

T

T T T T T
0 o B 19, 0B 15; 03B
T+ 01 1(T+0’1 ! 1>+T+0'2 2<T+0'2 2 1>+T+0'3 3<T+03 3 1)
T T T T
0 0By | — 15, o1 B
+T—|—O’1 1<T+0'2 2 2) T+ 09 2<T+01 ! 2)
T T T T
0 03B3 | — 5; OhBs ) .
+7‘+01 1<7‘+03 3 3> T+ 03 3<7‘+O‘1 ! 3)
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Since o; depends on z; only, the second and third lines vanish. The first
line is the tilde laplacian of By. The other components are similar. O

The permittivities are scalar outside K. In particular wherever there are
boundaries. A partition of unity serves to separate the regions where the
permitivities are not scalar from the rest.

Definition 3.2. For
U := (E,B) define divU := (divE,divB),

and - -
LU = (erE —curll B, yrB + curl E> .

Remark 3.1. In O the absorptions vanish and this is Mazwell equations.

3.2 Estimates in O and in B

The function U is split as Uy + Uy with U; supported in O and U, supported
where the permittivites e, 4 are scalar that is in B := R3\ K.

The estimates for U; are elementary estimates for symmetric hyperbolic
systems that are true in much greater generality [19]. The key point is that
they take place where there absorptions vanish identically. The statement
and sketch of proof follow.

Proposition 3.2. There are constants C,M > 0 so that if Ret > M,
U= (E,B) € H(R?), suppU C O, and, LU € H*(R?) then
Rer ||U||H1(R3) < C HLUHHI(RS) . (3.6)

Remark 3.2. Estimates (3.6) together with 7 (diveE, divuB) = div LU
valid in O yield

|7 (divel, divuB)||2ms) = | div LUHLZ’(H@)' (3.7)
The differential equation yields the additional estimate
ITUllpemsy S VUl 2wsy + [[LUlp2@sy, s=0,1. (3.8)

Remark 3.3. i. The factor 7 is the Laplace transform of 0; and is on an
even footing with V.

Sketch of proof of Proposition 3.2. Taking the scalar product of the
first equation with E and the second with B, and integrating over R? yields
after an integration by parts

Re7/<eE,E> + (uB,B) dr = Re /(U,LU) dx .
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Using the Cauchy-Schwartz inequality on the right yields
Re7[[Ullzws)y S LUl L2(rs)

Assuming that U € H?(R?), differentiating the equations with respect to z;
repeating the argument and summing on j yields the derivative estimate

Re7 |Ullgimsy S LU g1 (ws) -

For U € H' with LU € H' the proof is completed by applying the estimate
valid for H? functions to U¢ := j. * U a Friedrichs mollification of U with j.
supported in O to find

Rer [|U sy S I1LU| 1 (wes) -

~

The norm on the left hand side converges to ||U| g1 (gs). Friedrichs’ lemma
([9] Lemma 17.1.5) implies that the norm on the right converges to || LU || g1 (r3)-
O

The second main estimate concerns functions supported in the region where
the permittivities are scalar and includes the regions where the absorptions
are non zero. The estimate is weaker and much harder to prove. The proof
uses a well adapted complex Helmholtz equation. When LU € H!(R?),
div LU is a well defined element of L2(R3). The hypothesis div LU € H!(R3)
in the next proposition means that this element of L?(R?) belongs to H!(R3).

Proposition 3.3. There are constants C, M > 0 so that for ReT > M and
Ue HY(R3) with LU € HY(R3), div LU € HY(R?) and supp U contained in
B, one has

Re7 |[Ull2ms) + VU 2(s)

1 — (3.9)
< C(HLUHHl(]R3) + HTLU”L2(R3) + H; div LUHHl(RB)>.
In addition, - -
and
I7Ullz2wsy S [IVUllr2@s) + (LUl z2(ws) - (3.11)

Remark 3.4. i. Estimate (3.9) is unbalanced because the H(/i\i;LUHm is a
second derivative estimate on LU and there is no second derivative on the
left. However, (3.10) shows that the second derivatives ||divUl|| g1 are also
bounded by the righthand side. This balances the ||(/11\\7LUHH1 term.

ii. Similarly, (3.11) shows that one can add ||TU||12 to the left hand side of
(3.9) balancing the ||[TLU||2 term.

iii. The estimates depend only on the L>™ norms of the absorptions. In
particular they are uniform on families of absorptions that are bounded in
L.
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The proof of this Proposition occupies the next subsubsections.

3.2.1 A well adapted Helmholtz operator

This section makes a delicate selection of a Helmholtz operator for L acting
on functions U with suppU C B where the permittivities are scalar. This
domain includes all the points where the absorptions are non zero. The
result is an equation that not only holds in €2 but on the whole of B. A
typical selection would yield a second order operator that when applied to
the unknowns would produce delta functions on the boundary surfaces of 2
where U and VU may be discontinuous. The good choice does not. The first
step is to identify quantities that are continuous across the smooth parts of
o09.

Consider the Laplace transformed Maxwell equations,
LU := (erE —curl B, 7B + curl E) = (@, ). (3.12)

The transmission conditions demand that the tangential components of 3 E*
and Y B* are continuous across the smooth parts of the interfaces {z; =
0, zp #0 for k # j}

The face 1 = 0 of 0f) consists of the two dimensional smooth stratum where
xo # 0 # x3, one dimensional edges where exactly two coordinates vanish,
and the origin. At the regular part {x; = 0,29 # 0 # 23}, Bxn and E xn
are continuous across the boundary thanks to the transmission condition.
This means that the tangential components FEs, E3, By, B3 are continuous
across that part of the boundary. Using square brackets, [ - |, to denote the
jump,

|:E2,E3,B2,B3:| = 0 across {z1=0, 2 #0# z3}.
Taking tangential derivatives implies that
j>2 = |:8jE27ajE3,ajB2,ajB3:| = 0 across {z1 =0, x2 #0# x3}.

On {z; =0, 23 # 0 # x3} the factors o9 and o3 are smooth. Furthermore
the coefficients € and p are C? and scalar inside B. For k > 2 the function
o is smooth across {z1 =0, xg # 0 # x3} so

j, k > 2 = [%Ukaj{eEj,,qu}] =0 across {a:l = 0, o) 75 0 75 xg}.
(3.13)

The case j = k is important below. The source terms (®, V) are compactly
supported in @. Thus in a neighborhood of 952,
T T T

O1(eEy) + o(eEy) + 05(cEs) = 0,
T+ 01 1(eEn) T+ 09 2(<E2) T+ 03 s(es) (3.14)
T T T .
o1 (uB Os(uB —— Oz(uB3) = 0.
P, (uB1) + P h(uB2) + T s 3(uB3)
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In particular the first terms on the left have well defined traces in H /2 ({x] =
0} \ S). Equation (3.13) and (3.14) yield

-
[T P O{eE, uBl}] = 0 across {r1 =0, z9 #0#x3}. (3.15)

For the second and third components of 91 E, 91 B analyse (3.12). The second
and third lines express

T

T
T +oy {8132 s 3133} (resp. m{alEg s 81E3}> (3.16)

as sums of functions continuous across the smooth parts of the boundary
face x1 = 0 and their tangential derivatives. Therefore

[ I 81{E2,E3,Bg,33}} =0 across {x1 =0,29 #0 # x3}. (3.17)
T+ o0

Together with (3.15), this yields

[ T ﬁl{eE,uB}} = 0 across {21 =0, 22 #0+#x3}.
T+ 01

By symmetry,

[ T ‘aj{eE,uB}} = 0 across {z; =0, 23 #0 for k #j}. (3.18)
T+ 0

Next derive a Helmholtz equation that is not well adapted. Multiplying
(3.12) by Tu yields

ent’E = pr(®+ curl B) = ut®+ curl (urB) — g}gﬁu A (TB)

] -
= pr®+curl (¥ —cwlFE) — Bracht (¥ —curl E)
1
— — gadp  — — ,_ eradu
= —curlcurl £ + Acurl B+ ur® + curl ¥ — AW,
f f

Expand curl curl E = —Zﬁ?g/réé FE+ g/r;igal\; FE. Introduce ¢ F in the pre-
vious quantities to find

—~—— —— ——¢€F — —— 1 1—
graddiv £ = graddiv g grad (grad (—) - eF + —div (eE))
€ € €

— grad
_ —grad(gra €

—~ 1 —
- E) 4 grad (;div D),

grad e

S - ¢E, 1 —
divgrad E; = divgrad i R div (—grad (eE;)) — div ( Ej),
€ €

€
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—_~— —~—

d — — d
acH Acurl E + pr® + curl ¥ — srac i

ent’E :—(mmE+g AT

—

~av Sarad (¢(B}})) — div (gmd6

{Ej})

orad — 1 —
+arad (B2 ) _ arad (L div @)
€T
grady = — — grad
+ Acurl B + pur® 4+ curl ¥ — AR

I I

This gives the system of wave equations, scalar in its prinicipal part,

enrE — ai\x;(%g/gﬁ(eE)) b LpE = ®p, (3.19)

with
LpE = {div (gmd6 E;)}; — grad (g“‘d6 ‘E) - grzd“ AcurlE,  (3.20)
Op = —grad( dlv ®) + pur® + curl ¥ — gré/:du AT, (3.21)

The magnetic field satisfies the similar equation

ent’B — &E(;gﬁé(w)) +LpB = p, (3.22)

with
LB = {div (82 oy grad (BR9E gy g“zde AowlB,  (3.23)
Oy = —g/rgé(l;(/ﬁ? U) + er¥ — curl @ + gride A . (3.24)

Equations (3.19) and (3.22) hold in each of the octants. If one computes
for instance LB in all of R3 there will be delta functions that appear
at the boundaries because of jumps in the first derivative of B. The well
adapted equation will have d; derivatives applied only to quantities that are
continuous across x; = 0. The continuity is guaranteed by the vanishing
jumps that come from the transmission condition.

Multiplying the tilde Helmholtz equation (3.19) by (7+01)(7+02)(7+03) /73
yields the equivalent equation in the octants

(T4 01)(T + 02) (7 + 03)

Pp(t,2,01,05, 03) E = 3

Dy . (3.25)

The reduced wave operator P is defined by

(7405
P e e Lt T;( D
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The elliptic opertor pg is defined, with the understanding that all indices
are taken modulo 3, by

Z 9; - T*"ﬁ;)ﬂ; %+2) 5. (cE). (3.26)

The j* component of the lower order term becomes, with k = j + 1 and
Il =7+ 2 modulo 3,

oo (I (o
— 9 <(T+T‘”)a’zeEk> — 0 <(Tt“’f) aleE) (3.27)

(o)1 +0y) 3kuE N (7 +ow)(r +03) I
T2 U T2 ke

The operators acting on B are defined similarly. Our well-adapted operator
acting on U = (E, B) is defined by

P = eu L7 ¥ oi(2))) —p+¢, with (3.28)
T

p(E,B) = (pg E,pB B), {(E,B) = ({g E,{p B).

Proposition 3.4. i. p maps H*(R3) to H1(R?).
ii. Ifu= (F,B) € D'(Q) satisfies (3.5,5.12) with data as in Proposition 3.3
supported in w, then

(14 o1(x1)) (7 + o2(22)) (7 + 03(23))

Pu —
-2

® =0 on Q (3.29)

with ® = (g, ®p) € L?(R3).
iii. If u= (E,B) € H'(R?) satisfies (3.29) on § then it satisfies (3.29) on
R3. In this case, (E, B) satisfies the Laplace transformed Bérenger system.

Remark 3.5. The first part of property iii distinguishes the well adapted
Helmholtz operator.

Proof. Part i. and ii were proved before the proposition.

Part iii. Since (3.29) holds in 2, the support of the lefthand side in (3.29) is
contained in R3\ Q = Q. With the notations in (3.26), E € H*(R3) implies
that for all 7,

(7 +0j41)(T +0j42)

F: =
! (1 + 0;)

0;(eE) € L*(R?).
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Denote by x+ the characteristic function of {£z; > 0}. Then Fj = x4+ F; +
X-Fj.

Denote the face {x; = 0} by F. The singular points in F are the edges,
G ={z,z; =0, zj41z;42 = 0}. Lemma 2.10 shows that G is a negligible
set for H'/?(F) ~ H'/?(R?). This implies that the open set C3°(R? \ G) is
dense in H'/?(R?). Therefore the most restrictive definition of H'/2(R?\ G),
namely this closure, is identical to the least restrictive definition, namely that
the restriction to each component of R2 \ G has an extension to an element of
H'/?2(R?). Both are equal to the intermediate space defined as restrictions
to R?\ G of elements of H'/?(R?). Since each element of H/?(R?\ G) is
the restriction of exactly one element of H'/2(R?), the space H/2(R?\ G)
is naturally isomorphic to H'/2(R?). An analogous argument shows that
H_1/2(]R2 \ G) — H_1/2(R2).

Equation (3.14) implies that Fj € C(Ry; ; H=Y2(F\ G)). In particular,
x+0; F makes sense as a piecewise continuous function with values in H~/2(F\
G). Equation (3.14) implies that 0;F; € C(ij;H’:s/Q(RQ\g)). The formula
for the distribution derivative of piecewise smooth function of z; implies that
on R\ S

F; Fj

jo
X+1L'5 L5
€

9,

= X+3j?

Define

1
__F.
e J

e H—1/2(R2\g) _ H_l/Q(R2).

=0+ z;=0—
Equation (3.15) asserting continuity across {x; = 0} \ S yields
supp @ C SN{z; =0} = G.
Lemma 2.10 shows that G is negligible for H~1/2(R?). Therefore Q = 0.
Since @ = 0, adding the x4 identities above yields
8]-% = X+aj% + xfﬁj% on R3\S.

Summing on j shows that the differential equation in (3.29), originally known
to hold on £, in fact holds on the larger set R3\ S that includes the smooth
points of Q. Therefore the left hand side of (3.29) is an element of H~!(R3)
with support in §. Lemma 2.10 proves that it vanishes identically. O

3.2.2 Estimates for the well adapted Helmholtz operator (3.28)

Proposition 3.5. If 0; € L>®(R) for 1 < j < 3, then there are constants
C,M so that for all u € H'(R?) with Pu := f € L*(R3), and 7 with ReT >
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M
Rer HUHLQ(RS) + HV'LL”LQ(R3) < C HPU‘HL2(R3)' (330)

Proof. It suffices to treat the equation for FE.

Main Step I. Consider first the case € = p = 1 that has all the essential
difficulties and is much easier to read. In this case, the first order term ¢
vanishes, and we treat the equation

[1(7 +0oy) . [Tirj(m+ ok) '

umpu=J, puzzaj (1 + 0;) .
j

The estimate is proved by considering the real and imaginary parts of the
identities

(u,f) = (Mu, u> — (pu,u), (3.31)

3
~(puu) = gt ow) o2 g
(pu,u) = /(; oy |>d . (3.32)

e We can see from (3.32) that the term (pu,u) is not far from its unperturbed
value. Indeed,

(T+o)(r+02) | - (01 + 02 — 03)T + 0102
(7 + 03) 7(7 + 03) '

Since the o; are uniformly bounded, there is a constant C so that for Rer
sufficiently large,

(T+o1)(T+02) 1‘ . O

(T + 03) = |7l
and therefore,
\V/ 2
‘(pu,u) + HVuHQ‘ <l |“|” . (3.33)
T
In particular for Rer sufficiently large,
Vul|? Vul|?
Im (pu, u)| < C4 ” |u|| . Re(pu,u) + ||Vul®* < Gy | |u||| . (3.34)
T T
e Expand the zero order term
[ +0,) _ 7l +0))
T 7|2
7(7’3 + ZUJ‘TQ + ZUinT + 010'203)
- |7[?
TP+ Y ol + Y oioj|T]2 4 0102057
- |7[? '
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Extract the imaginary part

I (7 +0j) I712Im 72 + 3" o|7|*Im T — o10203Im T
m =
T |72

Imr

= (2‘7’|2Re7'+ ZO’”T‘Q — Ulagag)w .

Therefore for Re 7 sufficiently large,

’Im [1(r + ;)

T

3
> 3 Rer| Im7|. (3.35)

The real part satisfies

[I(7+0j) _ ITPRe 72 + > 0j|7|?Re T + Y 040;|7|> + 010203Re T
T |72 '

Re

Therefore for Re 7 sufficiently large,

pe T+ )

. > Re7r? = (Re7)? — (Im7)?. (3.36)

e Next use identity (3.31). The imaginary part of (3.31) yields

Im(Mu, u) = Im (pu,u) + Im (f, u).
T
Insert (3.35) and (3.34) to find
3 Ch
5 Rer| Tm7| ul® < [If]l [lull + = IV

This is used to estimate Im 7||u||. Multiply by 2 [Im7|/ReT to find

201 |Im T‘

2 [Im 7|
< Z s
3 |r|ReT

2
< 3 Rey Nl + [Vl (3.37)

[m 7 [fu®

The information in the real part of (3.31) yields,
Re (H(Z;;Uj)u, u) = Re(pu,u) + Re(f,u).
Insert (3.36) and (3.34) to find
C1 || Vul?
]
On the right use the Cauchy-Schwartz inequality for the first term, and insert
(3.37) in the second term to find

Re7)?[[ull® + [Vull® < |(fiw)] + (Im7)*[ul® +

|21m7’\> ( N \211117]) C1 ||[Vul? .

2 2 2 < 1
(Rer)2ull® + [Vul? < |1l (1+ 5 —

7]

49



Pick o € (0,1). For Re sufficiently large one has

(1 N 2]Im7'|) max(Cy, 1)

3ReT 7]
Then )
Re7)2 2 [Vul| Vull? 3.38
(Rer)” [lull® + === < a (Ival® + [[rull 1 £1) - (3.38)
e Next estimate 7u using the equation H(Tjgj Loy — pu = f, isolating
u=pu+f— ((o01+ 02+ 03)T + (0102 + 0203 + 0301) + 019293 Ju. (3.39)

Choose a constant C3 so that for Re 7 sufficiently large,
|(o1 4+ 02 + 03)T + (0102 + 0203 + 0301) + 010203 /7| < Cs|7|.  (3.40)
Multiply (3.39) by @ and use (3.40) and (3.33) to find

G
7l

Therefore by Cauchy-Schwarz and elementary Young’s inequality, there is a
Cy so that Re 7 sufficiently large

Irull® < T IVull® + Cs llrall flull + [full 1]

Iral® < Ca(IIVul®+ ull® + 17]) (3.41)

Using also elementary Young’s inequality with coefficient S € (0, 1) in (3.38)
yields

2 2 [Vul? 2 é 2, Lo
(Rer)? ul* + =50 < a(|[Vull® + Slrul® + 5511 £1)

Inserting estimate (3.41) in the righthand side yields

Vau|? C C Cy 1
Ren? full? + 0 < a (0 B0 pwae B g+ (B4 ) 1517).

Choose « and f so that a(1 + @) = % to obtain with a constant C,
20,112 1 2 L2 2
(Rer) [lull™ + ZIIVul® < 2l + ClIAI®

This gives (3.30) for Re 7 sufficiently large.

Step II. Endgame. Return now to the problem with variable coefficients €
and p. Since they are C?, bounded and bounded below in R3, they intervene
only by multiplicative constants in the zero and first order terms. The zero
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order term is dominated by C/||u||? that is absorbed in the Re |u||? term for
Re 7 large.

For the first order term (E,/pFE), Cauchy Schwarz and Young’s inequalities
yield an upper bound o||VE|? + C||E||?/a. The first term is absorbed in
the gradient term ||V E||?> by choosing a, and C/« is absorbed in Re7. [

Proof of Proposition 3.3. F satisfies

—~— 1 — — orad
PpE = &p i= —grad (—div ®) + pr® + curl ¥ - g”; Eaw,

with (®,¥) = LU. The estimate
1—
[®pll < H;le Dl g1 + |7®[| 2 + [ 9] 711
with a similar estimate for the B equation, gives

1 —
1A S ILUN e A ITLU g2 + = div LU [ - 0

3.3 Estimates for Laplace transformed Bérenger

The proof of the estimates in Theorem 1.2 proceeds by estimating the
Laplace transform. The Laplace transform is split into two pieces U; and
U, that are estimated using the Propositions of Section 3.2. If U(7, z) is the
Laplace transform then R

LU = (47j,0).

Definition 3.3. Choose ¢1(z) € C§°(R3) supported in O with ¢1 =1 on a
neighborhood of W. Define ¢2 := 1 — ¢1. Define U; := ¢;U.

Proposition 3.6. There are positive constants C, M so that if ReT > M,
U,LU € H'(R3), supp LU C w then

Rer ||U1HH1 + Rert HU2||L2 + ||v:cU2HL2 < CHLU”Hl (3.42)
A weaker estimate, as strong as the Helmholtz estimates is
Re7 |Ull2 + [[VoUllz < IILU - (3.43)

Remark 3.6. The field of interest in the computation is Uy. Uy satisfies
estimates exactly as strong as the estimates for Maxwell’s equations. The
estimate for Us is weaker but without loss of derivatives.

Proof. Compute a system of equations satisfied by the pair Uy, Us. Define

Mj(r,z) = [L,¢;] =) ArOro; = < _— J)‘
Zk,: wo —[curl, ¢;] 0
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For each 7 € C, the M, are smooth matrix valued functions,
Mj(r,-) € C§°(0), supp M; Nw = 0. (3.44)
Compute

LU; = L(¢;U) = ;LU + (L, ¢;JU = ¢;LU + MU . (3.45)

3.3.1 Estimate for U,
For our problem with j supported in @, ¢oF = 0. The equation for Us is
LUy, = MyU.

Since M, U is supported in O where the absorptions vanish so div = div,
Proposition 3.3 implies that

1.
Re7[|U2]lr2 + IValall2 S 1LU2| g2 + |7 LUz 2 + H;dleUz

i

1
S MUl + 7 Ma Ul g2 + ||~ Ma U o
(3.46)
On O\ @, € and p are scalar and LU = 0. It follows that

(e — A + q(z,0,))U = 0, on O\w (3.47)

with ¢ a system of partial differential operator of degree 1. The terms of de-
gree one have C'! coefficients with bounded derivatives and the term of order
zero has bounded coefficient thanks to the hypothesis €, u have derivatives
up to order two continuous and bounded.

Equation (3.47) is a homogeneous elliptic equation that holds on a neighbor-
hood of supp Ms. The elliptic regularity theorem for the laplacian is used to
estimate the H? norm of MyU.

Define a finite sequence of scalar cutoff functions x; € C5°(B). The first is
chosen so that xi is identically equal to one on a neighborhood of supp Ma.
The succeeding cutoffs are chosen so that supp x;+1 is identically equal to
one on a neighborhood of supp x;. Elliptic regularity yields

IX1Ullg2 S Ix2AUllr2 + [[x2Ullrz -
Using (3.47) yields

Ix2AUllz2 S 172 x2Ull2 + [xaU g -
Using these, estimate

1 1 1
=M Ul S =200l S IrxeUlle + 1= xsU e -
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Inject in (3.46) to find
Re7 |[Usllr2 + [[Valale S N7 x2Ulle + lIxsUllar - (3.48)

On the right express 7Us in the support of yo hence inside O using the
equation to estimate

Imx2Ulle S [xeVUl2 + [IxaUlle S [IxaUllae -
Therefore (3.48) yields

Re7 U2l + [[Valzllr: S [IxsUllgo - (3.49)

3.3.2 Estimate for U; and U,

The equation for U; has source term ¢oF. The cutoff ¢o was chosen to be
identically equal to one a neighborhood of the support of the source term j
leading to R

LU, = MU + 4xj.

Proposition 3.2 yields
Rer Uil S IMiUllm + il S aUller + llille: -

This easy derivation depended only on the fact that the cutoff function ¢;
was supported in O. Exactly the same argument yields

Re [x;Ullp < U + illar -

Combining the last two yields

1 =
Rer |Utllm S Ror 1O+ 131l - (3.50)
eT

This improves (3.49) to

1 >
Rer [Uall2 + [Valallie S 5= (10w + Bl ). (351)

Summing yields

1 =
Re7 |Utllgn + Ret [|[Usllp2 + [[VoUall2 S Ror N0 + 3l -

For Rer large this proves estimate (3.42), completing the proof of Proposition
3.6. O
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3.4 Existence and uniqueness proofs
3.4.1 Laplace Transform, Paley-Wiener, and Plancherel.

The Laplace transform of a distribution F supported in ¢t > 0 with e ™ MF €
LY(R) for A\ > M, is holomorphic in Re7 > M, given by

F(r) = / e~ F(t) dt.
Our functions F' take values in a Hilbert space H.

Theorem 3.7. The Laplace transforms of functions F € eMt L2(R; H) sup-
ported int > 0 are exactly the functions G(7) holomorphic in ReT > M with
values in H and so that

sup / Hﬁ(T)HZr |dr| < 0.
A>M JReT=A

In this case ﬁ(r) has trace at Re™ = M that is square integrable and

Jemiraa = so [ JF@ el = [ JE@ .

3.4.2 Estimates of Theorem 1.2

The a priori estimates corresponding to Theorem 1.2 are now immediate.

e The estimate
/e—QAt(AHUH%? + HVmUH%Q) dt < right hand side of (1.9)

follows by combining the Plancherel identity of the preceding section with
the estimate (3.43).

e The remaining estimate in (1.9) follows from Plancherel and the estimate
for VU, in (3.42).

e The estimate for U; comes from expressing U; in terms of U, and LU.

e The fact that EJJ = Bj: = 0 follows from (3.3) and the fact that the ;!
row of the C; vanishes.

e The estimate for O{E7, B7} follows from the equation that shows that
ITEI, 7B < |V,U]|.

3.4.3 Proof of Theorem 1.2

I. Proof of existence for smooth sources j and smooth absorptions

oj(z;)-.
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For 0; € W2>®(R) and j € eMH?(R x R?) with support in ¢ > 0 existence
is proved in [7] following [17]. The method is an elaboration of [14]. A
Hilbert space norm bounded below with the L? norm of E, B, E/, B/ and
above by the H? norm of these quantities is constructed so that for solutions
the square of norm, denoted £(U) satisfies dE(U)/dt S E(U)+ E(j). Similar
estimates hold for the semidiscrete scheme that one finds by using the Yee
discretization of the x derivatives. Passing to the limit of decreasing mesh
size yields a solutions in eML2(R x R3).

We need solutions with total field U belonging to e H(R x R?).

Since the equation is time translation invariant, if j and 0;j belong to
eMH?(R x R3) one finds a total field U and U; in eML?(R x R3). The
Laplace transformed equations satisfy

reE = cwlB + 47T?j\, reB = —cwlE.
Taking divergence yields
rdiveE = 4#&1;}, Ta—i\;,ul? = 0.
This bounds
diveE, curlE, divpgB and curl B.

Lemma 3.8. The overdetermined system F > aEeF, (?ITI'/I/F\/Z'S Jor each
Re7 > 0 is an overdetermined elliptic system. Similarly G — div uG, curl G.
The ellipticity is uniform in x.

Proof. Verify the Lopatinski condition for the system with permittivity e.
For z fixed the plane wave with real ¢, e e, is a solution of the frozen
div, curl problem if and only if

, T
elé‘x 97 9] = We‘y

is a plane wave solution of the overdetermined system H — diveH,curl H.
For the latter the necessary and sufficient conditions are

£-ee=0, and &ENne=0.

The second implies that £ || e. Without loss of generality we can take e real.
The first condition then yields e = 0 because € is positive definite. O

Elliptic regularity implies that
IVoEll S [[diveE]| + [lcwrl E]| + |[E].

This together with the Plancherel Theorem implies that the total field U €
eMH' (R x R?). This completes the proof of I. O
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II. Proof of existence. Choose sequences o7 € W2 (R) with support in
] — 00,0, and oF — o; in L>(R) weak star as n — oc.

Choose j® € C§°(R x R3) with support in {t > 0} and j* — j in eMH(R x
R3).
Denote by E™, B", E™J, B™J the solution of the Bérenger split problem with

absorptions ¢} and current j” constructed in IL..

The estimates of Theorem 1.2, proved in Section 3.4.2 apply to this sequence.
The constants C, M associated to the family of absorptions {o}'} can be
chosen uniformly. They depend only on the L* norms of the absorptions,
see part iii of Remark 3.4

Extracting a subsequence one may suppose that the total fields
U — U weaklyin eMH'(RxR?),
and the split fields satisfy for all &, j,
U™~ UV weakly in eMLAH(R x O,).
The limits are the desired solutions. This completes the proof of existence.

II1. Proof of uniqueness. For a solution with vanishing data, the Laplace
transform U of the total field satisfies a homogeneous equation for which
uniqueness is proved in Proposition 3.6. This completes the proof of unique-
ness and thererfore of Theorem 1.2. O

3.5 Numerical study of the loss of derivatives

The simulations in this section do not concern corners. We have proved
that there is essentially no loss of derivatives for the Bérenger split Maxwell
equations even in the presence of corners while it was commonly believed
that there was loss even without corners. The simulations below show that
for the split equations with neither boundaries nor absorptions there is loss
for data whose divergence is non vanishing and no loss for divergence free
data.

The simulations treat the 2-D transverse electric Maxwell system in R
with light speed equal to one

2
x7y’

b, =0yB,, OFEy,=-0,B,, 0B,=—-0,FEy+0,E;. (3.52)
In the Bérenger split system, the third equation is replaced by
OBy = —0yEy —0(2)B,y, 0B,y =0yE,;, B,:=DB.;+ B, (3.53)

Following Bérenger [4] and discussed in [7] §3.3, only the magnetic field is
split in the x direction. The total magnetic field is the sum of the split fields.
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The computation concerns the model with absorption o = 0. It reveals the
role of the splitting alone on the loss of derivatives. The field B, in the
Bérenger model is equal to the B, of the Maxwell model. This is also true
for the discrete models.

The equations are solved in the rectangle [—1, 1] x [—1, 1], with perfect con-
ductor boundary conditions n A ' = 0 on the boundary. The equations are
discretized by the the Yee scheme, see for instance [7]. The mesh sizes are
dr = dy = 1073, dt = 7.0711e — 04 just inside the CFL limit. The system is
run for 40 time steps.

The magnetic field is zero at ¢ = 0. Solutions are computed with initial
electric field with frequency w = 5 x 2" with 0 < n < 5. The initial data has
the form

a(x,y) eQm’wv.(r,y)’ vV = ——

For the Maxwell system we measure the discrete L? norm in space and time
of (E, B.), for the Bérenger system the norm of (E, B.,, B.,, B). Both are
normalized by the total norm of (E, B,) at initial time.

In a first set of experiments, the initial electric field, is divergence free. The

divergence of the finite difference approximations remains below 10710, and
the norm of the solution is given in Table 1.

Frequency 5 10 20 40 80 160
Maxwell || 0.0852 | 0.1269 | 0.1132 | 0.1162 | 0.1226 | 0.1266
Berenger || 0.0444 | 0.0642 | 0.0568 | 0.0581 | 0.0613 | 0.0633

Table 1: L? norm as a function of the frequency. Divergence equal 0

In the second set, the data are almost the same as before, except for a change
of sign in £,. The modified electric field is not divergence free, and the norm
of the solution is given in Table 2.

Frequency 5 10 20 40 80 160
Maxwell | 0.1702 | 0.1702 | 0.1703 | 0.1703 | 0.1703 | 0.1703
Berenger || 0.1835 | 0.2121 | 0.3012 | 0.5247 | 1.0036 | 1.9546

Table 2: L? norm as a function of the frequency. Divergence not 0

For divergence free initial electric field, the norm of the solution is constant
as a function of the frequency. In this second case, the norm of the solution
of the Maxwell system is constant, while that of the Bérenger system grows
linearly with the frequency. The L? norm of the solution grows like the H!
norm of the data, illustrating a loss of one derivative.
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