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Stability of Perfectly Matched Layers for Maxwell’s
Equations in Rectangular Solids

Laurence Halpern * Jeffrey Rauch T

Abstract

Perfectly matched layers are an essential tool designed in the nineties
for the computation of electromagnetic waves. The method replaces
the Maxwell equations by a larger system, and introduce variable ab-
sorption coefficients that are nonvanishing near the boundary of the
computational box. Classic absorbing conditions are imposed at the
boundary. Well posedness of the resulting initial boundary value prob-
lem is proved here for the first time. The analysis proceeds by Laplace
transform in time on smoothed domains. There we design boundary
conditions for a non selfadjoint Helmholtz system. Estimates uniform
in the smoothing are proved using carefully constructed test functions.
One estimate is of energy type with less positivity than usual. A sec-
ond follows Jerison-Kenig-Mitrea from elliptic problems in Lipschitz
domains.

Keywords. Perfectly matched layers, Maxwell’s equations, absorbing bound-
ary conditions, trihedral corner, stability.

AMS Subject Classification. 35L50, 35153, 35J25, 35Q61, 35B30, 78M20.

Acknowledgments. We thank D. Jerison and C. Kenig for help navigating
boundary value problems in Lipschitz domains. JBR gratefully acknowl-
edges the support of the CRM Centro De Giorgi in Pisa, the LAGA at the
Université Sorbonne Paris Nord, and the Fondation Sciences Mathématiques
de Paris, for support of this research.

*LAGA, UMR 7539 CNRS, Université Sorbonne Paris Nord, 93430 Villetaneuse,
FRANCE, halpern@math.univ-paris13.fr

"Department of Mathematics, University of Michigan, Ann Arbor 48109 MI, USA
rauch@umich.edu.



1 Introduction

This paper proves stability of algorithms that compute approximate solu-
tions of Maxwell’s equations

OF —curl B=—j, OB+ curl E =0, (1.1)

on the unbounded domain R; x R3. The algorithms use a bounded compu-
tational domain @ C R?. The values of the fields are sought on a smaller
domain of interest denoted Q. Perfectly matched layers are employed in
o\ 9.

The current density j and charge density p supported in {t > 0} x Qj are
given and satisfy the conservation identity

Op = —div j. (1.2)
Taking the divergence of (1.1) implies that,
Oi(div E) + divj = 0y(divB) = 0.
Since E, B, j are supported in t > 0, it follows that F and B satisfy

divE = p, and, divB=0. (1.3)

The fundamental difficulty posed by the bounded computational domain is
that the boundary of the domain, 9Q, is not physical. Waves in R? simply
pass through it undisturbed. A numerical algorithm needs to mimic that
invisibility. This is often done by introducing a boundary condition chosen to
approximately reproduce this transparency. Such conditions let waves leave
Q so that solutions viewed in Q seem to lose energy. The conditions are
called absorbing boundary conditions. In dimension d > 1 there is invariably
some reflection that pollutes the approximation. A remedy with extremely
high computational cost is to enlarge Q so that the reflections do not have
time to come back. A second remedy is to modify the equations in a layer
about Qj to absorb waves. The aim is that waves that reach 09 are weak
so that their reflections are small. However even very cleverly constructed
layers themselves reflect and can create errors analogous to those from the
boundary conditions. In the early nineties perfectly reflectionless layers were
constructed.



1.1 The PML strategy

Assumption 1.1 Q is a rectangular solid, and, there is a rectangular solid
Or with Qr C Q called the domain of interest. Assume that the charge
density p and current density j are supported in [0,00[x Qr and satisfy (1.2).

The PML strategy introduces a new larger system of equations in Q. A
linear combination of the new unknowns yields the approximate solution in
Q1. There are three goals.

e In Q\ Q; solutions of the augmented system are damped.
e There is no reflection at all from the layers in Q \ Qj.

e They are easy to implement.

Such perfectly matched layers for Maxwell’s equations were constructed by
Bérenger [6, 7]. The existence of such layers is truly remarkable. After
Bérenger, closely related PML were introduced [30, 10, 37, 22, 34, 38]. They
all have at their core the stretched equations studied below. Our analysis of
the stretched equations suffices to analyse them all (see §9).

The combination of perfectly matched layers for Maxwell’s equations with
standard absorbing boundary conditions on 0Q is amazingly efficient. It is
deservedly one of the most widely used algorithms in computational physics.
As a result of this massive experience, the behavior of the algorithm in
practice is well understood. Three desirable properties are observed.

e Stability. The computed solutions are bounded on bounded time inter-
vals.

e Absorbing layers. The computed waves decrease as they pass through
the regions with nonvanishing absorptions (introduced in §1.3).

e Uniform stability. The computed solutions are bounded in {t > 0}.

There is an enormous gap between what is understood in practice and what
is proved. In this paper we prove the stability. Solutions with perfectly
matched layers and absorbing boundary conditions at 0Q exist, are uniquely
determined, and remain bounded on bounded intervals of time. The other
two properties are outstanding open problems.

The stability problem has remained unsolved for more than thirty years for

several reasons.

e The computational domain has trihedral corners. The boundary con-
ditions change when one passes from one face of the rectangular solid to



another. Such hyperbolic problems are little developed.

e The PML involve absorption coefficients o;(x;) that vanish identically on
Q7. These variable coefficients defeat exact solution strategies.

e The PML introduce auxiliary variables. The augmented systems are usu-
ally degenerate in one way or another. They are plagued by characteristic
boundaries, loss of ellipticity, weak hyperbolicity, etc.

To formulate precise theorems introduce some definitions.
Definition 1.1 Define a C® valued function u and a 6 x 6 sytem of differ-
ential operators A by,

0 —curl
curl 0

w = (E,B), A®) = ( > 0= (0y,02,05).

Equation (1.1) is equivalent to

du + A@u = f,  f = (=4,0). (1.4)
Define real antisymmetric 3 x 3 matrices Ay and 6 x 6 matrices Ay,

0 0 O 0 0 -1

Ay=10 0 1], A,:=10 0 0 |,
0 -1 0 1 0 0
0 10

Ag:=|—-1 0 0], A= <_?4 f(l)’f>.
0 00 F

Then A(0) = > AkOk. Define
Al =D GA = <§\ _§A> : (1.5)
k

Definition 1.2 Denote by Q = Q(L1, Lo, L3) the rectangular solid
Q = {zeR® : |2/ <Lj/2, j=1,2,3}
The boundary of Q has siz open faces I'y, with 1 <k < 6. Fori=1,2,3,
I := {&; = —L;/2, and, |z;| < L;j/2 for j #1i},
Divs == {zi = L;i/2, and, |z;| < L;/2 for j #i}.
For a point x € T'y, v(x) denotes the outward unit normal to Q at x.

The singular subset S C 0Q consists of the points of the boundary so that
\zj| = Lj/2 for more than one value of j.
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1.2 Energy flux and absorbing boundary conditions

Recall the energy law for real solutions of Maxwell’s equations.

Definition 1.3 For vectors v and w in C% the dot product is defined as
vow =y, vpwy the sum of the products of the components. The C? scalar
product equal to v -w is denoted (v, w).

Remark 1.1 If vectors v(1) and w(r) depend holomorphically on T then
v(1) - w(T) depends holomorphically on 7. The C? scalar product need not
be holomorphic.

Suppose that F, B satisfies Maxwell’s equations with currents vanishing on
an open set . The energy density is defined to be (|E|?+|B|?)/2. Compute
three equivalent expressions for the flux of energy through an element of
surface d¥ with unit outward normal v.

Start with
%(E*+|B*)/2=(E-E,+B-B;) = (E,B) - (BE,B);.

Maxwell’s equations yield

F-E,+B-By = E-curlB— B-curlE.
The vector identity div (uAv) = v-curl u—u-curl v yields Poynting’s identity,

H(E* + |B*)/2 + div(EAB) = 0.
Integrating and using the Divergence Theorem yields

at/(\E\Z +B2)/2 dz + / (EAB)-vdS = 0
Q o0
The outward energy flux is equal to
(EAB)-vdx. (1.6)

Compute the flux using the matricial form of the Maxwell operator. With
u=(E,B),
U - (ut + ZAkaku) = 0.

Since the Ay, are real and symmetric this yields the conservation law

8t‘u|2 + Z@k(u~Aku) = 0.
k

b}



Integrating over €2 yields
3t/ lul? dz + / u-(A(v)u) d¥ = 0
Q o

Definition 1.4 For a hermitian matriz A , E¥(A) denotes the spectral sub-
spaces corresponding to strictly positive and strictly negative eigenvalues.
Denote by nF(A) the orthogonal projection on those spaces. Denote the
nullspace as E°(A) with projector n°(A).

Lemma 2.1 shows that the eigenvalues of A(v) are £1 and 0. Therefore
2 _ 2
u- (A@u) = || (A@)u|” — |7~ (A@)ul”

The outward flux of energy is equal to

1 1 2 _ 2

S (Awp) a2 = 3 (HH(A(V))uH — |7 (A@))ul| )dz. (1.7)
The boundary of the computational domain Q is an artificial boundary. A
natural choice of boundary condition is to require that 7~ (A(v))(E, B) = 0.
This says that the incoming part of the energy flux from (1.7) vanishes at

00Q.

Definition 1.5 If O C R? is an embedded 2-manifold, w € O, v is a unit
normal vector to O at w, and V € T,(0O), the tangential component of V,
denoted Vign, is defined as V. — (V - v)v.

Example 2.4 shows that 7~ (A(v))(E, B) = 0 if and only if Eisp = Bian A V.

With this boundary condition on UI'y, the outward energy flux density is
non negative. For sufficiently reqular solutions this implies that the energy
in @ in non increasing. The theory of symmetric positive boundary value
problems of Friedrichs [14, 21, 31] shows that the initial boundary value
problem for Maxwell’s equations has weak solutions and that strong solu-
tions are unique. The fact that the boundary is irregular prevents one from
using mollifiers to prove the uniqueness of weak solutions and therefore that
the initial value problem is well posed.

The uniqueness in Part 1 of [16] shows that for each 7 the Laplace transform
of the solution belongs to H'/ 2(Q). A capacity argument shows that H 1/2
regularity suffices for each 7 to justify the energy identity. The H/2 regu-
larity in the Maxwell context relies on results of Jerison and Kenig and was



proved by Costabel [12]. We rediscovered that result and give the correct
attribution here. Recently Nicaise and Tomezyk [27] prove that for con-
vex polyhedra (hence Q), the Laplace transform of a solution of Maxwell’s
equations with the ABC on 9Q belongs to H'(Q). With this regularity the
justification of uniqueness is straight forward.

1.3 The split and stretched equations

Assumption 1.2 The split equations involve non negative absorption co-
efficients o, € C*°(R). Assume that o(xk) vanishes for all x € Qr and
that for all £ € N, the derivative ot (-) € L®(R).

Remark 1.2 The absorption oy(xy) is typically strictly positive on a neigh-
borhood of I'y UT'k+3. As a function of xi, o usually increases from value
zero in Qr to a mazximum at Q. The strips where o > 0 are called ab-
sorbing layers.

Bérenger’s splitting introduces U= (U, U?,U3) with U* taking values in

RS. The split equations imposed on U are
(at—l—ak(l‘k))Uk + Akék(U1+U2+U3) = fr, k=1,2,3. (1.8)

The k' equation has the 9j, derivatives from Maxwell’s system. The source
terms fy, are chosen so that fi+ fo+f3 = (—7,0) := f. The most symmetrical
choice is fr = f/3. Another common choice is fi = f and fo = f3 = 0. To
cover both treat

fe=cef, f=(-4,0), >0, ca+catcz=1 (1.9)

Our method yields the same conclusion for each of these choices with esti-
mates uniform for ¢ as in (1.9).

Definition 1.6 The system (1.8) with (1.9) is called the split equations.

For a solution of the split equations, the associated electric and mag-
netic fields are defined by (E, B) :== Ul +U? + U3.

The restriction of E, B to Qy is the output of Bérenger’s method.

The analysis of the pure initial value problem on Rt for the split equations
corresponds to a computational domain Q = R3. It is much simpler than



the mixed initial boundary value problem with boundary conditions on 9Q
with its edges and corners.

The first proofs of stability for Bérenger’s system on R® differentiated the
equations to construct a large system for a highly heterogeneous mix of
derivatives. The system has constant coeflicient principal part that is sym-
metrized by a Fourier multiplier S(D), see [23, 22, 29, 24, 15].

The split equations are not a symmetric hyperbolic system. The estimates
in all of the above papers involve subtle constructions. Though the layers are
called absorbing there is no known simple energy decay law for Bérenger’s
split Maxwell system. For systems whose characteristic polynomial has fac-
tor 72 —q(&, €) with real positive definite anisotropic quadratic ¢ with axes of
symmetry not aligned with the coordinate axes, the analogous layers for the
split equations are amplifying [15, 3]. For the anisotropic Maxwell system
even with axes aligned with the coordinate axes, the layers are amplifying
[4].

The solutions of (1.8) are supported in ¢ > 0. If the solutions grow no faster
than e™*, then their Laplace transforms are holomorphic in Re 7 > M. The
Laplace transform, indicated with a hat, of (1.8) is

~

(T—i—O'k(xk))ﬁk + Akak([/jl—FﬁQ—l—ij) = fr, k=1,2,3. (1.10)

Definition 1.7 Define the stretched derivatives

~ T ~ ~ o~ o~

Oy = —— O, k=1,2,3 0 = (0,0,0).
k T‘i‘Uk(xk) k> ) 4y 9y (a ) )

The corresponding vector operators are,

gr/;d = (51,52,53), (i;’ = (51752753)‘7

curl := (51,52,53)/\, A = &Rrg?a/d

Multiply the k" equation of (1.19) by 7/(7 + ok (x)). The sum of the three
resulting equations shows that (F, B) satisfies

~

(r+> Aw)(E,B) = f. (1.11)
k

Equivalently, using Assumption 1.1 and Assumption 1.2,

TE — CurlB = — Z m = —7, TB + CuI'lE = 0 (112)
k
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Definition 1.8 The equivalent systems (1.11) and (1.12) satisfied by E, B
are called the stretched Maxwell equations or simply the stretched
equations.

Applying div to the stretched Maxwell equations and using the continuity
equation in Assumption 1.1 yields the stretched divergence identities

rdivE = —divj = 7p, rdivB=0. (1.13)

When 7 €]0, oo, the stretched Maxwell equations are real and symmetric in
the sense of Friedrichs [14], that is, the matrices multiplying 0y are real and
symmetric. For 7 real and large the stretched system is positive in his sense.
However, when 7 is not real the coefficients are not hermitian symmetric.
The split system (1.8) and (1.10) is never symmetric and never hermitian.
If the absorptions are not identically equal to zero, the stretched Maxwell
system is hermitian for and only for real 7.

Definition 1.9 For 7 € C\ 0 the coordinate stretchings Xy(t,xy) are the
solutions of ordinary differential equation initial value problems
00X}, T+ O'k(mk)

P = L Xi(r,0) = 0. (1.14)

Remark 1.3 For real 7 > 0, 0X/0x; > 0 so xz — X(7,z) := (X1, X2, X3)
is a diffeomorphism from R3 onto itself.

Compute for T €]0, oo[,

= —=—. (1.1
a.’L'j 8Xk T (9)(]‘7 T—i—Uj(.’L'j) 81']' 6Xj ( 5)

For 7 complex, X is complex valued so is no longer a 7-dependent change
of variable on R3.

Stretched vector operators satisfy the familiar identities,

diveurl =0,  div(® A ¥) = (curl @) - ¥ — (curl ¥) - @, (116
A = graddiv — curlcurl,  curlgrad = 0. '

Proof. For 7 real, the stretched version follows from the unstretched version
by coordinate stretching.

The terms in the stretched identities are holomorphic in {Re7 > 0}. Since

the identities hold on the real axes, they follow by analytic continuation for
all Re 7 > 0. O



1.4 Main Theorem for the stretched equations

Consider (1.11). At a boundary point in I'; the normal matrix is equal to

T T
_— A, = ———— v A s =41,
Zyk T+ ok (xg) K T+ 0j(xy) Vit Yi

When 7 > 0 this is a strictly positive scalar multiple of the normal matrix
for the Maxwell system. The energy flux argument shows that the boundary
condition 7~ (v)(E, B) = 0 is a natural choice for the stretched equations
with 7 > 0. If this choice is made for 7 > 0, then by analytic continuation
w*(y)(E,E) = 0 is satisfied on Re 7 > M. The conclusion is that for
the rectangular domain @, a natural boundary condition for the stretched
equations is 7~ (v)(E, B) = 0 on 9Q \ S. Theorem 1.11 solves the resulting
mixed initial boundary value problem.

The stability result for the stretched equations is the folllowing. The asser-
tion involves boundary traces. If W = (F,G) € L?(Q) satisfies the stretched
Maxwell equations with source j, p vanishing on a neighborhood of 9Q then
on a neighborhood of the boundary, W, div W, curl W are square integrable.
Proposition 5.4 shows that W has a well defined trace in H~'/2(dQ). There-
fore, the boundary traces in ii and iv of Theorem 1.11 make sense.

Definition 1.10 IfO C R3 is open and K C O is compact, define L%(((’)) =
{f € L*(O) ; supp f C K}. The spaces C3¢(O) and H}(O) are defined
similarly,

Theorem 1.11 Assume that Assumption 1.2 is satisfied. There is an Mo >
0 so that if M > My, J and R satisfying —divJ = TR are holomorphic
on Re T > M with values in LZQ—I(Q), then there is a unique W(T) =

(F(1),G(7)) that satisfies i, ii, iii, iv.
i. W is holomorphic on {ReT > M} with values in L*(Q).
ii. Wian is holomorphic on {Ret > M} with values in L?(UT}).

iii. For all Re 7 > M, one has the following equations on Q,

TF—cwlG=—J, 7G+cwlF=0, divG=0, divF=R. (1.17)

iv. Fian = Gian AV (equivalently 7= (v)(F,G) = 0) on UTl'.
In addition, with constant independent of R, J, T, M,
(Re)[W () 72(0) + Re D) [Wean(T)[72ury S IR(T), J(1)[1Z20)-
(1.18)
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Remark 1.4 In addition, W|sg is holomorphic with values in L?(0Q) with
IWlagllz2a0) S ITI'*(Re 7) MR, JllL2(g) (see (8.6)). Forn <1, VW €
L2(77Q) with HVWHLQ(WQ) < Cy|7|(Re T)_IHR,JHLQ(Q) (see (8.7)).

Example 1.1 Perfect matching. Theorem 1.11 implies perfect matching
when Q@ = R3. Compare W with a second family of solutions, Wy, cor-
responding to the unstretched case o = 0. Perfect matching asserts that
W’QI - WO‘QI'

Proof of perfect matching from [15]. Equation (1.15) asserts that 5]
in the = coordinates is equal to 0/0X; in the X coordinates. Therefore for
positive real 7, the change of variable conjugates the stretched operator in
x to the unstretched operator (equivalently the operator with o = 0) in X.

In addition for 7 real both operators have easy estimates. Both of these
operators are invertible for 7 €] M, co[. The change of variable is equal to
the identity on Qj. Therefore, when one solves these different equations
with the same source supported in Q; the two solutions agree on Qj.

As both W and Wy are holomorphic on Re 7 > M, it follows by analytic
continuation that Wlg, = Wy|g, for Re 7 > M. O

Remark 1.5 For a bounded computational domain Q the perfect matching
is destroyed. Waves reaching the external boundary are partly reflected and
pollute the computation in Q. This effect is mitigated by the decay of wave
in the layers. The imperfections decrease with increasing thickness of the
layers. Proving that the PML for Mazwell’s equations have this observed
dissipative behavior is an outstanding open problem.

1.5 Main Theorem for the split equations

Theorem 1.12 Assume that assumptions 1.1 and 1.2 are satisfied. There
is an Mo > 0 so that if p > My and p,j € eML2(R x Q) then there is a
unique solution U = (U, U?,U?) € L*(R;H~*(Q)), satisfying U = 0 for
t <0 and the split boundary value problem (1.8,1.9) on R x Q with,

Vi=U'4+U?+U%:=(F,G) c eL*(R x Q),

V;faneeﬂtI?(erk)a 1<k<6,

Fion = Gian N v (equivalently 7~ (v)(F,G) =0) on R xUly.

11



In addition, V' and the components Uk satisfy

MHG_MVHLQ(RXQ) + “l/QHB_M%“"HLQ(RXqu) i

B v _ (1.19)

ple Mt{Uk78tUk}HL2(R:H71(Q)) < e ut{p’]}HLQ(RxQ)‘
Remark 1.6 i. The output of Bérenger’s algorithm is the restriction of V
to Q. With this in mind, estimate (1.19) resembles the estimate for the
Mazwell’s equations themselves.

ii. The restriction of U to nQ with n < 1 satisfies (use equation (8.7))
plle ™™ UM a@engyy < Cylle™ {0,015} | L2@x 0)- (1.20)

Remark 1.7 Stability. For PMLs for Mazxwell’s system with variable
absorptions and absorbing boundary conditions, stability even for smooth
boundaries, is not proved before this paper.

Uniform stability. Estimate (1.19) allows the possibility of exponential
growth in time. Proving uniform boundedness, suggested by computational
experience, is an oustanding open problem.

For the special case of Q = R3 with constant oy, Bécache-Joly [5] prove the
boundedness of ||E, B||r2ws) for t > 0 by exact solution formulas.

For 0? — A with constant absorptions on R3 or on Q with periodic or
Dirichlet boundary conditions Bécache-Joly [5] and Baffet et. al. [2] bound
sup;>g [|utl|L2(g) for smooth solutions. For these boundary conditions, the
boundary terms in their energy method vanish identically. This is very dif-
ferent from the outward flux of energy desired in numerical methods. Decep-
tively, it sounds as if the outward flur should make the problem simpler.

1.6 Outline of the proof

The key result is Theorem 1.11 asserting existence uniqueness and holomor-
phy in 7 of solutions of the stretched Maxwell system. Just as solutions of
Maxwell’s system are solutions of D’Alembert’s wave equation, the solution
of the stretched Maxwell system satisfies a Helmholtz system, introduced in
§3.

On 0Q this Helmholtz system requires six boundary conditions. Two come
from the boundary condition 7~ (v)(E, B) = 0. An additional pair are the
divergence relations div E = divB = 0. The final pair comes from the
stretched equations themselves. The additional condition, introduced in

12



§3.1.2, is 7T (Mv)(r — curl E, 7 + curl B) = 0 with M from Definition 3.1.
The resulting boundary value problem is solved on a domain Q° that is a
smoothing of @ on a §-neighborhood of the singular set S.

Though solutions of the stretched Maxwell boundary value problem au-
tomatically satisfy the resulting Helmholtz boundary value problem, the
converse is proved only for real 7 and only for smooth solutions. That
smoothness requires the smoothed domain. That the stretched boundary
value problem is satisfied for general T follows by analytic continuation.

Section 4 shows that the Helmholtz boundary value problem satisfies Lopatin-
ski’s coercivity condition, and depends holomorphically on 7. The boundary
data for this problem are sections of vector bundles that depend holomor-
phically on 7.

The hardest part of the analysis is the derivation of estimates for the solu-
tions of the stretched Maxwell boundary value problem on Q°. One set of
estimates comes from the Helmholtz boundary value problem and depends
on Green’s identities established in §5. As for the analysis of the absorbing
boundary conditions for Maxwell’s equations, the associated quadratic form
leading to the Laplace operator is the div — curl form and not the Dirichlet
form [13]. Proposition 5.10 gives important relation between the boundary
terms in Green’s identity and the spectral projections of §2.

A system sharing the Lorenz invariance of Maxwell’s but with stronger el-
lipticity is Pauli’s equations analysed in [17]. That analysis uses the Dirich-
let form. The Helmholtz boundary value problem is significantly simpler
with slightly stronger estimates. The difficulty of proceeding from Pauli to
Maxwell surprised us.

In §5.3 the Green’s identities are applied to the stretched Maxwell’s equa-
tions with 7 €]0, co[ to prove invertibility. This complements the Lopatinski
analysis of §4.

For complex 7 there are two difficulties in applying the identities of §5. The
first is the choice of appropriate multipliers. The second is the boundary
terms that no longer have a sign.

Section 6 presents the technique for overcoming the second obstacle. We
derive estimates for the stretched Maxwell system that are analogues of
those of Jerison-Kenig [19] for harmonic functions and M. Mitrea [25] for
Maxwell’s equations. They assert that the boundary trace up to a small
correction is of the same size as the 77 (Muv) part of the trace. Green’s
identity has a term with 7+ (Muv) part appearing with favorable sign.

The natural multiplier in Green’s identity is not the complex conjugate of

13



(E, B). The natural space is the set of fields with square integrable div and
curl. The complex conjugate of such a field need not satisfy this constraint.
In §7, appropriate multipliers are found. The crucial estimates required to
solve the stretched Maxwell boundary value problem on Q° with bounds

uniform in § is proved in §7.

Section 8.1 shows, by analytic continuation from 7 real, that the solution
of the Helmholtz boundary value problem satisfies the stretched Maxwell
equations on Q9. Section 8.2 solves the stretched Maxwell equations on Q
with its trihedral corners by passage to the limit § — 0. The holomorphy
in 7 makes it easier to prove convergence. The uniqueness of the solution
is proved by showing that the Laplace transform vanishes for 7 real. That
follows from the uniqueness theorem in Part 1 of [16]. Section 8.3 solves the
split equations.

Part 1 of [16], treats domains with trihedral corners for symmetric hyper-
bolic problems with strictly dissipative boundary conditions. The existence
proofs were easy thanks to straightforward energy identities. For the present
article, the existence step is difficult.

Maxwell’s equations on smooth domains with the absorbing boundary cond-
tions is a classical problem. It, and the stretched version with 7 €]0, oo, is a
strictly dissipative symmetric hyperbolic system with boundary characteris-
tic of constant multiplicity [21, 14]. Similar results can also be obtained by
variational methods [12, 13, 27], or layer potential methods [26]. For com-
plex 7 these problems lose their easy positivity and symmetry properties.
We treat the Laplace transform with methods with the flavor of the varia-
tional methods. coupled with the method pioneered by Jerison and Kenig.
This strategy bypasses deep harmonic analysis estimates, like those of [11].
Such estimates are likely valid in the present context.

2 Symbol spectral decomposition

The notation from Definition 1.4 is used in the next Lemma.

Lemma 2.1 For £ € R3\ 0, the real 6 x 6 symmetric matriz A(£) from
(1.5) has eigenvalues £|£| and 0. Each eigenvalue has multiplicity two. The
etgenspaces , positive homogeneous of degree zero in £, are given by

E°(AE) = {(e;b) : e ¢ and b | &},
ET(AE) = {(e,b) : b L& and e=bA&/E|}, (2.1)
E(AE) = {(e,b) : b L and e=-bA&/[¢]}.

14



Proof. By homogeneity, it suffices to consider [¢| = 1. Each of the subspaces
on the right is two dimensional. For the eigenvalues +1, compute

w0 (3)- (5 ) G- (&)

It follows that (e,b) in the formulas are eigenvectors with eigenvalue +1.
The eigenvalue 0 is easier. Since the spaces on the right span C° it follows
that they contain all the eigenvectors. O

Example 2.1 It follows that for 7 € C and £ € R3\ 0
det (11 — A(¢)) = m2(r* —€-€)°. (2.2)

Since the left hand side is a homogeneous degree 6 polynomial in (1,§), it
follows (for example by Taylor’s theorem) that this identity holds for all
(1,€) € CH3,

Definition 2.2 When dealing with the Mazwell system we use the short-
hand £ (€) and E°(€) for EX(A(E)) and EY(A(E)). Similarly for the spectral

projectors.

Example 2.2 For a real unit vector ¢ the map b+ (£b A&, b)/\/2 is an
isometry from the set of vectors orthogonal to & to EX(&).

Definition 2.3 Define
Z = {€eC\0: §+G+&=0}.

Z is a closed conic subset of C3\ 0. (C3\ 0)\ Z is open, conic, connected,
and, contains R3\ 0.

Example 2.3 For £ € C3\ 0, define subspaces W;(&) C C3 by

Wy = C¢, and, Wy = {UE(C?’:U-f:O}.
Then dim Wy = 1 and dim Wy = 2. In addition, W1 N Wy = {0} if and only
if € ¢ Z. In that case, C3 = W1 © Ws.
Definition 2.4 For 0 # £ € C?\ Z, denote m¢ and TeL the projections in
Hom(C3) given by

TV 1= Sf, and, mTer = I — mg.

£-€
The decomposition I = ¢ + me1 corresponds to Wi @ Wy = C3.
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Remark 2.1 i. For € in R3\ 0, Ter 18 equal to the orthogonal projection
onto the orthogonal complement of §. When & is not real, m¢1 is not equal
to the orthogonal projection onto the orthogonal complement of €.

ii. The map {(C*\0)\Z} 3 £ = me is holomorphic with values in Hom(C?).
For ¢ in R3\0, T is equal to the orthogonal projection onto the orthogonal
complement of §. These properties characterize Te. .

ili. Force C\O0, mee =me and w1 = TeL.
iv. For £ € R3\ 0,

(§-w)€
£-¢
The terms of the identity are holomorphic functions of & on the connected

set C3\ Z. Identity (2.3) extends by analytic continuation to & € C3\ Z.

EnEnw) = ~(€ ©)fw- ) =~ Omew.  (23)

Lemma 2.5 Suppose that & € R? is a unit vector.

i. The span of the non zero eigenspaces of A(§) is the set of e, b with e-& =0
and b - & = 0. In addition, for arbitrary (e,b),

©(€)(eb) = ((e-9)¢. (b-)¢).
ii. For (e,b) satisfyinge-& =0, andb-& =0,

(&) (e,b) = % (b/\§+e, b—e/\g).

iii. For arbitrary (e, b),
(&) (e,b) = 7T+(£)(7T€J_e, TeLb)

1
— 5 ((le)/\g—iﬂrge, Wng—(WgLe)/\g).

iv. The projection on the negative eigenspace is given by = (§) = w1 (=¢€).

Proof. i. The span of the eigenspaces with non zero eigenvalues is the
orthogonal complement of the kernel. Part i follows from the description of
the kernel in Lemma 2.1.

ii. Using Example 2.2, there are unique vectors bi perpendicular to £ so
that
(e,b) = (by A&, by)/V2 + (=b_AE, b )/V2, (24)
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with the by term being the projection on £*(¢). Equation (2.4) holds if
and only if

b, +b_ = V2b, by AE—b_AE = V2e.
The wedge product of the second with & shows that it is equivalent to
_b+ + b_. = \@e AN € .

Adding (resp. subtracting) from the first equation implies that b_ = (b +
e N&)/V2 (resp. by = (b —eA&)/v2). Therefore

T (€)(e,b) = (b AE,by)/V2 = (b—eNEAE, b—enE)/2
= (bAé+e,b—eNf)/2,
proving ii.
iii. For general (e,b), part i implies that the projection on the span of the
nonzero eigenspaces is equal to (7T€J_e, Tl b). Then ii implies iii.

iv. Follows from A(—¢§) = —A(¢). O

Example 2.4 For real unit vectors &, the span of the nonpositive eigenspaces
E7(&) @ E%¢) = Kernt (&) is equal to the set of vectors e,b satisfying
merb — (mere) A& = 0. Taking the wedge product with & shows that this
is equivalent to (me1b) AN+ mere = 0. In addition,

[ (§)(e, b)|
V2

Example 2.5 Equation (2.2) implies that for ¢ € C3\ 0 the eigenvalues of
A(€) are equal to 0 and the two square roots of £ - £. Analytic continuation
on paths that wind about Z can pass from one root to the other. One cannot
assign a square root that is holomorphic on C3\ Z.

< |lmerb—(mere)AE)|| = [[(merb)AE+merel| < V2 [nt(€)(e, b))

Definition 2.6 Let
Q:={cC® Re(¢-& >0} = {£€cC?®: |Im ¢ <|Reél}.

For & € Q, define (& - 5)1/2 to be the unique square root of € - & that has
strictly positive real part. The function Q> & — (& - 5)1/2 is holomorphic.

The eigenvalues are holomorphic on larger sets, for example {¢ € C?: ¢-¢ €
C\] — o0, 0]}. The extension to €2 suffices for our needs.
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Lemma 2.7 For Q from Definition 2.6 and & € Q, A() has eigenvalues 0
and +(¢ - 5)1/2. Fach eigenvalue has an eigenspace of dimension two. The
spectral projections are holomorphic on £ and are given by,

(€ (e.b) = 27((€- ) PbAL+ e, mab— (&) PenE),
7°(¢)(e,b) = (7r§e,7r£b),
T (§) = —m' (=)

Proof. The eigenvalues and their algebraic multiplicites follows from (2.2).
The contour integral representations show that the spectral projections are
holomorphic in £&. For € € R3\ 0 one has the formulas for the projectors
and,

AT = H(E-9'PrH (9, A€ =0. (25)
By analytic continuation, the identities (2.5) and the formulas for the spec-
tral projections extend to €. O

Example 2.6 For ¢ € Q, n5(€), m¢ and me1 are related by

<W6L 0>:7r+(§)+7r_(5), and, (7[; 0)=7r°<5>. (2.6)

7T£J_ 71'5

3 Stretched Helmholtz boundary value problem

The stretched Maxwell equations are solved on smoothed domains Q°. Sec-
tion 3.1.2 shows that on the smoothed parts there is a boundary condition
forced by the desired holomorphy in 7. The same section shows that solu-
tions of the resulting boundary value problem satisfy a Helmholtz boundary
value problem on Q% When 1 is real, the converse statement that solutions
of the Helmholtz boundary value problem satisfy the stretched Maxwell sys-
tem is proved. The proof of the converse statement for 7 real requires the
smoothness of Q°. Section 8.1 uses this converse for real 7 to show that for
the holomorphic family the stretched Maxwell system is satisfied for all 7.

3.1 Smoothed domains

The construction of a holomorphic family of solutions E(7), B(7) to the
stretched Maxwell equations on Q is carried out by solving the same equa-
tions on an increasing sequence of smaller domains Q° for 0 < § < &y. The
Q? are obtained by smoothing the corners and edges of Q.
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3.1.1 Choice of smoothed domains Q°

Take advantage of the fact that Q is strictly star shaped with center at
the origin. Express Q in polar coordinates as a graph r < ¢(w) with ¢
lipschitzian on S2. Choose sequence of smooth domains Q% given by r <
#°(w) and so that Q and Q° are identical outside a d-neighborhood of the
singular set S C 9. As § \ 0, the Q% increase to Q. The ¢5 are chosen
satisfying || Ve[| poe(s2) < [Vl Lo (s2).

Remark 3.1 At most points of the boundary of Q° the normal vector v is
parallel to one of the coordinate axes.

Assumption 3.1 With Assumption 1.1 in mind, choose &y so that Q% con-
tains Qg in its interior.

3.1.2 Boundary conditions on HQ°

This subsection chooses a boundary condition to impose on the curved parts
of @%. On the flat parts of the boundary of Q% belonging to the faces T
impose the condition 7~ (v)(E, B) = 0. This convention implies that taking
the limit as § — 0 recovers the boundary conditions on 9Q in Theorem 1.12.
The choice of boundary conditions on the curved parts requires thought.

Definition 3.1 Define

I(r,z) = H Tt Ji(xi),

T

i=1
and,
M 0 0 .
Mrz)=| 0 My 0 |, with My(ra) = HLM
0 0 Mss o
Then
Mig Moy Mgy = T2, ——— —TI7'M;;, d=T1""Ma. (3.1)
T+ oi(zi)

The operator A(9) is given by
SAd =Y A 9= AITIMO) =TT AMO).  (3.2)
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The normal matrix associated to A(9) is equal to

Zﬁ Aivi = I AMY). (3.3)

For 7 real, it is natural to impose at all z € 9Q° the boundary condition
™ (Mv)(E,B) = 0. (3.4)

This choice is characterized by the following three desireable features. First,
it gives the desired answer when v is parallel to one of the coordinate axes.
Therefore it gives the right limit when § — 0 since in the limit the normals
are parallel to coordinate axes. Second, it depends holomorphically on 7.
Third it maximizes the outward energy flux when 7 is real. Indeed, A(Mv)
has eigenvalues £|| Muv/||, 0 each with multiplicity two. Therefore the outward
flux is equal to one half of

(AMv)u) -u = Myl [lr* (Mu)ul® — M| [r~ (Mv)ul*. (3.5)

The boundary condition (3.4) enforces the vanishing of the nonpositive or
incoming part. The resulting outward flux is as positive as possible.

Seek E, B holomorphic in 7. In that case the left hand side of (3.4) is
holomorphic in 7. The preceding argument shows that it is natural to impose
that it vanishes when 7 is real. By analytic continuation it must vanish for
all 7.

3.2 Near equivalence of Maxwell and Helmholtz

Proposition 3.2 Suppose that K is a compact subset of Q% Re T >0 and
p(x),j(z) € L%((Q‘S) satisfy Tp = —div j. Consider two boundary value prob-
lems for (E, B) € H*(Q%) with first boundary condition 7~ (Mv)(E, B) =0
on 8Q°.

i. E, B satisfies the stretched Mazwell’s equations,
TE—cwlB=—j, rB+culE=0, divE=p, divB=0. (3.6)
ii. FE, B satisfies the boundary value problem for the stretched Helmholtz
equation with additional boundary conditions,
TQE—EE:—Tj—g?a/dp on Q°
T2B—AB:c?11r/1j on Q‘s,
7 (My)(TE —cwrl B, 1B+ cwrlE) = 0 on 9Q’,
divE = divB = 0 on 9Q’.
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They are related as follows.
I.i = ii.
II. There is an M > 0 so that for real T €]M, o0[, ii = i.

Proof of Proposition 3.2. I. The identity A(9)? = — curl curl I implies
that

(7’ I— A(a)) (7’ I+ A(a)) - (72 + curl curl) Toxo
- (72 ~ A +grad div) Tsxs.
The stretched version is
(T I— ,4(5)) (TI + ,4(5)) - (72 v c’(rlaﬂ) Toxe
- (72 A+ g/rai&ivv) T
Applying to (E, B) using (3.6) yields
(72 + ﬂc’(ﬂ) (E,B) = (71 - A(a))(—j, 0) — (grad div E,0).

This is exactly the first two lines in (3.7).

The third line of (3.7) is satisfied by assumption. The fourth line follow
from Maxwell’s equations. This completes the proof of 1.

IT. Suppose 7 €]0, 0o[. Define
3
(F,G) = (ﬂ + ZAiﬁi)(E,B)—ir(j,O).
i=1

The second line of (3.7) implies that curl j € L2(Q%). The continuity equa-
tion implies that div J € LQ(Q‘S). Since j is supported in K the fact that
(cfuvrl,&lvv) is an elliptic system on R® implies that j € HL(Q%). Since
E € H*(Q°) it follows that (F,G) € H'(Q?).

The dynamic stretched Maxwell’s equations,
rE—culB=—j, tB+culE =0, (3.8)

are satisfied if and only if (F,G) = 0.

The third line of equation (3.7) together with the fact that p and j vanish
at the boundary imply that on 9Q?°,

(M) (F,G) = 7r+(My)(TE—€LTﬂB,TB+aEE) - 0. (39
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Define W := (F, G) so the stretched Helmholtz equation implies that (71 —
A(9))W = 0. Note the minus sign. Compute using the symmetry of Ay in
the second step to show that

w. Wd =
Qs A v Z 7'+O'

= Z/ AW - W da
Qs T+ ok

A0 W dz

An integration by parts, with v denoting the unit outward normal to Q°,
yields

W A@YW dx =
TV
d - Wdx.
/@ZAkak W:z—l—/aQéZTJrakAkW W
(3.10)
The first term on the right of (3.10) is equal to
= T
- | A@W W - /95 (ZAkakT +ka)w W (3.11)

The second term on the right of (3.10) is equal to

/ S T 4w wds —/ I AMYW - WdS.  (3.12)
Qs Qs

T+ og

In the last four identities use A()W = W to find

fo Br-Saa() v wae= [ -t was. g

Equation (3.9) yields 7t (Mv)W = 0 on 0Q°. Therefore, the integrand in
the boundary integral on the right of (3.13) is nonpositive thanks to (3.5).
Thus, the integral is nonpositive.

Choose M > 0 so that for 7 > M the real symmetric matrix in square
brackets on the left is everywhere greater than the identity matrix. For such
7, the left hand side is > 0. The only way that (3.13) can hold is if both sides
vanish. The vanishing of the left hand side yields W = 0. This completes
the proof. O
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4 Lopatinski, Fredholm, and analyticity

This section shows that second boundary value problem in the Proposition
3.2 satisfies Lopatinski’s ellipticity condition. The boundary value problem
has unknowns FE, B of dimension six followed by two boudary conditions of
Dirichlet type and four involving first derivatives,

E - AE = f1 on Q‘s,
2B - AB = fo on Qa,
™ (Mv)(E,B) = g on 9Q’, (1)
7 (Mv)(TE — curlB, 7B + curlE) = gy on 907, '
divE = g3 on OQ(S,
divB = ga on 896.

Three properties are proved with constant M independent of §.

e For Re 7 > M, problem (4.1) satisfies Lopatinski’s criterion describing co-
ercive elliptic boundary value problems. The associated operator is therefore
Fredholm.

e The operators on the left depend holomorphically on 7 € C for Re 7 > M.

e The operator is invertible for 7 €| M, oo[. The last is proved in Section 5.3
after appropriate Green’s identities are found.

The Analytic Fredholm Theorem implies that for each ¢ the operator is
invertible except at a discrete subset D(6) C {Re 7 > M}.

The hard work of deriving uniform estimates for solutions of the streched
Maxwell boundary value problem is carried out after Section 5.3.

4.1 Lopatinski condition and Fredholm property

The verification of Lopatinski’s condition begins with the unstretched bound-
ary value problem. The stretched case is then a corollary.

Proposition 4.1 For each 7 with ReT > 0 and ¢ €]0,d¢], the unstretched
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boundary value problem

™?B—-AB = f on Q‘;,
?E-~AB=f, on Q°
™ ()(E,B) = g1 on 0Q’
at(v) (TE —curl B, 7B + curl E) = ¢ on 0Q°,
div F = g3 on 3@26,
div B = g4 on 8Q°,

(4.2)

satisfies Lopatinski’s condition characterizing coercive elliptic problems.

Proof. The verification at a point of HQ°% demands that one replaces Q)
by the half-space with the same tangent plane and outward normal v as
QY. Next one drops lower order terms in the equations and the boundary
conditions. The resulting problem is rotation invariant. Thus it suffices to
verify for the half space {z; > 0} with v = (—1,0,0).

The Lopatinski condition concerns solutions of the resulting problem with
all source terms equal to zero. It considers solutions of the form

AT 1y (1), (6,65) €RP\O, w(an) 0 when 21— +oo.

The condition is satisfied when zero is the only such solution.

That boundary value problem with source terms equal to zero is

AE=AB =0 on {z; >0},

(W) (E,B) =0 on {x;=0},

a7t (W) (—curl B, curl E) = 0 on {z; =0},
divE = divB = 0 on {z; =0}.

The Laplace equations and decay at infinity hold if and only if there are
constant vectors e € C3 and b € C? so that

w=e " (e,b), 4+ =0, Im& >0. (4.3)

Lopatinski’s condition requires that the only such solution that satisfies the
boundary conditions is the trivial solution. For each &s,&s there is a six
dimensional space of solutions w to (4.3). This shows that six boundary
conditions are needed.
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By rotational invariance it suffices to verify Lopatinski’s condition for (£2,&3) =
(0,1) in which case, £ = (£1,&2,&3) = (7,0,1). The boundary conditions hold
if and only if

™ (v)(e,b) =0, at(v)(—&Ab,EAe)=0, and {-e=¢-b=0.

First analyse the boundary condition 0 = 7~ (v)(e, b) = 7~ (v)(etan, btan)-
Lemma 2.1 shows that this is equivalent to

(etanu btan) S ng(V) & €ygn = btan ANV <= (07 €2, 63) = (07 b37 _bQ) .
The divergence conditions ie1 + ez = 0 and iby + bg = 0 yield,
e = (—ibQ, bg, —bg), and b= (ibg, bg, bg).

The curl boundary condition is
0 = 7r+(1/)( —&ND, §/\e) = 7r+(u)( — (EAD)an, (& /\e)tan).

Equivalently, (= (£ Ab)ian, (€ A €)tan) € E7(v). Lemma 2.1 implies that
this holds if and only if

—(EAD)tan = —(§N€)an AV . (4.4)
For any vector v, (§ A V)ian = (0,01 — ivs,ivy). Therefore
(f/\b)tan = (0707“)2)7 (f/\e)tan = (0707ib3)7 (f/\e)tan ANV = (O7ib37

0).
Comparing the first and last shows that if (4.4) holds then by = b3 = 0.
Therefore e = b = 0 verifying Lopatinski’s condition. O

Corollary 4.2 There is an M > 0 so that for |7| > M and 0 < § < do,
the stretched boundary value problem (4.1), satisfies Lopatinski’s condition
characterizing coercive elliptic problems.

Proof. The problems obtained by dropping lower order terms converge to
those of the preceeding Proposition when |7| — oo. Since the Lopatinski
condition is inherited by nearby operators, the result follows. O

The source term g; must take values in the negative spectral subspace of
A(Mv). Consider the action of the operators 72 — A on H?(Q?%). Since g;
is a trace at the boundary, the natural space for g; is

{g e H¥2(9Q%) : 1~ (Mv)g = g} . (4.5)
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Denote by £~ (7,x) the negative spectral subspace of A(M(1,z)v(T,x)).
Then an equivalent definition is that ¢; is an H?/2 section of the vector
bundle over 9Q° whose fiber at z is £ ~(1,z). Similarly, the natural space
for go is

{g e HY2(9Q%) : nt(Mu)g = g} . (4.6)

Definition 4.3 For Re7 > 0 the closed subspace of H3/*(0Q%) defined in
(4.5) is denoted i pdly )(8Q5). The space (4.6) is denoted HY? )(895).

E(Tx Et(r,x

Analysis of this space of sections of a 7 dependent vector bundle is reduced to
the case of a 7 independent Sobolev space as follows. Treat H éf(T 2) (09%).

The space H?éQ(TJ)((?Q‘S) is analogous. For g € HY/2(9Q?°),
g=1m Mv)g <= nt(Mv)g=0 and 7°(Mv)g=0.
Lemma 2.7 shows that with g = (e, b) this is equivalent to
e-(Mv)=b-(Mr)=0 and (mprgp)rb) A (MV)+mprpyre=0.

For |7| large, Mv = v+ O(1/|7]) so this two dimensional space is very close
to £~ (v) that is given by the pair of equations independent of T,

e-v=b-v=0 and (m,.b)Av+m,.e=0.

A vector e, b satisfies these equations if and only if (e, b) = (etun, btan) and
bign AV + €4 = 0. Therefore, the linear map

£ (v(2)) 3 (e(x),b(z)) = e(2)tan € Tx(9Q°)

is an invertible map from a two dimensional space to another. It depends
smoothly on 7,z and analytically on 7. It follows that the nearby map

E (Mrv(z)) 5 (e(z),b(z)) — e(x)an

is also invertible. Denote by R~ (7, x) its inverse. The equation 7~ (Mv)g =

g holds if and only if (e,b) = R~ (7, z)etqn. The space Hé?(T I)(aQ‘;) is ex-
actly the set of functions of the form R~ ey, where ey, is a vector field
tangent to Q° with regularity H'/2(9Q%). The set of such fields is inde-

pendent of 7. Analogously, £T(Mwv) has equation (e,b) = RT (7, z)eiqn.
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Definition 4.4 A continuous linear operator from one Banach space to an-
other is Fredholm when its kernel is finite dimensional and its range is closed
with finite dimensional cokernel. The index of a Fredholm operator S is de-
fined as dimker S — dim coker S.

Recall that a continuous curve of Fredholm operators has constant index.
Corollary 4.5 The map that sends E, B € H*(Q%) to
(TZE —AE, 7B - AB, n (Mv)(E, B)|pas ,
7 (M) (rE = cwl B, 7B + curl E)ags , (div E)) o0 (div B)) lags )

is continuous with values in

LH(Q)x LA(Q0) x HYA (0Q) < HS  (0Q°) x HY2(9Q%) < H'/2(9Q) .
(4.7)

It is a Fredholm operator. Both the kernel and the annihilator of the range

contain only smooth functions. The index of the operator is equal to zero.

Proof. The Fredholm and smoothness assertions are the basic results of the
theory of elliptic boundary value problems satisfying Lopatinski’s condition
(see Agmon Douglis Nirenberg [1], Taylor [35, Vol II], Hérmander [18, Vol
I11]).

Consider the continous family of Fredholm maps that is generated by sending
the imaginary part of 7 to zero, then sending the o; to zero. Want to invoke
the invariance of index under continuous deformation. Mutliplication by
R~ is a linear isomorphism from HS/, 2( (0Q%) to the fixed Hilbert space

T,T)

of H3/2(9Q°) tangential fields. Similarly for H;f(m) (8Q7%). In this way the
Fredholm maps are conjugated to maps with values in a fixed space. The
index of the resulting family is constant. Therefore the index of the original
family is constant. To prove that the index of the original family is zero it
suffices to prove that the index is equal to zero when the absorptions vanish
and 7 €]0, 0ol

To do that, define the operator Ly on L?*(Q°) whose domain is the set of
functions in H?(Q?) that satisfy the homogeneous boundary conditions. The
elliptic regularity theorem implies that Lg is selfadjoint. In addition,

Re (Lou,u) > Re THuHQLQ(Qa) .
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This implies that L is an invertible operator from its domain onto L?(Q?).
It follows immediately that the operator of the Corollary is injective.

Since the operator of the Corollary has closed range, to prove surjectivity
it suffices to show that the range includes the dense set of smooth elements
of (4.7). To prove that, it is sufficient to subtract a smooth function that
satisfies the inhomogeneous boundary conditions. The difference needs to
satisfy a problem with smooth data and homogeneous boundary conditions.
That is solvable thanks to the invertibility of L. O

4.2 Analyticity

The boundary value problem (4.1) takes the form,

(7' ~A)(E,B) = (f1, f2) on Q°,

Mv)(E,B) = R™(r,z)g, on 9Q’,

(M) (TE — curl B, 7B + curl E) = R+(T,x)g2 on 9Q°,
(dlvE dlvB) = (93,04) on 9Q°.

(4.8)

The source term 9, takes values in the space of H3/ 2(0Q?%) tangential fields.

and g, in the H 1/ 2((9Q5) tangential fields. The coefficients of the operators
depend differentiably on 7,z and analytically on 7.

Proposition 4.6 Suppose that T € C and that the Fredholm mapping from
Corollary 4.5 is invertible. Then the mapping is invertible on a neighborhood
of T. If the source terms f, 9; depend analytically on T, then the correspond-

ing solution of (4.8) is an analytic function of T with values in H*(Q?).

Proof. The invertibility for 7 = a + ¢b near 7 follows by Neumann’s series.
Standard elliptic theory shows that the map a,b — (FE, B) is infinitely differ-
entiable with values in H 2(Q‘s). The derivatives satisfy the system obtained
by differentiating the system and boundary conditions with respect to a, b.
To prove analyticity it suffices to show that O(E, B)/0T = 0. All the coeffi-
cients and the f, g are analytic in 7. Therefore, differentiating the boundary
value problem shows that 0(E, B)/0T satisfies system (4.8) with all sources
equal to zero. That O(FE, B)/0T = 0 follows from the invertibility. O
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5 Green’s identities

A priori estimates require Green’s identities for div and curl. They lead
to trace theorems for the spaces H_— and Hg . The unstretched versions
are standard [8, 9]. Proposition 5.10 relates the boundary terms in Green’s
identities to the spectral projections from §2. The Green’s identities have
positivity properties when 7 €]0, co[ that yields a proof of existence in Sec-
tion 5.3.

5.1 Stretched Green’s identities
5.1.1 Stretched div, curl and grad identities
Lemma 5.1 The following differential identities hold for v € C*,
I(r,z)dive = div(Mv), (5.1)
div(® AT) = (curl®)- ¥ — (curl¥)- &, (5.2)
T1(7,7) grad ¢ = (91 (M110) , Do(Ma26) , D5(Mss¢)) = M grad 6. (5.3)

Proof. For (5.1) compute using (3.1),

et - T+UJ )\ (% T
II(r,z)dive = (H )(274_02(% )

J=1 i=1
3 T+ 0;
- z; (JI;I ) )8”}1 ;M”a i (5.4)

= 26 ./\/lnvz (since ;M = 0)
= dlv(Mv)

For (5.3) use 9;M;; = 0 again to compute,

N T T
M(r,2) grad ¢ = 1(r,2)( 06, o0, ——

= (Mud1d, Masdas, Mysd0)
= (51(/\/111@, 02(Ma29) 33(M33¢)) = M grad ¢.

03 ¢)

The third identity is similar. It is left to the reader. |
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Lemma 5.2 For ¢, ®, U in H'(Q%) the folllowing integral identities hold,

/H(T,x)éuvﬂ@wx—/ I(r,z) curl ¥ - & da
o3 o (5.5)
:/ (WA (M) - D dS,
Q9

/ II(r, z) c1>-g1~321¢dx+/ (r,2) ¢ div® da
o o3 (5.6)
— 6D - (Mv) dS.
Q9

Proof. For (5.5), using (5.1) with Gauss’ divergence theorem shows that
for ®, ¥ in H'(Q?%),

/H(T,x)&fv(qm\p)dx:/ div(M((I)/\\Il))d:c:/ (M(®ATD))-vdz.
Qs Qs 099

Since M is diagonal,
(M@AT)) v=(PAY) Mrv=—(TA®) - Mv=(PTAMV) P

This proves (5.5) using (5.2).
Formula (5.6) comes from (5.3). Indeed,

/Q(SH(T,:E)gfrja/ng)wbd$ = / Z@ i0;(M;jj0)d
= —/ Zijqbaj(I)jdm-l-/ qu)./\/ljj‘l)jl/jdz
Qs Qs
= —/ ¢y M;;0;P; dw+/@gé¢ > BiMjjv;ds.

:_/ ey ”8<I>dx+ ¢ - (Mv) dS

699

= —/ H¢div<1>da:+/ ¢® - (Mv)ds, 0
Qs 099

Definition 5.3 Define Hilbert spaces and their analogues for Q,
H—(Q%) = {@ € L2(Q% : curl ® ¢ L2(Q5)},
H (Q%) = {cp € L2(Q% : divd € LZ(QJ)}.
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The set of restrictions of C5°(R?) to Q° (denoted C(O‘a)(Q‘s)) is dense in each
of the three spaces Hm(Q‘S), H&R(Q‘S), and H&TV(Q‘S) N HCK](Q‘S). The
density is proved by convolution with a kernel supported in cones towards

the interior. Similarly for Q.
Proposition 5.4 The map

o0 (PAT) My dS € C
099

extends uniquely from C’E’OO)(Q‘S) X C(Og’)(Q‘;) to a continuous bilinear form on

H(;ﬁ(g(s) X Hl/z(aQ(s)- Therefore, for ® € H~(Q5), ®lygs NMu is a well

curl

defined element of H='/2(0Q0%). Similarly, the map

6T U - My dx.
099

is a continuous bilinear form on H'/?(0Q%) x H&;V(Q‘s). For ¥ ¢ H&R(Qé),
Uy - Mv is a well defined element of H=Y/2(0Q%). The same assertions

are true for Q.

Proof. For the trace, prove the curl assertions. Given ¥ € HY2(0Q%)
choose ¥ € H'(R?) whose trace at 0Q° is equal to ¥ and 1] 1 (msy S

~

|| 1/2(0Q°). Using (5.5), shows that with constants independent of &,

[ @) wdz] S, curla] g |8 cur¥] o
Q9

~

S P, curl®|p206) [ g1/2(505) -

The second assertion follows from (5.6) in the same way. O

Corollary 5.5 The map C’&;’)(Q) 3> & — D|yg extends uniquely to a conti-
nous map from H_—(Q) N Hg (Q) to H~1/2(9Q).

curl

Proof. That C) (Q) is dense in H_— (Q)NH g (Q) is proved by convolution.

To prove continuity, test ® by dense elements of H'/ 2(0Q). The set of
restrictions of element of C§°(R3) so that ¥ vanishes in a neighborhood of S
is dense in H'/2(9Q) (see [16, Lemma 2.7.i] where the assertion has a typo.
It should be H~/2(R3)). For such test functions

oV Iy = /@-\I’da.
/89 zk: I
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Use the identity valid for all w € C3 and ¢ € C?\ Z,
L EwE  EnEaw)
£-€ £-€
Use this on I'y, with £ = My, Re 7 > 0 and w = ®. On each face 'y, Mv
is a constant vector that is not in Z. Find that

- (Mp)- @) M -v) (M) A ((Mb) A D)y
/Fk‘b"ludE = /F( (M) - (M) (M) - (M) ) wds.

Since V¥ is compactly supported in I'y, one has the upper bound

S (M) - Bllg-1/200) + 1MY) APl g-12000) ) 11117200y

The result follows from the Proposition 5.4. U

5.1.2 Stretched curlcurl and graddiv identities

Lemma 5.6 For w,® € H?(Q%) x H'(Q?) one has the two identities,

/ II(7, z) curlcurlw - ® dz — / (7, x) curlw - curl ® dz
Qs Qs
- (5.7)
:—/ (curlw AMv) - @ dx,
tsJo)

/n@,x)g;;iarvw.@dﬂ/ T divew dv® de
Qs Qs
- (5.8)
—/ divw ® - (Mv) dX.
Q9

Remark 5.1 When 7 is not real, Mv is a complex three vector. It is a not
a normal.

Proof of Lemma 5.6. Applying (5.5) to ¥ := curl w proves identity (5.7).
Choosing ¢ = divw in (5.6) yields (5.8). O

Lemma 5.7 For ® € H*(Q%) and ¥ € H'(Q9),

/H(T,ZL‘)\I’-(TZ‘I)—ACI))CZJJ:

Qé
/H(T,x)(T%-\11+<?1E1<1>-<?1E1\11+cﬁ<1>&ivvx11)dx (5.9)
Q§

—/ (curl® A (M) + div® (Mv) ) - ¥ d3.
099
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Proof. Equation (1.16) shows that for any ® € H'(Q9),

—/ H(T,m)cb.ﬁxpdx——/ I(7,2) ® - (grad div ¥ — curl curl¥) dz .
Q‘s Q(S

Using the two second order formulas from Lemma 5.6 yields

—/ H(T,x)qfﬁcbdx_/ H(T,m)(ﬁ?l@-c”(ﬂqfdx+/ II(r, z) div® div? da
Qs Qs Qs

—/ (&El@A(Mu))-\Ifdz—/ U (M) div® ds.
0Q° 0Q°

Adding the 72 term to each side yields (5.9). O

5.2 The bilinear form «(F, B, E', B')

For the next definition, Proposition 5.4 proves that 7,1 ® is a well defined
element of H=/2(0Q9).

Definition 5.8 With the notations from Definition 2.4, define

curl

V = {cb € H-(Q)NHz(Q°) : mpp) ® € L2(aQ5)}.
Define a symmetric continuous bilinear form b :V xV — C by
b(®, V) = 7'2/ I(r,z)®- ¥ dor +
Q‘;

/ H(T,$)((ﬁ§/¢~(ﬁ/\11+(;;l®-cf;ﬂ\1’)dx+7'/ Tt @ Tpgye T dS.
Qs 099

Define a symmetric continuous bilinear form a : (Vx V) x (Vx V) —= C by
a((E.B), (E'.B")) = WE.E') + b(B,B).

For {E,B} C Hcfuvﬂ(Q‘s) N H(ETV<Q5) define D(E, B) as

D(E, B) := (T Ty B+ urlE A (My) + divE (M),
o N (5.10)
T T(pmpyt B + carlB A (Mv) + divB (Mu))
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Lemma 5.9 For {E,B} c H*(Q%), and {E',B'} c H'(Q?%),

a((E,B), (E', B")) :/61_[(7', 7) ((T2 - Z)(E, B)) - (E',B')dx
e (5.11)
+ D(E,B) - (E',B")dx.
0Q5%

Proof of Lemma 5.9. Rewriting identity (5.9) yields
/Qan(f,x)(#@-qwc”(ﬂ@-c”(ﬂqfﬂfv@ &Tvqf) dz =
/Qa H(T,x)qz-(72q>—£q>)dx+/896 (curl ® A (Mv) + divd My ) - U ds.
This yields
b(D, V) = /Qd (7, 2)(72® — A®) - U dx +
/M T(T (M)t @) - (T2 ¥) + (curl® A (Mv) + divd Mv) - ¥ dS.
Equivalently,

b(®, V) = /gS (7, 2)¥ - (1°® — A®) du

- N (5.12)
—I—/ (T’]T(MV)J_q) + curl ® A (Mv) 4+ divd Mv ) - U dX.
997
Combine (5.12) for (E, E’) and (B, B) to obtain
a((E,B),(E',B")) = | W(r,2)(E',B')- (r*(E,B) — A(E, B)) dz
Q‘;
+/ (W(MV)LE + cwlE A (My) + divE My ) E'dY
899
+ / (m(MV)LB + cwrlB A (M) + divB My ) .B' d3.
899
(5.13)
This completes the proof of Lemma 5.9. U

The next proposition yields connections between the boundary terms from
Green’s identities and the spectral projections of the stretched operators.
These identities show that the form a is extremely well adapted to the
stretched Maxwell equations. When 7 = 0 and the absorptions are all equal
to zero, this result is closely related to formula (1.8) in [12].
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Proposition 5.10 For {E, B} c H*(Q%),

(M) D(E, B) = ((&TVE)MV, (&TVB)MV),

7t (Mv)D(E,B) = nt(Mv) (TE —curl B, 7B + cfﬁ;lE) (M- ./\/ly)l/2,

7 (Mv)D(E,B) = 1~ (Mv) <TE —cwlB, 7B + chrlE) (M- Mv)'?,

Proof. Use Lemma 2.7. The 7° identity is an immediate consequence of
the definition (5.10) of D. Indeed when 7%(Mu) from (2.6) is applied to the
right hand side of (5.10) it annihilates all the terms except (divE)Mv and
(dAR/B)M v yielding the desired conclusion.

For the 7 (MUwv) identity, compute

T (Mv)(E,B) = 7 (Mv) ((mpmn + Ty ) E, (Tvw + F(MV)J_)B)

= 7T+ (MV)(?T(MV)LE N ﬂ'(/\/ly)iB) .
(5.14)
Use the formula of part ii of Lemma 2.5. Compute for arbitrary v and w
and £ € R\ 0. Since v A ¢ and w A € are orthogonal to &,

PO AEWAE = S(vAEH (WAL AE/IE, wAE+ (v AL AE/IE])

= %(_|§|W+V/\§a|§|v+w/\§) = [¢] 7T (&) (—w, V).

This implies that for 7 €]0, co|
T (MY)(v A Mu,w AMy) = 7t (M) (—w, v)(Mv - Mv)Y/2.

The terms of the identity are holomorphic in |7| > M. By analytic contin-
uation it follows that the identity holds for all such 7. Therefore,

7r+(./\/ll/)(ch/ﬂE/\./\/lz/, (:/LI;IB/\MZ/) = 7r+(./\/lu)(—c/1\1;1B, cfli;lE) (My-Mup)/2,
(5.15)
Equations (5.14) and (5.15) yield the 7" (Muv) identity.

For the 7~ (MUv) identity compute, using the 7+ (Mw) identity for the second
equality,

7 (Mv)D = 7t (~Mv)D = at(—Mv) (TE —curlB, 7B + cfl;/rlE)
=71 (Mv) (TE —curlB, 7B + C/uvrlE>

This completes the proof of the Proposition 5.10. O
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5.3 Invertibility for 7 €]0, o]

The first application of the preceding results is for 7 real. In that case the
operators are real and the identities are relatively simple as is the classical
proof of the next result.

Proposition 5.11 For 6 €]0,1] and 7 €]0,00[ the Fredholm map from
Corollary 4.5 is invertible.

Proof. Suppose that E, B € COO(Q5) belongs to the kernel. Since the
operator is real it is sufficient to prove that there are no real elements of
the kernel. For such elements take E', B’ = E, B. Then equation (5.11)
and Proposition 5.10 imply that a((E, B), (E, B)) = b(E,E) + b(B, B) = 0.
Each of b(E, E) and b(B, B) is a sum of three nonnegative terms. Therefore
all six terms vanish. In particular fgé TII(r,2) (E- E+ B-B)dx = 0. This
proves that E© = B = 0 establishing injectivity.

Corollary 4.5 proves that the operator has index zero. Surjectivity follows.
O

Proposition 5.12 For ¢ €]0, 1] there is a discrete set D(§) C {Re 7 > M}
so that for T in the complement of D(0), the Fredholm map from Corol-
lary 4.5 is invertible. The inverse is meromorphic with values in the set of
bounded operators from the space (4.7) to H*(QP).

Proof. Once invertibility is established for 7 €]0, 00[, Proposition 5.12
follows from the Analytic Fredholm Theorem [32, Theorem VI.14]. To apply
this theorem, rewrite the boundary value problem in the form (4.8) with
source terms g, g, in T-independent Sobolev spaces. The map E,B —
(f:9,+9,93,94) is then Fredholm. It is defined for |7| > M and is analytic
on that set. It is invertible for 7 large and real. The Analytic Fredholm
Theorem implies that it is invertible on the complement of a discrete subset
of |7| > M and the inverse is meromorphic. O

For 7 € {Re 7 > M} \ D(§), denote by (72 — A)~! € Hom(L2(Q%); H2(Q?))
the inverse operator of the problem with homogeneous boundary data. In
Section 7.3 we prove that for M sufficiently large, (72 — ﬁ)_l(curlj, —Tj —
g/r\a/d p) has no poles in Re7 > M. This follows from uniform estimates on
{ReT > M} \ (). Their proofs occupy Sections 6 and 7.
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6 Boundary estimate a la Jerison-Kenig-Mitrea

The identity and estimate of this section has a long history for harmonic
functions dating to Rellich [33] and Payne-Weinberger [28]. It was pro-
moted to a result of central importance in studying boundary value prob-
lems in Lipschitz domains by Jerison and Kenig [20, 19]. Mitrea [25] in-
troduced a version appropriate to Maxwell’s equations. The present section
extends Mitrea’s work to the stretched Maxwell system. The estimate for
the stretched equations is only slightly weaker than in the unstretched case.

Recall the case of harmonic functions on Q° from [20, 19]. The Dirichlet
condition u = f on 9Q? immediately controls ||V anul| 2(0sy- The Neumann
condition v - Vu = g controls || Vyul|2(9gs). The Rellich-Payne-Weinberger-
Jerison-Kenig estimate shows that for harmonic functions ||Vianull 2900
and [|Vynullr29gs) are of the same magnitude. This controls the complete
gradient for both the Dirichlet and Neumann problems.

The next Proposition is the main result of the section. It shows that for solu-
tions of the stretched Maxwell equations, an estimate for ||7 x4, (E, B)l|2(909)
yields a bound for the entire boundary trace || E, Bl|12(5gs)-

Proposition 6.1 With a constant M independent of § €]0, o[, 7 € {ReT >
M}, and, E € H(Q%),

1B1Z2 005y S 17y EllZ2(a05) +
1

+ m HEH%Q(Q&) + HEHLQ(Q(S) ||C11V.E7 CuI‘lE||L2(Q5).

(6.1)

The remainder of this section is devoted to a proof of Proposition 6.1.

6.1 Unstretched estimate of Mitrea
Definition 6.2 Define O to be the radial vector field (x1,x2,x3).
Mitrea [25] proves the following identity for complex FE,

div{% B?6 ~ Re((E-0)E)} =

1 (6.2)
Re {5 E? ~E-©divE+ (ENO)- curlE}.
Integrating this identity, the flux through the boundary has density
1 _
5|E|2 ©-v — Re((E-0) (E-v)). (6.3)
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Decompose © = Oy, + ©,, with ©,, = (© - v)r. Similarly E,, = (E - v)v.
There is a ¢ > 0 so that for all 4, © - v > ¢ on 097,

The contribution of ©,, to the second summand in (6.3) is equal to
Re((E-v) (©-v) (E-v) = (©- V)| En|?.
Since |E|? = |Eiqn|? + |En|?, the flux density is equal to

%(\Eﬂm\? — |E)© v — Re((Buan - Orun) (E-v)). (64)

The second term is < |Eyqn||En|. Integrating (6.2) over Q° and using the
strict positivity of © - v yields Mitrea’s estimate,

‘HEtanuzm(agé)_”EnH2L2(396) 5 HEtan”L2(8Q5)”EnHL2(8Q5) +

+ 1Bl 20n) (1B l2(o) + Ildiv B, curl Bl 2 os))

6.2 Stretched Mitrea estimate

Proposition 6.3 With constant independent of 6 € [0,6], E € H'(Q%),
and, T with Ret > 1,

‘”EtanH%Z(aQé) - HEnH%?(agS)’ 5 HEtanHL2(aQ5)HEHHL2(8Q5)
(6.5)

1 ~ _ —
+|7’”EH%2(096) + ||E||L2(Q5) (HEHLZ(Q‘S) + Hle E,CUI‘IE||L2(Q6)).

Remark 6.1 This estimate is weaker than the unstretched version because
of the 1/|7| term on the right.

The next lemma extends (6.2) to the stretched operators div and curl.

Lemma 6.4 If E € C*(Q%) and X(r,z) is from Definition 1.9, then for all
7 € {ReT > 0},

&R{%\E\?X(T, r) — Re(E- X(r,2))E) } =

1 - - (6.6)
Re {5 |E|? — (E- X(1,2))divE+ (E A X(7,2)) - curlE}.

Proof of Lemma 6.4. For 7 €]0, o[, X (7, ) maps Q° to its image Q°(7).
For a vector field F 05 defined on Q5, associate the field I o’ on Q‘S defined
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by Fos (X (7,2)) = Fgs(x). The value of Fgs at X (7,z) is equal to the value
of Fgs at x. Formula (1.15) yields

divx Fgs ‘X:X(T,x) =div Fgs(z), and curly Fgs ‘X:X(T,m) = curl Fgs ().

For the radial field ¥(X) = (X;, X2, X3), the corresponding field in z is
X (7, ). The identity (6.2) on Q°(7) is

divx{% E20 — Re((E-\II)E)} - o
Re{% |E|? — (E-W)divyE + (EA D) -curlXE}. '

There is equality of the corresponding fields in x. That proves (6.6) for
T €]0, o0.

For all z € Q% each of the terms of (6.6) is holomorphic in {Rer > 0}.
Analytic continuation from ]0, co[ implies that (6.6) holds on Re7T > 0. O

Proof of Proposition 6.3. Define

N = || Bianll 129091 Enll 12509) +

S (6.8)
||E||L2(Q‘5)(HEHL2(Q5) + HleE, CuI'lEHLQ(Qa)> .

Multiply (6.6) by II(7,z). Using (5.1) and integrating over Q° yields the
bound,

‘ [ (%|E|2X(T,:p) _ Re((E~X(T,x))E))dE’ <N, (6.9)

From Definition 3.1, M = I+0(1/|7]). In addition X (1, 2)—©(z) = O(1/|7)
uniformly on compact sets in . Therefore

My - (% IE2 X(r,2) — Re((E - X(r, x))E))dZ -

099

1 1 (6.10)
) _ 2
/8@5,/. (5 |E?© — Re((E-@)E))dE‘ S 7 HEHL2(6Q5)
Equation (6.4) implies that
. _ 1
v (51870 - Re(B-0)E)) = (1Bnl” — 1EF) O]

S HEtanHLZ(aQJ)HE”HLQ(agé)
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Therefore,

< HEtanHLQ(agé HETLHLZ (699)
J/ |EP@ Re((E-©)B) )ds|.
Qs

Combining (6.8), (6.9), (6.10), and, (6.12) completes the proof of (6.5). O

||Etth%2(aQ§) - ||E ”%2(396
(6.12)

Proof of Proposition 6.1. Denote
1 -~ ——
R = HHEH%Q((?Q‘S) + HEHL2(Q5)<HEHL2(Q5) + HdlvE,curlEHLz(Qs)).

Proposition 6.3 shows that

HEtanH%?(agé) _HETL||%2(QQ5) N ||EtanHL2(8Q<5)||En||L2(695) + R,

SO
HEn||%2(aQ6) S ||EtanH%2(aQ&) + ||EtanHL2(BQ5)HEnHL?(ag‘) + R.

Bound || Eyan || £2(90%) || Enll L2(9gs) by & small constant times HE’%H%Q(GQS) plus

a large constant times || Eyqn |7, (905 and absorb the F,, term on the left to
find
”E H%Q(agé) 5 HEtanH%Q(agé) + R
Adding || Ejn || 12(p0s) to both sides yields
1B 2005 S I Btanlliz00s) + R- (6.13)
Use M =1+ O(1/|7]) to show that
My —v =0(1/|1]), so, Tyt —mr = O(1/|7]). (6.14)
Since 7,1 E = FEi4y, it follows that
1
| Etanllr2005) S 1Ty Ell 2000y + i 1]l 2009)
S0,
B Ba005) S 17w+ B0 + 5 1B
tanllz2(902) ~ 1Mt BlL2000) T 12 1P11L2(00%) -

Insert this estimate in (6.13) to find
1122 005) S I ats Bl o0s) + R+ i I
£2(09%) ~ T (M)t =l L2(009) 7|2 12090 -

Choose M so that for |7| > M the last term can be absorbed on the left.
This completes the proof of Proposition 6.1. U
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7 Stretched Maxwell estimate on Q°

This section combines Green’s identities with Proposition 6.1 to derive a
priori estimates. A key aspect is the choice of test functions to use in
Green’s identity. That choice relies on the approximation identity in the
next subsection. In §8 the main theorems are proved by combining the a
priori estimates with the Fredholm theory of §4.

71 cwl® ~ curl (M)

Definition 7.1 i. ) := Mﬂ_l is the diagonal matriz with entries M; (Mu-)’l
of modulus equal to one.

ii.

0 —M3303 Moy Mag Do Ma3s
N = M3 O3 My 0 — M1 01 Ma3s
—Mag oMy My 1 Maa 0

Remark 7.1 i. The coordinate directions are eigenvectors of M and Q.
il. Q is unitary. iii. The functions I1 — I, M — 1, Q — I, and N are all
(/7).

Lemma 7.2 For all ® € H',

curld = TM ' eurl (M) + %NM*@. (7.1)
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Proof of Lemma 7.2. Writing vectors vertically, compute

- él Py Mi10q &,
I(r,z)curl® =TI(r,2) | Oy | A | P2 | = [ Ma2da | A | o
ds 3 M3303 3

Mn@l Mll /\311
= [ Ma20s | A | Maa 5%
M3303 Mz
M8y ( Mz 55 ) — M3 ( Moz 1
= | Ms30s (M1 57 ) — Mudr ( Mz
M1181 (M55 ) — Magda ( M1 5=

Mo Mz (Da5% — D375 ) + (MaadaMis) 555 — (M303 Mag) 5
= | MasMuy (9357 — O ) + (Msds M) 55— — (M1191 Mss) 5
MMy (01555 — Oag ) + (M1101 Mag) T — (Mo M) 5

Using the definition of A/ this identity is equivalent to

- Mag M33 0 0
(7, z) curl ® = 0 M1 Mass 0 curl( M1 ®) N M1,
0 0 M1 Maa

O

Dividing by IT and using Definition 3.1 yields (7.1).

7.2 Lower bound for «((E, B), (E', B')) for well chosen E', B’

Seek E' so that curl B/ ~ curl E so curl E - curl E' ~ |curl E|2. Since curl
is not real, it is not sufficient to take E' = E. The result of the preceding
section yields

curl B' ~ curl (M1E") = curl (M~1E'), curl E ~ curl( M 'E).

Comparing suggests the important idea of choosing E’, B’ so that

MIE' = M-1E, equivalently, E' = MM-IE = QE,

M™B = M-1B, equivalently, B := Q B.

When 7 is real the coercivity in the next proposition would suffice by itself
to prove well posedness. When 7 is complex this is not the case. The critical
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juncture is at (7.7) where the full trace appears as an error term. To estimate
this term requires Proposition 6.1.

Proposition 7.3 There are positive constants C, M so that for all T with
ReT > M, 6 €]0,00[, and all W = {E, B} ¢ H(Q?) with supp{div E , div B} C
Qy, one has with W' := (E', B') := (QE,QB),

(ReT) 7| HWHiZ(Qé) + |7l H”(MV)L(W)HiQ(aQé)
R
|

The proof begins with a sequence of Lemmas analysing the individual terms
in a((E,B),(E',B")).

(7.2)

Lemma 7.4 With E' :== QFE, one has
curl ' = (I+0(1/|7])) curl E + O(1/|7|)E. (7.3)

where O(1/|7|) denotes a matriz valued valued function with L°°(R3)-norm
S 1/|7] as |1| = oo. For the divergence one has

divE' = divE + O(1/|7)E + O(1/|7|)VE. (7.4)

Remark 7.2 The term O(1/|7|)VE involves all derivatives of E and not
just div E' and curl E.

Proof of Lemma 7.4. Apply (7.1) to E’. Since Q = Mﬂil,

curl B' = IM ™! curl (ME') + %NM*E’
=M ' curl (M1E) + %NM—lE.

Apply (7.1) to E and conjugate to find

cwrl E = TIM~T curl (M~1E) + () 'NMIE.

Solve this equation for curl (M~!E) and insert in (7.5) to find,

curl ' = (11T M M (curl £ — ()N MTE) + = N M1E.
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Using Remark 7.1, this gives (7.3).

For the divergence identity, compute using (5.1)

MdivE = divME = divME. (7.6)
In parallel, since (Q and M are diagonal so commute,
NdivE = IIdivQE = divMQE = divQME.
The definition of @) yields

Therefore
MdivE = divQ*ME = divME + div ((I — Q*)ME)
= MdivE + div((I - Q)ME).

Therefore

dvE = divE + (I-I ' M)divE + I div (I - Q)ME).

When the derivatives in the divergence hit (1 = Q%)M they generate terms
O(1/|7])E. When the derivatives hit the field E, they generate O(1/|7|)VE.
This completes the proof of the Lemma. O

The next lemma shows that the terms in a((E, B), (E’, B')) are nearly pos-

itive.

Lemma 7.5 Define E' := QE. There are constants independent of § €
10, 80[ so that for all x € Q°, one has the pair of estimates

- N 1, — N
‘H curl E - curl B/ — |cur1E‘2 < I |curl E| (Jeurl E| + |E|),
T
— — — 1 —
‘H AvE - divE — |avEP| < o ldiv el (NE| + |E|),
T
E- E — | Bl < LB 8Q°
W(MV)J_) W(MV)J‘) W(MV)J-) ~ ‘T’ on .

Proof of Lemma 7.5. The first two estimates follow from (7.3) and (7.4)
together with Remark 7.1. For the third, compute

W(MV)LE, = W(MV)LQE = WVLE + (F(MV)LQ—TFVL)E.
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To estimate the second summand on the right use,
[Tyt — TtllLeoosy = O/7), and, [|Q —I|[p=(@0sy = O(1/7).
Thanks to the reality of m,1,

W(MV)LE/ = m.FE + OQ/|7]) E = n,.E + O(1/|7]) E.
Continuing,

T E =ty B+ (T — mmy)E = O(L/|7]) E.

v

Therefore 1
W(MV)LE/ - W(MV)lE < — |E’

~ 7
The desired estimate follows. O
Proof of Proposition 7.3. Define
g = T2HWH%2(Q5) + T”T(-(MZ/)J‘W”%2(8Q6) + HdiVW,CuI‘lW”%Q(Q(;).

The summands agree with those of a(W, W’) to leading order in 7.

e Lemmas 7.4 and 7.5 imply that

’g — a(W, W)

1 -~
S TlIW 22000 + B /@ |div E| |VE| dz

1 . — . N .
+m HdivW,cuerHLQ(Qé) (HdivW,cuerHLQ(Qa) + HWHLz(Qa)).

To estimate the integral on the right it is important that div F has support
in Qr so the integral is < [|div W /| 2(0,)[IVE| 12(g,)- The overdetermined

system &;/,(3/1\1;1 is elliptic uniformly in Rer > 1. It follows that with a
constant independent of such 7 and 6,

HVE||L2(Q1) S ||divE,cur1E||Lz(Q5) + HE||L2(Q5)'
Define
Ny = W22 0oy Na = [Tty Wliaogs), Na = mw,mwniw).

Therefore,

1
G — aW,W')| < ”W|PL2(8Q5) + |7|N1 + I (N3+(N3N1)1/2). (7.7)
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Proposition 6.1 implies that
W32 005 S 1717 N1+ Np + (N1 N3) /2. (7.8)
Combining (7.7) and (7.8) yields

G — a(W,W")| < |7| Ny + Ny + |7| N3 + (N, N3) /2. (7.9)

e Derive a lower bound for G by considering its real and imaginary parts,

ReG = ((Re7)? — (Im7)*)Ny + ReT Ny + Nj,

(7.10)
ImGg = (QImTReT)Nl + Im7 No.

Where [Im 7| < Re 7/2, the equation for the real part of G implies that for
Re 7 > My,
|712Ny + |7| N2 + N3 < [Re . (7.11)

For the more difficult region {|Im 7| > Re 7/2}, the lower bound for |G| is
weaker. When Im 7 # 0, the second equation in (7.10) is equivalent to

Img
ImT7

Where {|Im 7| > Re 7/2}, this implies

= (2Re7)N1 + Ns. (7.12)

I
(Re )Ny + Ny < ‘Tf’ . (7.13)
Multiplying by |7|?/(Re 7) yields for Re 7 > Mj,

2N ﬂ]\[ <ﬂ1 7.14

Estimate N3 using the first equation in (7.10) together with (7.14) to find,

il

N3 S [7]’Ni+|ReG| § —— [Im §| + [Reg]
Ret
This together with (7.14) yields
|r]2N1+ﬂN2 + Ny < ﬂ IG].
Re 7 ~ Rer
Multiplying by (Re 7)/|7| yields
R
(Re 7)|7| N1 + 7| N2 + “;TN?) < gl (7.15)
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One has the larger lower bound (7.11) on the complementary region. There-
fore (7.15) holds for all Re 7 > Mjy. The left hand side of (7.15) and the left
hand side of (7.2) are the same. Denote these left hand sides as

Re 7
H = (Re T)‘T’Nl—i-‘T‘NQ—FTﬂ N3 5 \Q[ (716)
e Next show that
1
|7| N1+ No + |7| "' N3 + (N1 N3) /2 < r M (7.17)

The equality in (7.16) estimates the first three terms. For the last, estimate

1/2 2, _ 12 1 _ 1
(N1N3) = (|T|N1)1/ (J7| 7' N3) 2 < §(|T|N1 + |7| 1N3> <o M

With the shorhand a = a(W, W’) and Re 7 > M3 estimate (7.9) yields

H.

1

< < — <
HS101 S J + [0-a] o +
For Re 7> M3, H < ‘a‘. This completes the proof of Proposition 7.3. [

7.3 Stretched Maxwell equation estimate on Q¢

Theorem 1.11 concerning the stretched Maxwell equations on Q follows from
the next estimate.

Theorem 7.6 There are positive constants C, M depending on Qr and in-
dependent of § €]0,60[, 7 € {ReT > M}, so that for (j,p) € LQQ—I(Q‘S), and
W = (E,B) € H*(Q%) that satisfies the stretched Mazwell boundary value
problem, -

TE — curl B = —j on Q‘;,

B + curl E = 0 on Q‘s,
divB =0 on Q, (7.18)
divE =p on O
(M)W =0 on 9Q°,

one has

(Re7)?[W[Z2(gsy + (Re D) T(a) s WliZ2a0sy < Cllosilliemsy  (7.19)
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Proof. The stretched Maxwell equations imply the stretched Helmholtz
equation (72 — A)YW = (—71j —gradp, curl]) on Q.

Use the notation H from (7.16). The source terms in the Helmholtz equa-
tions are

(fi, fo) = (—7j —gradp, curlj). (7.20)

Inequality (7.2) shows that H < |a((E,B),(E’,B’))|. Lemma 5.9 implies
that

a((E, B),(E', B')) :/ U(f,-E'+f,-B)de+ | D(E,B)-(E,B)dx.
Q9 099

The formulas for the spectral projections of D(FE, B) in Proposition 5.10

show that D(E, B) = 0 for the solutions of (7.18), so

o((E. B).(E', B)) = /

H(T,x)((—Tj—gfr;dp)-E’ + ﬂj-B') dz .
Qé

Since j and p vanish at the boundary, integration by parts using Lemma 5.2
yields

o((E.B).(E',B)) = /

H(T,l’)((—Tj'El—i—p'(ﬁ;fE, + j-cﬁu/rlB'> dx .
ol

The Cauchy-Schwarz inequality together with the inequalities of Lemma 7.4
yield,

(B, B), (B', BY)| S |10l 205y (I17W Il z2(09) + 1div W, carl W) 2y ).

The Maxwell equations imply that
ITWillL208y < llpydllzegey + [ldiv W carl Wi|p2(gs).
Therefore,

la((E. B), (E', B'))| £

Estimate the second summand on the right as

(R|Z|T ))1/ (Re THdle cuﬂW”LQ(gS )1/2

< 1(* il ¥l
— 2\eRer""”’

ReT - -
y T GWHdeV,curIWH%Q(Qa)).
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Therefore

¢ Il 12 CeRer ~ . — o
= 9% Re 7—”’0’]HL2(Q5) t 5 WIIleW,cuerHLQ(Qé)
¢ 7l Ce

.12
= ?ERGTHIO?]HL%Q(;) + 77{

A

H < C‘a‘

Choose ¢ = 1/C. Absorb the second summand on the right in the left hand
side to find H < (|7]/Re 7')Hp,jH2LQ(Q5). Multiplying by (Re 7)/|7| yields

(Re7)2|yw|y§2(gé) + RGTHW(MV)J_WH%Q((?Q(;) + _—
_ e T 2 . .
+ |T‘ IHCuer’dIVWHLz(Qé) 5 |’pa]HL2(R3)'

This completes the proof of Theorem 7.6. O

Remark 7.3 In our earlier work on the internal corners for Bérenger’s
algorithm in Part II of [16], and also for the external corners for the Pauli
system [17], the estimates analogous to (7.21) were stronger. The variational
forms of the Helmhotz systems used Dirichlet’s integral rather than a div-curl
form. The divergence and curl in (7.21) were replaced by the full gradient.

8 Proofs of the three main theorems

The order in these proofs is crucial. The derivation of the stretched equations
from the Helmholtz equations requires the smooth boundary. First solve
Helmholtz on Q°. Derive the stretched Maxwell equations on Q%. Use
the estimates for the streched equations on Q° to pass to the limit § = 0
solving the stretched equations on Q. Use [16] for uniqueness of the stretched
equations on Q@ when 7 is real. Uniqueness for all 7 follows by an analytic
continuation argument. The solution of the stretched equations yields a
solution of the split equations via the Laplace transform. Uniqueness for
the split equations follows from uniqueness for the stretched equations.

8.1 The stretched Maxwell equations on Q°

Theorem 8.1 Suppose that p > M from Theorem 7.6. Suppose that § > 0.
Suppose that p,j € e L*(R; x Q) satisfie Assumption 1.1. Then there is
a unique W(r) = (F(7),G(1)) holomorphic from {ReT > M} to H?(Q°)
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that satisfies the stretched Maxwell boundary value problem with absorbing
boundary condition

7F — curlG = —5 on Q°
G ewlF =0 o 0 (s.)
(divF,divG) = (5,0) on Q°
7 (Mv)(F,G) =0 on 9Q°.
The solution satisfies with constant independent of § and T,
(Re)?[W ()| 72(09) + (ReT) 7 (a1 W(T) 172509 8.2)

< 1A T 20 -

Proof. Existence. For 7 € {Rer > M} \ D(6) denote by (72 — A)~1
the inverse of the Helmholtz boundary value problem with homogeneous
boundary conditions from Proposition 5.12. Define

(F,G) == W = (12— A)™}(—7j — grad p, curl7).

Then W is holomorphic on {Re7 > M} \ D(d) and satisfies the Helmholtz
boundary value problem with homogeneous boundary conditions.

For 7 real and large, Part II of Proposition 3.2 implies that W satisfies the
stretched Maxwell boundary value problem (8.1).

The equations in each line of the stretched Maxwell boundary value problem
are analytic on {Rer > M}\D(9) and are satisfied for 7 large and real. Since
{Ret > M}\D(9) is connected, they vanish for all 7 € {Ret > M }\D(J) by
analytic continuation. Therefore, (8.1) is satisfied for 7 € {ReT > M }\D(J).

Estimate (7.19) therefore applies for all 7 € {Re7 > M} \ D(). Since D(0)
is discrete, the singularities of the function W (7) at the points of D(9) are
isolated. The estimate shows that W is bounded on punctured neighborhood
of each singularity so they are all removable. Therefore W is holomorphic
throughout {Rer > M} and satisfies the boundary value problem (7.18)
and the estimate (7.19) for all such 7. This proves (8.1) and (8.2).

Uniqueness. It suffices to show that the only solution with sources p =0
and j = 0 is identically zero. Since it is holomorphic on Rer > M it
suffices to show that it vanishes on |]c, ool for ¢ sufficiently large. For those c
the operator 71+ )", A0 is symmetric and strictly positive in the sense of
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Friedrichs. In addition the boundary condition is dissipative and the solution
belongs to H%(Q°). Uniqueness follows immediately from the identity

Re((rI+ Y Ad)W W) e
k

after an integration by parts as in the proof of Proposition 3.2. U

8.2 The stretched Maxwell equations on Q, Theorem 1.11

Proof of Theorem 1.11. Existence. Define W° = (F?,G?%) on Q° to be
the solution from Theorem 8.1. With constant independent of 4, T,

(Re 7')2HVV‘S 2

6
HL2(96 (R,e T HT[' MV W HLQ(c‘)Q‘S) ~ ‘ p7jHL2 Q5
(8.3)
Proposition 6.1 yields the following estimate for (Re 7 ||W5H 12(505)
(Re D)W 72005 S (Re DTty Wl 720085 +
Re 7 (8.4)

ey IW21132 (g5 + (Re T)[[W|| 12(gs) [Idiv W, curl W[ 2(gs)-

The first two terms on the right are estimated by (8.3). The first two lines
of (8.1) together with (8.3) imply

~

T — -~ T ~
[div W, curl WOl 205y S I7W 0l p2qgsy + 1l r2gosy < |e’7_Hp’]HL2(Q)'
Therefore,
T _— T o~
(Re T)“W(SHLQ(QJ)HleW(S, cuer6\|Lz(Qs) < &EL) Hp,]][%g(g). (8.5)

Using (8.5) in (8.4) yields

[/
HW(SHL2(8Q5) 5 Re 7 HPJHLQ (86)

The coefficients of the operators @1/\/’/ and curl differ from those of div and
curl by O(1/|r|). Therefore div,curl is an overdetermined elliptic system
uniformly in |7| > M. Thus W° := (F,G) satisfies

VWl r2(ne) < CyllWP, div WP, curl W0 1o gsy < R
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Choose a sequence d(n) decreasing to zero. For m < n, Q) 5 Q%(m) and
20 NIy, 5 8Q%™ NTy,. Therefore by the Cantor diagonal process there
exists a subsequence, still denoted d(n) so that for each m,

o WM converges weakly in L?(Q%(™) to a limit W,,,

° W‘S(”)|Fmags(m) converges weakly in L2(I';, 01 9Q%(™)) to a limit Ao

Estimate (8.3) implies that with constants independent of m,

(Be 72 Won 2 g, + (Re 7)Y [miatr Aol sy S 15312

k
(8.8)
Since the Q%™ are increasing, for each m > 1, one has for n > m, W,, = W,,
on Q™) Define W € L*(Q) by W = W, on Q™).
Similarly for n > m, A, = A on I'i N 909%™ Define A, € L*(TxNOQ)
by A = A, g on T, N AQ°™). Estimate (8.8) implies,

(Re 7 [WF20) + Re 1) D ImmnyArlizwy S 1531720
K

The stretched Maxwell equations on Q follow from the equations on Qin)
on passing to the limit n — oco. In particular, W € Hy;,(Q) N Heyr1(Q).

Define A € L%(9Q) to be the unique element so that Alp, = Ay for all k.
Corollary 5.5 shows that W has a well defined trace in H~'/2(9Q). By
continuity of the trace, the restriction of the trace of W to I'y is equal to
Aj.. Therefore

W’ag - AEH_I/Q(ag), and supp (W|3Q - A) c S.

The only element of H~'/2(dQ) with such small support is 0 (see [16, Lemma
2.7.i]). Tt follows that W|sg = A € L?(0Q). In addition,

(Re 7_)2”W“i2(g) + (Re T) HW(My)iWHi2(OQ) S ‘

il (89)
Since v is a unit vector parallel to the k" axis one has
”F(MV)J‘W”%?(FI@) - H(Mkk)QWtanH%?(Fk) Rz ”thﬁ?(rk)’

yielding

(Re T)QHWH;(Q) +([Re7) ) HWtanH;(rk) S p.li2g) - (810)
p

52



For any § > 0 the holomorphy of W : {ReT > M} — L?*(Q%) follows
from the fact that it is the weak limit of a bounded family of holomorphic
functions W% (7). Therefore, for any §, W : {Rer > M} — L*(Q%) is
holomorphic.

To show that W is holomorphic with values in L?(Q) it is sufficient to
show that 7 ~ ¢(W(7)) is holomorphic for each ¢ in the dual of L?(Q).
Since W € L>®({Ret > M}; L*(Q)), it suffices to show that £(v(7)) is
holomorphic for £ in a dense subset. Indeed if £ is the limit of ¢; for which
the result is true, estimate

(W () — LW ()| < [le—4ll Sw Wl ey, on Rer > M.
This proves that /(W (7)) is the uniform limit of the holomorphic functions
LW ().

Take the dense set to be the functionals W — [ W - ® dx with ® € C5°(Q).
For each such ®, ® € C5°(Q%(n)) for n > m. Then for n > m, (W (7)) =
lim £(WO() (7)) with £(W%() (7)) holomorphic from Theorem 8.1.

An entirely analogous argument proves the analyticity of W (7)|so with val-
ues in L2(0Q). In this case the functionals fagw - ¥ d¥ with ¥ smooth
on the boundary and vanishing on a neighborhood of § are dense. This
completes the proof of existence.

Uniqueness. Need to show that if the source terms p,j are identically
equal to zero, then the solution must vanish. By analytic continuation, it
suffices to show that the solution vanishes for 7 large and real.

For 7 > 0 real, the change of variable X (7,z) from Definition 1.9 maps
Q to the rectangle Q. The stretched Maxwell equations are conjugated to
the unstretched Maxwell equations in the variable X. For 7 real and v
parallel to one of the coordinate axes A(Mv) is a positive multiple of A(v)
som” (Mv) =n"(v).

Therefore V(X) on @ defined by V(X(7,2)) = W(z) belongs to L*(Q)
and satisfies

0
(TI+ZAk TXk)V:O on Q, 7 (¥)V = 0, on 9Q\S.
k

The trace V]yg\s € L*(0Q\S). Denote by A the unique element of L?(9Q)
whose restriction to dQ\ S is equal to V|sg\s- Then V|sg — A is an element

of H=1/2(9Q) supported in S. The difference therefore vanishes so Vieg =
A e L*09).
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This shows that V' satisfies the hypotheses of the uniqueness Theorem 2.13 of
[16] that implies V' = 0. Pulling back to the x variables shows that W = 0.
It follows that F and G vanish for 7 €M, oo[. By analytic continuation
they vanish on {Re 7 > M}. This completes the proof of uniqueness and
therefore Theorem 1.11. O

8.3 Bérenger’s split equations on Q, Theorem 1.12

The solution is constructed from its Laplace transform. The Paley-Wiener
Theorem 8.2 yields properties of the solution from those of its Laplace trans-
form. The Laplace transform of a distribution F' supported in ¢ > 0 and so
that e"M'F € L?(R), is defined for all ReT > M by

F(r) = /e” F(t) dt.

Our functions F' take values in a Hilbert space H. The Laplace transform
takes values in H. It is defined and holomorphic in a half space ReT > M.

Theorem 8.2 The Laplace transforms of functions F supported in t > 0
and so that e=M'F € L2(R; H) are exactly the functions G() holomorphic
m Ret > M with values in H and so that

P2 ldr] < oo.
s [ F <

In this case ﬁ(T) has trace at ReT = M that is square integrable and

/e_QMt IE)2 dt = Sup/ 1B lar] :/ 1B 1drl.
A>M JReT=\ Rer=M

Proof of Theorem 1.12. Define M from Theorem 1.11.

Uniqueness. Suppose that U = (U',U?,U?) is a solution.

The Laplace transform of the condition V' := 3 U J € e L2(R x Q) is that
W :=U' 4+ U? + U? satisfies i of Theorem 1.11.

The Laplace transform of the condition Vi, € e#*L?(T'y) implies that Wy, :
{Re 7 > u} — L3(T},) is holomorphic.

The Laplace transform of the split equations (1.8) imply the split equations

(7 + op(zp))U* + AW = fr, k=1,2,3. (8.11)
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Summing implies that W satisfies iii of Theorem 1.11.

The Laplace transform of the boundary condition 7~ (A(v))V = 0 shows
that W satisfies iv of Theorem 1.11.

Therefore W must be equal to the unique solution of the stretched Maxwell
system from Theorem 1.11. This uniquely determines W.

The split equations (8.11) then determine U*.

This completes the proof that U* is uniquely determined. Since the Laplace
transform is injective, this proves the uniqueness of U.

Existence. e Construction of a candidate solution. Define W(7) to
be the solution from Theorem 1.11. Consider five holomorphic functions on
Re > M,
W(r) with values in L?(Q),
(7 4 op(2)) T AROLW (1) with values in H1(Q), k=1,2,3,
Wian(1)  with values in L?(UT%).

The estimate of Theorem 1.11 implies that

(Re 7)%[|[W (7 (Re 7)2 7] || (7 + o () "t AW (7

10
+(Re7) ZHth(T)Hm(rk) < ||(r) ), J( Hm(g)‘
k

zzo +

Theorem 8.2 implies that there are uniquely determined functions

V(t) € e"L*(R; LQ(Q)),
UFt) € eML*(R; HYQ)), k=1,2,3,
U(t) € e"L*(R; L2(8Q))

supported in ¢ > 0 so that,
V=W, U"=—(+op(ar)™ AW, Ulor, = Wian(r). (8.12)

Not only is U estimated in terms of W but so is |T]ﬁ k. This yields,

NZH(MVHQH(R;L?(Q)) +u E : Hff“t\I’Hi?(]R;L?(F,C))Jr
k (8.13)
— i i (12 _ 112
pi e (U, oU }HL2(R;H*1(Q)) < e Mt{p’J}HB(R;B(g))'

e Verification of Bérenger’s split equations for V.
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The stretched equation satisfied by W is equivalent to the fact that the
Laplace transform of V' — %", U k vanishes identically. Conclude that V =
>, U'. The middle equation in (8.12) shows that the Laplace transform of
(O +0i(z;))U'+.A4;0;,(3, U?) vanishes identically. Uniqueness of the Laplace
transform implies that the U’ satisfy the Bérenger split equations on R x Q.

e Verification of the boundary condition 7~ (v)V =0 on I'.
Write V = (E, B). Part iii of Lemma 2.5 shows that on UgI',

Wﬁ(V)V = (Etan - Btan AV, Btan + Bign N V) .

By construction the right hand side belongs to e*!L?(R x UI'y) and is sup-
ported in t > 0. To prove that the right hand side vanishes it suffices to
show that its Laplace transform vanishes. The transform is holomorphic on
Re 7 > M with values in L?(UT';). To show that it vanishes it suffices to
show that it vanishes for 7 €| M, ool.

By construction, 7~ (Mv)V () = 0 on UTj, for Re 7 > M. When 7 is real
M(,z) is a positive diagonal matrix. When x € Ty, the normal is parallel
to one of the coordinate axes. Therefore Mv is a positive multiple of v. Thus
for those 7,2, 7~ (Mv) = 7~ (v). Therefore, for 7 €]M, co], 7r*(u)17(7) =0
on I'y. By analytic continuation in 7 it follows that Tr_(y)‘7(7) = 0 on
I'; holds on Re 7 > M. This is the Laplace transform of =~ (v)V (¢)|r,.
Therefore 77 (v)V (t)|r, = 0. This completes the proof of Theorem 1.12. [J

Proof of part ii of Remark 1.6. Equation (8.11) implies that

Re 7

(Re 7)[U* 2oy < W(HVWHLQ(nQ) + [l7lz20) < Collpillzo)-

The Paley-Wiener Theorem 8.2 then implies (1.20). O

9 Reducing other PML to the stretched equations

The analysis of Bérenger’s perfectly matched layers is a straightforward
consequence of the analysis of the stretched Maxwell system in Theorem
1.11. In our experience, all perfectly matched layers for Maxwell’s equations
are built around the stretched Maxwell system. Sometimes, this structure
is not easily found. This section analyses a second perfectly matched layer
to illustrate the point. It covers a handful of other methods.

Bérenger’s model had several drawbacks. First, the Cauchy problem for
the split equations even with constant coefficients is only weakly well-posed.
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Secondly the split equations do not resemble familiar problem from physics.
The anisotropic medium of Sacks et al [34] addresses both. It leads to
the same stretched system of Chew and Weedon see [10]. It was used by
Ziolkowski [39] to produce potentially realizable absorbers. It was then
modified by Abarbanel and Gottlieb and extended by Turkel-Yefet to x €
R3, [36].

Our second perfectly matched layer is the Turkel-Yefet system, equation
(5.4) in [36]. We add a non zero current j. The unknowns are modified
electric and magnetic fields (E, B) € R? x R3, augmented by 6 auxiliary
functions (P, Q) € R? x R? to yield a twelve dimensional system. Define
diagonal constant coefficient matrices,

S := diag(o1, 02,03),
M := diag(og + 03 — 01, 03 + 01 — 02, 01 + 09 — 03),
N = diag((o1 — 02)(01 — 03), (02 — 03)(02 — 01) , (03 — 01)(03 — 02)).
Assumptions 1.1 and 1.2 imply that S, M, N vanish on Q.
The unknowns E, B, P,Q are required to satisfy the symmetric hyperbolic
system with nonvanishing lower order terms
OE —curlB+ ME+ NP = —j,
OB +curlE+ MB+ NQ = 0~, 01)
oP+SP = FE,
@+ SQ = B.
The auxiliary variable P resembles the polarization in electromagnetism and

the variable () is a magnetic analogue. The electric and magnetic fields of
interest are linear combinations of the auxiliary variables given by

E = E-SP, and B := B-S5Q.

One has E = E and B = B on Q.

The Laplace transformed system, with hats omitted for easy of reading,
implies . .
(tI+S)P = E, and (tI+5)Q = B.

Inserting this into the first equations yields

(TI+M+N(TI+S)_1)E —curl B = —j,
(rI+M+N(rI+S)™H)B + culE = 0.
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Factor (71 + S)~! to find,
(T +M)(rI+S)+N)(rI+S)'E — curl B = —j,
(I +M)(rI+S)+ N)(vI+S)™'B + cwlE = 0.

Multiply by 7 and use (71 + S)E = 7E and (I + S)B = 7B, to find

(I +M)(rI+S)+N)E — cul(r] + S)B = —7j,

(tI+M)(rI+S)+ N)B + cwl(r]+S)E = 0. 9.2

All the matrices involved are diagonal, so commute. The first coefficient,
(tI 4+ M)(1I+ S)+ N, is equal to

(t4+0o24+03—01)(T+01) + (01 —02)(01 — 03)

= 72 + (o9 +03) + 0903 = (74 02)(7 + 03).

The first component of curl(r] + S)B is equal to d2((7 + 03)Bs) — 03((7+
02)B>). Since o; depends only on x;, this is equal to
(T +03)02Bs — (7 +02)03Bs.

The first line of (9.2) is equal to

(T + 0'2)(7' + 0’3)E1 - ((T + 0'3)8233 — (T + 0'2)83.82) = —TJ1.
Multiply by 7 and divide by (7 + 02)(7 + 03) to obtain

2
(7’ + 02)(7' + o3

A similar computation for 7 Ej, shows that F/, B satisfy the stretched Maxwell
system

T 9y By — T
T+ 09 T+ 03

TE — ( 83B2> =— )jlz_jl-

tE — cwlB = —j, 7B + cwlE = 0.

Conversely, suppose that E, B is a solution of the stretched equations. The
equation for P is

oP+SP = E = E+SP, so, O/P = E.

Similarly 0,(Q = B. Together with (E,E) = (E + SP,B + SQ) they gen-
erate a solution of the Turkel-Yefet system. Perfect matching when the
computational domain is R? follows.

The Turkel-Yefet system (9.1) on Q with boundary condition 7~ (v)(E, B) =
0 on UI'g, implies that their E, B satisfy exactly the same stretched bound-
ary value problem as the E, B of Bérenger. Wellposedness of the Turkel-
Yefet system follows the analysis of the stretched equations.
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