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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 from the nineties are extensively used to
compute approximate solutions of Maxwell’s equations in R'*3 using a
bounded computational domain, usually a rectangular solid. A smaller
domain of interest is surrounded by layers designed to absorb outgoing
waves in perfectly reflectionless manner. On the external boundary
of the computational domain imperfect absorbing conditions are im-
posed. The method replaces the Maxwell equations by a larger system,
with absorption coefficients nonzero in the layers. Well posedness of
the resulting initial boundary value problem is proved here for the
first time. The Laplace transform of the resulting Helmholtz system
is studied. For real values of the transform variable 7 it is classical
that the system has H' solutions. To prove that they yield solutions
of Maxwell’s equations requires more regularity. For Im7 # 0 the
problem is much more difficult. It is is complex, its Dirichlet form
loses its positivity as do the boundary terms expressing dissipativity.
We smooth the domain and construct H? solutions with uniform H?!
estimates. Maxwell’s equations are recovered and the smoothing is re-
moved. Need to carefully choose boundary conditions at the smoothed
boundaries, the estimates require subtle multipliers, and, a method of
Jerison-Kenig-Mitrea is extended to help overcome the nonpositivity
of the flux.
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1 Introduction

This paper proves well posedness of algorithms that compute approximate
solutions 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 R3. The values of the fields are sought on a smaller
domain of interest denoted Q. Perfectly matched layers are employed in
Q\ 9.

The current density j and charge density p supported in {t > 0} x Qy 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 its boundary 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 ab-
sorbing boundary conditions [19]. 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 9y to absorb waves. The aim is that waves that reach 99 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
Qr 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 Q 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
Q7. There are three goals.

* In @\ Q7 solutions of the augmented system are damped.

* There is no reflection at all from the layers in Q \ Q.

* They are easy to implement.

Such perfectly matched layers for Maxwell’s equations were constructed by
Bérenger [8, 9]. The existence of such layers is truly remarkable. After
Bérenger, related PML were introduced [35, 13, 42, 28, 39, 43]|. They all
have at their core the stretched equations introduced below. Our analysis
of the stretched equations suffices to analyse them all (see Section 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. Four desirable properties are observed.

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

e Corners are easy. Absorbing conditions at the smooth parts of the
boundary suffice.

e Absorbing layers. The computed waves decrease as they pass through
the regions with nonvanishing absorptions (introduced in Section 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 that the algorithm is well posed. Solutions
with perfectly matched layers and absorbing boundary conditions at 9Q
exist, are uniquely determined, and remain bounded on bounded intervals
of time. In addition, the boundary conditions that determine the solutions
are imposed only at the smooth points of 99. We prove the first two bullets.
The last two bulleted properties are outstanding open problems.

The well posedness implies an error estimate. The error in the domain of
interest is bounded by a constant times the size of the solution of the PML
boundary value problem near the boundary of the computational domain.
The proof given in Section 9.2 depends only on perfection and well posedness
of the PML boundary value problem.

The well posedness 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 oj(x;) that vanish identically
on Qj. These variable coefficients defeat exact solution strategies for the
absorbing boundary conditions.

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

To formulate precise theorems begin with 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®) = ( ) 8 = (84,05, 05).

Equation (1.1) is equivalent to
ou + A(Q)u = f, f = (-7,0). (1.4)

Define real antisymmetric 3x3 matrices Ay, and 6 X6 real symmetric matrices



Ak;

0 0 0 00 —1

Ai=(0 0 1|, Ay:={(0 0 o0 |,
0 -1 0 10 0
0 10

Az:==|-1 0 0], Ak:_(f)1 ‘%k)
0 0 0 K

Then A(0) =) Ar0k. Define
Al =D GA = <§\ _SA) : (1.5)
k

Definition 1.2 Denote by Q = Q(Ly, Lo, L3) the rectangular solid
Q = {z el : |z <L;/2, j=1,2,3}.
The boundary of Q has six open faces I'y with 1 <k < 6. Fori=1,2,3,

L= {&; = —L;/2, and, |z;| < L;j/2 for j # i},
Divs == {zi = L;i/2, and, |z;| < L;/2 for j #i}.

For a point x € Ty, v(z) denotes the outward unit normal to Q at x. The
singular subset S C 0Q consists of the points of the boundary so that |x;| =
L;/2 for more than one value of j.

1.2 Energy flux and absorbing boundary conditions

The energy law for real solutions of Maxwell’s equations is recalled and used
to choose the absorbing boundary condition.

Definition 1.3 For vectors v and w in C* the dot product is defined as
vow =), 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(7) and w(7) depend holomorphically on T then
v(1) - w(T) depends holomorphically on 7. The C¢ scalar product need not
be holomorphic.

Suppose that Q C R!*3 is a smoothly bounded open set. Suppose that
(E, B) is a real C! solution of Maxwell’s equations with p = 0 and j = 0



on Q. The energy density is defined as (|E|?> + |BJ?)/2. Compute three
equivalent expressions for the flux of energy through an element of surface
dY with unit outward normal v. Start with

o(|E*+|B|*)/2=(E-E,+B-B,)) = (E,B)-(E,B),.
Maxwell’s equations yield
E-Et+B-By = F-ctlB— B -curl E.
The vector identity div (uAv) = v-curl u—u-curl v yields Poynting’s identity,
OH(E* + |B*)/2 + div(EAB) = 0.

Integrating and using the Divergence Theorem yields
8,5/(|E]2 +|B*)/2 dx + / (EAB)-vdx = 0.
Q [2/9)

The outward energy flux through d>: is equal to

(EAB)-vdx. (1.6)

Compute the flux using the matricial form of the Maxwell operator. With
u=(E,B),

w- (up + ZAkaku) = 0.

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

8t‘u|2 + Z@k(u . Aku) = 0.
k
Integrating over €2 yields the second formula for the flux,
8t/ lul? do + / u- (A(v)u) d¥ = 0.
Q o0

Definition 1.4 For a hermitian matriz A, E¥(A) denote the spectral sub-
spaces corresponding to strictly positive and strictly negative eigenvalues.
Denote by w+(A) the orthogonal projections 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- (Aw)u) = [|[7"(A@)ul|” = |7~ (A@))ul|".

This yields the third expression for the outward flux of energy,

1 1 2 _ 2

S (A a2 = o (Il Al ~ |7 (Aw)ul)ds. (1)
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
009. The outward flux is maximized.

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,(0), the tangential component of V,
denoted Vign, is defined as V. — (V - v)v.

Example 2.4 shows that the absorbing boundary condition 7~ (A(v))(F, B) =
0 holds if and only if Eiqp = Bian A v. With this boundary condition on
UI'g, the outward energy flux density is non negative. For sufficiently reqular
solutions this implies that the energy in Q is non increasing. The theory of
symmetric positive boundary value problems of Friedrichs [20, 27, 36] shows
that the initial boundary value problem for Maxwell’s equations has weak
solutions and that strong solutions are unique. The fact that the boundary
is irregular defeats Friedrichs’ mollifier strategy to prove the uniqueness of
weak solutions in L2([0,7] x Q).

Part 1 of [22] proves that this boundary value problem for the Maxwell
equations in rectangular geometry is well posed. The proof relies on the
fact that if w is a harmonic functions on a Lipschitz domain Q with u|gg €
H'(0Q) then u € H*?(Q) (see [25, 14, 32]). In Section 8.2, uniqueness for
this Maxwell boundary value problem on Q is used in our proof of uniqueness
for the stretched boundary value problem treated in Theorem 1.15.

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(xy) vanishes for all x € Qr and
that for all { € N, the derivative of(-) € L®(R).

Remark 1.2 The absorption oy (xy) is typically strictly positive on a neigh-
borhood of I'y, UTl'k13. As a function of xi, o usually increases from value



zero in Qp to a maximum at 0Q. The strips in Q where o > 0 are called
absorbing layers.

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

RS. The split equations imposed on U are
((9t—|-0k(.7}k))Uk + Akﬁk(U1+U2+U3) = fi, k=1,2,3. (1.8)

The k" equation has the Jy derivatives from Maxwell’s system. The source
terms fy are chosen so that fi+ fo+f3 = (—4,0) := f. The most symmetrical
choice is fr = f/3. Another common choice is f; = f and fo = f3 = 0. To
cover both treat

fk = Ckfa f = (_]) O)a Ck Z 0; C1 +C2 +C3 =1 (19)

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

Definition 1.6 The equations (1.8) with (1.9) are called the split equa-
tions For a solution of the split equations, the associated electric and
magnetic fields are defined by (E, B) := U' +U? 4+ U?3. The restriction of
E, B to Qy is the output of Bérenger’s method.

The analysis of the pure initial value problem on R 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 99
with its edges and corners.

The first proofs of well posedness for Bérenger’s system on R? with non-
constant o} differentiated the equations to construct a large system for a
highly heterogeneous mix of derivatives. The large system has constant co-
efficient principal part that is symmetrized by a Fourier multiplier S(D), see
[29, 28, 34, 30, 21].

The estimates in all of the above papers involve subtle constructions. Though
the layers are called absorbing, no energy decay law for Bérenger’s split
Maxwell system is known. If the splitting is applied to systems very close to
the isotropic Maxwell system the layers are amplifying. Examples are wave
equations with symbol 72 — ¢(9y, ;) with real positive definite anisotropic
quadratic form ¢ with axes of inertia not aligned with the coordinate axes
[21, 4]. Another example is the anisotropic Maxwell system even with axes
aligned with the coordinate axes [5].



There are other PML’s for which the analysis of the pure initial value prob-
lem is straight forward. Some, for example those in Section 9 are symmetric
hyperbolic systems. For isotropic Maxwell in rectangular geometry with ab-
sorbing boundary conditions at Q our analysis treats them all. As in [22],
the analysis works for Maxwell’s equations with variable e(x) provided that
€(x) is scalar and constant outside Q.

The solutions of (1.8) are supported in ¢t > 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

(1 +on(z)) U + AU+ U2+ 0% = fr, k=1,2,3. (1.10)

Definition 1.7 For Re 7 > 0, define the stretched derivatives
~ T

O = —— 8, k=123 d = (01, 8y, 0s).
k T+O'k-,(xk-,) k> y Ly Iy (17 2 3)

Define stretched vector operators as,

grl";i/d = (51,52,53), &R/ = (51,52,53)‘, CrlIlTl = (51,52,53)/\.

Multiply the k" equation of (1.10) by 7/(7 + ok (zk)). The sum of the three
resulting equations shows that (F, B) satisfies

(r+>_ Ad)(E,B) = f. (1.11)
K

Equivalently, using Assumption 1.1 and Assumption 1.2,

~ —_—

TE — (;u\;lg = _}\ZH_’;—*CIC('T) = —j, Té + CurlE = 0. (112)
L k\4LEk

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.

The stretched equations are at the heart of all PML that we know and have
at least two interpretations in terms of changes of variables.

Definition 1.9 For Re 7 > 0, define the coordinate stretchings Xy (7, zk)
as the solutions of ordinary differential equation initial value problems
an T+ O'k(flik)

P > X(1,0) = 0. (1.13)




For 7 €]0, 00[, 0X/0x; > 1 so x +— X(7,x) := (X1, X2, X3) is a diffeomor-
phism from R? onto itself. For 7 €]0, 00|, the diffeomorphisms X and X!
define maps f + fo X and f + fo X! of C*®°(R?) to itself. Each is the
inverse of the other.

Lemma 1.10 For 7 €]0,00[ the change of variables X (7, ) conjugates

T e . 9
T+ 0j(z;) Ox;j X,

Proof. For 7 €]0, 00| compute

_ == (1.14)

Zan T—i—Uj(l'j) 0 T 0 0
81'] an T 8)(]‘7 T—i—Uj({L'j) 81']' 6Xj

The following observation yields a first definition of stretched partial differ-
ential operators in 0,.

Lemma 1.11 Suppose that P(7,2,0;) = 3. an(7,2)0% is an m'™ order
Kk X K system of linear partial differential operators on R3 with an(T,z) €
C>®({Re 7 > 0} x R?); Hom(R")) that are holomorphic in 7. For T €]0, 0],
define the stretched operator as P=XoPoX Then, P has a unique
extension to Re T > 0 with smooth coefficients that are holomorphic in T.

Proof. For 7 €]0, o], the coefficient of 9% is an (7, )k (7/(T + oK (x)))**.
The expression is holomorphic in Re 7 > 0. O

Definition 1.12 The extension P from Lemma 1.11 is called the stretched
operator corresponding to P.

This is the definition that we use. A second version is complex scaling.
Compute 9(Re Xy)/0xr = 1+ 01, Re 7/|7|> > 1. Therefore, for 7 fixed with
Re 7 > 0, the map =y — X (7, z) is a diffeomorphism of R to a submanifold
Gr(7) C C with dimpGg(7) = 1. The map = — X is a diffeomorphism of
R3 to the submanifold G(1t) == G1 x Ga x G3 C C3 with dimgpG (1) = 3.
The functions x1,xy, x3 are global coordinates on G(7). The submanifolds
G(7) depend analytically on 7. In Lemma 1.11, P(7,z,0,) is viewed as an
operator on R? depending parametrically on 7. An alternative reading views
x as coordinates on G(7) in which case P(7,x,0,) is a differential operator

10



on the trivial bundle over G(7) whose fiber is R”. Lemma 1.11 characterizes
that family of operators by the following properties.

e For 7 €]0, 00| it is equal to the real stretched operators on R3.

e The family of operators on G(7), depends holomorphically on .

Lemma 1.13 With the stretched operator A from Definition 1.12, the stretched
vector operators satisfy,

div(® A W) = (curl @) - W — (curl W) - &, A = divgrad, (1.15)

&Ig,xg:g/r;i(ﬁzf—curlcurl, &ivvcurlz(), ch/rlgfrgi:O.

Proof. For 7 real, the stretched version follows from the unstretched version
by coordinate stretching. The terms in the stretched identities are holomor-
phic in {Re 7 > 0}. Since the identities hold on the real axes, they follow
by analytic continuation for all Re 7 > 0. O

Applying div to the stretched Maxwell equations (1.12) and using the conti-
nuity equation in Assumption 1.1 yields the stretched divergence identities

rdivE = —divj = 75, rdiv B = 0. (1.16)

When 7 €]0, oo[, the stretched Maxwell equations are real and symmetric in
the sense of Friedrichs [20]. That is, the matrices multiplying 0y are real and
symmetric. For 7 €]0, 00[ and large, the stretched system is positive in his
sense. However, when 7 is not real the coefficients are not even hermitian
symmetric. The split system (1.8) and (1.10) is never symmetric and never
hermitian.

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= — A p—r
Zyk T+ op(zk) A T+ 0j(z;) v Aj Yi

When 7 > 0 this is a strictly positive scalar multiple of the normal matrix
for the Maxwell system. The energy flux argument in Section 1.2 shows
that the boundary condition 7~ (v)(E, B) = 0 is a natural choice for the

stretched equations with 7 > 0. The E, B are holomorphic on Re 7 > M.
Therefore, if this choice is made for 7 > 0, then by analytic continuation

11



ﬂ*(y)(ﬁ,é) = 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 99\ S. Theorem 1.15 solves the resulting
mixed initial boundary value problem.

The well posedness result for the stretched equations is the folllowing. The

assertion involves boundary traces. If W = (F,G) € L%*(Q) satisfies the

stretched Maxwell equations with source j, p vanishing on a neighborhood of

0Q then on a neighborhood of the boundary, W, div W, curl W are square in-

tegrable. Proposition 5.4 shows that T has a well defined trace in H~/2(9Q).
Therefore, the boundary traces in ii and iv of Theorem 1.15 make sense.

Definition 1.14 IfO C R3 is open and K C O is compact. define L%{(O) =
{f € L*(O) ; supp f C K}. The spaces C52(O) and H};(O) are defined sim-
ilarly.

Theorem 1.15 Assume that Assumption 1.2 is satisfied. There is an Mo >
0 so that if M > My, J and R satisfying —divJ = 7R are holomorphic
on Re T > M with values in LQQ—I(Q), then there is a unique W(T) =

(F(1),G(7)) that satisfies i, ii, iii, iv.
i. W is holomorphic on {Re 7 > 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. Fign = Gian A v (equivalently 7= (v)(F,G) = 0) on Ul.
In addition, with constant independent of R, J, T,

Rer2[W (1) 22(0) + Re D[ Wean (M B2or,) S IRE), T 22(0)-
(1.18)

Remark 1.3 In addition, W|sg is holomorphic with values in L*(0Q) with
Wlaallr200) < I7|/2(Re T)*lHR,JHLz(Q) (see (8.6)). Forn <1, VW €
L*(nQ) with HVWHLQ(UQ) < Cylrl(Re 7)7HIR, J|12(0) (see (8.7)).

Example 1.1 Perfect matching. Theorem 1.15 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|Q1 :WO|Q1‘

12



Proof of perfect matching from [21]. For positive real 7, Equation
(1.14) asserts that 0; in the x coordinates is equal to 0/0X; in the X coor-
dinates. Therefore, 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, oo[. 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 Wj are holomorphic on Re 7 > M, it follows by analytic
continuation that Wlg, = Wy|g, for Re 7 > M. O

Remark 1.4 For a bounded computational domain Q the perfect matching
1s 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 1.16 Assume that assumptions 1.1 and 1.2 are satisfied. There
is an Mo > 0 so that if p > My and p,j € e L2 (R x Qy), then there is a
unique solution U = (Ul,U2,U3) € L*(R; H-Y(Q)), satisfying U = 0 for
t <0 and the split boundary value problem (1.8,1.9) on R x Q with,

V.=U'"+U?+U3:= (F,G) c " L*R x Q),

Vian € ' L*(R xTy), 1<k<6,

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

In addition, V and the components Uk satisfy

MHe_utVHLQ(RXQ) e Vt‘mHLQ(RXqu) *

1.19
plle=*(U*, o,U* (19

— t .
)HL2(R:H—1(Q)) < e (p’j)HLQ(RxQ)‘
Remark 1.5 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.

13



ii. The restriction of U to nQ with n < 1 satisfies (use equation (8.7))
plle ™™ UM a@xngyy < Colle™ (0eps 0:)ll 2@ x 0): (1.20)

iii. Uniform stability. Estimate (1.19) allows the possibility of exponen-
tial growth in time. Proving uniform boundedness, suggested by computa-
tional experience, is an oustanding open problem.

For the special case of Q = R® with constant oy, uniform stability can be
attacked by exact solution in Fourier, or by constructing decreasing nonneg-
ative functionals see for instance [6, 3].

A number of works began the assault on the theorems of this paper. Costabel
[14] showed the pertinence of the Jerison Kenig Theorems (see Section 6).

In [21] we treated the transmission problems in the original presentation of
Bérenger. We use the Laplace transform and variational approach followed
there.

We analysed the unstretched Maxwell equations in rectangular domains with
the absorbing boundary condition in [22]. There are no absorptions and no
PML, but it opened the door for the present problem. The uniqueness
assertion from that paper is used in the last paragraph of the uniqueness
proof in Section 8.2.

The next papers all treat the rectangular geometry and absorptions as in
this paper.

Diaz-Joly in [17, 18] study, among other things, the stretched wave operator
0?2 — A with Dirichlet or Neumann boundary conditions at 9Q. They prove
uniform stability and an amazing explicit solution formula in spite of the
variable absorptions. The boundary conditions are perfectly reflecting, the
opposite of absorbing. For the absorbing boundary condition, their method
of images fails. Stability, but not uniform stability, for the stretched wave
operator with the absorbing boundary condition can be proved with the
methods of [23]. The Maxwell PML is much more difficult than the case of
Pauli’s equations in [23].

From here on the authors all work by Laplace transform with variational
forms.

Bramble-Pasciak [10] consider our PML applied to the time harmonic Helmholtz
systems coming from Maxwell’s equations with perfect conductor bound-
ary conditions on the external boundary. The conservative boundary is a
great technical simplification because flux terms vanish (see Remark 7.3).

14



Bramble-Pasciak consider only the stretched time harmonic Helmholtz prob-
lems. They do not construct solutions of the stretched time dependent
Maxwell equations.

Nicaise-Tomecz [32] and Costabel-Dauge-Nicaise [16, Section 4.5] consider
the unstretched time harmonic Maxwell equations with the absorbing bound-
ary conditions. Their proof is a close cousin to the proof of Proposition 5.12.
They do not treat the stretched equations.

Bécache-Kachanovska-Wess [7] apply the PML method to the Maxwell equa-~
tions in two dimensions with perfect conductor boundary conditions in pla-
nar wave guides filled with dispersive media. They analyse the resulting
Helmholtz equation for the magnetic field. The two dimensionality and the
conservative boundary condition are significant aids. The authors prove ex-
ponential decay in the one dimensional layer. This gives hope for decay in
layers in R1*3,

1.6 Outline of the proof

The key result is Theorem 1.15 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
Section 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 divE = divB = 0. The final pair comes from the
stretched Maxwell equations themselves. The additional condition, intro-
duced in Section 3.2, is 7 (Mv)(T — curl E, 7 + curl B) = 0 with M from
Definition 3.3. The resulting boundary value problem is solved on a domain
Q? that is a smoothing of Q on a d-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 7 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.
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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. It is classical
[14, 15, 32, 16] that the absorbing conditions are associated to the div-rot
quadratic form of the Laplace operator. That quadratic form has a natural
but not obvious extension to the stretched problem. It relies on Green’s
identities from Section 5, and, the spectral projections of Section 2.

In Section 5.3 the quadratic form is used to prove invertibility of stretched
Helmholtz boundary value problem for 7 €]0,00[. This complements the
Lopatinski analysis of Section 4.

For complex 7 there are two difficulties in applying the bilinear form from
Section 5. The first is that neither the volume integrals nor the boundary
terms have a sign. They both are almost positive. The second is that the
boundary term yields at best an estimate for the 7+ (Muwv) projection of the
boundary data. The 7~ (Muwv) projections enter in error terms. This does
not happen for the perfect conductor boundary conditions.

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 [25] for harmonic functions and M. Mitrea [31] for
Maxwell’s equations. For stretched Maxwell, the estimates assert that the
7~ (Mv) projection of the trace is estimated in terms of 7+ (Muwv) projection
and the stretched divergence and curl.

The natural multiplier in Green’s identity is not the complex conjugate of
(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 Section 7, appropriate multipliers are found. The é-independent estimates
for the stretched Maxwell boundary value problem on Q° with are proved

in Section 7.

Theorem 8.1 of Section 8.1 solves the stretched Maxwell boundary value
problem on Q°. The Laplace transform of the solution is constructed as
a solution of the stretched Helmholtz boundary value problem. That it
satisfies stretched Maxwell is proved by analytic continuation from 7 real.
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 [22]. Section 8.3 solves the split equations on Q using
the solvability of stretched Maxwell. Section 9 shows that the methods used
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to solve the Bérenger’s split equations also treat other PMLs. It also proves
a new error estimate. The proof works for any perfectly matched and well
posed PML.

2 Symbol spectral decomposition

The formulas of this section are used throughout. Formula (1.7) for the
energy flux leads to the absorbing boundary condition for 7 real. In Section
3.2, the holomorphy of Lemma 2.7 is used to find the boundary conditions
for complex 7. The projectors appear in the bilinear form a((E, B), (E’, B"))
from Definition 5.8 that is used to analyse stretched and unstretched Helmholtz
boundary value problems. Proposition 5.10 proves, using the projectors,
that the boundary term after integration by parts in a vanishes if (F, B)
satisfies the stretched Maxwell equations at 9Q7.

Lemma 2.1 With notation from Definition 1.4, for & € R3\ 0, the real
6 x 6 symmetric matriz A(§) from (1.5) has eigenvalues £|€| and 0. Each
eigenvalue has multiplicity two. The eigenspaces, 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)
ET(A() = {(e,b) : bLE and e=—-bA{/[¢]}.

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

a0 (5) = (e ) (6) =)

It follows that (e,b) in the formulas are eigenvectors with eigenvalue +1.
The eigenvalue 0 is easier. Since the spaces on the right of (2.1) span C° it
follows that they contain all the eigenvectors. O

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

Since the left hand side is a homogeneous degree 6 polynomial in (7,§), it

follows (for example by Taylor series) that this identity holds for all (1,&) €
(C1+3.
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Definition 2.2 When dealing with the Maxwell system we use the short-
hand EX(&) and EO(€) for EX(A(E)) and E°(A(E)). Similarly for the spectral
projectors.

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

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 = Cg¢, and, Wy = {UG(C?)IU'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 = Wy @ Ws.

Definition 2.4 For 0 # & € C3\ Z, denote me and Te1 the projections in
Hom(C3) given by

v = — &, and, Ter = I — mg.
The decomposition I = ¢ + m¢1 corresponds to Wi @ Wo = C3.

Remark 2.1 i. For ¢ in R3\ 0, TeL s 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, TeL 18 equal to the orthogonal projection onto the orthogonal
complement of §. These properties characterize ¢ .

ifi. Force C\0 and0# &€ C3\ Z, mee = me and T(eg)l = Mgl

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.

En(Enw) = —(&-&)(w- ) =~ Qraw.  (23)

18



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),

(€)(e.b) = ((e-O)¢, (b-8)¢).
ii. For (e,b) satisfyinge-£ =0, andb-& =0,

(&) (e,b) = % (b/\§+e, b—eAg).

iii. For arbitrary (e, b),

(&) (e,b) = +(§)(7T£L€,7T§Lb)

™
% ((7['£J_b) /\5 + 7T£J_e s 7T£J_b — (7'('51_9) A f)

iv. The projection on the negative eigenspace is given by w~ (§) = nt(=¢£).

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 by perpendicular to £ so
that

(e.b) = (b A&, bu)/VZ + (—b_ AL, bV, (24)

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 +
eNE)/V2 (resp. by = (b —eA€£)/v/2). Therefore

7T (€)(e.b) = (b A&, b)/V2 = (b—enE)AE, b—enE)/2
= (bA¢+e,b—eN&)/2,
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proving ii.
iii. For general (e, b), part i implies that the projection on the span of the
nonzero eigenspaces is equal to (7r5Le, TeL 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(&) @ &%) = Kernt (&) is equal to the set of vectors e,b satisfying
Terb — (7T§¢e) AN & = 0. Taking the wedge product with & shows that this
is equivalent to (me1b) A&+ mere = 0. In addition,

7" (€)(e, bl
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. There is
no holomorphic function on C*\ Z whose square is equal to & - €.

< |lmerb—(mere)AL|| = [|(merb)AéHmere| < V2 nT (€)(e, b).

Definition 2.6 Let
Q:={£cC® Re(¢-6) >0} ={€cC®: |Im¢ < |Rel}.

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

The eigenvalues are holomorphic on larger sets, for example {¢ € C3: ¢-¢ €
C\] — 00,0]}. The extension to € suffices for our needs.

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 2 and are given by,

7T+(§)(ev b) = 2_1 ((§ : €>_l/2b/\£+7T§Le s 7T£Lb — (f . f)_l/ze /\g)7
7°(¢)(e,b) = (7r§e,7r§b),
(&) = —mt (=)

Proof. The eigenvalues and their algebraic multiplicites follows from (2.2).
The contour integral representations show that the spectral projections are

20



holomorphic in & For € € R3\ 0 one has the formulas for the projectors
and,

AOT() = £(6- 97 (9),  A©T(©) =0. (2.5)
By analytic continuation, the identities (2.5) and the formulas for the spec-
tral projections extend to 2. O

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

<W6L 0>:7r+(§)+7r_(5)7 and, (Tg 0)=w0<5>. (2.6)

7T£J_ 7T§

3 Stretched Helmholtz boundary value problem

The stretched Maxwell equations are solved on smoothed domains Q°. Sec-
tion 3.2 shows that on the smoothed parts there is a boundary condition
forced by holomorphy in 7. Proposition 3.4 shows that solutions of the
resulting boundary value problem satisfy a Helmholtz boundary value prob-
lem on Q°. It also proves a partial converse: when 7 is real, solutions of
the Helmholtz boundary value problem satisfy the stretched Maxwell sys-
tem. The proof requires the smoothness of Q7. Section 8.1 uses the partial
converse for real 7 to show that for the holomorphic family the stretched
Maxwell system is satisfied for all 7.

3.1 Smoothed domains Q°

The construction of a holomorphic family of solutions (E(7), B(7)) to the
stretched Maxwell equations on @ is carried out by solving the same equa-
tions on a sequence of domains Q) for 0 < § < do increasing to Q as §
decreases. The Q° are obtained by smoothing the corners and edges of Q.

Q is convex with 0 € Q. Express 0Q in spherical coordinates (r,w) €
]0,00[xS? as the graph r = ¢(w). Then ¢ is lipschitzian on S2. Denote by
S := ¢~ 1(8) C S? the preimage of the singular set S of 9Q.

Definition 3.1 For0 < d < 1 choose a sequence of smooth convex domains
Q0 = {(r,w) : r < ¢°(w)} with ¢° € C°(S?) increasing to ¢ as 6 \, 0. The
functions ¢ are required to satisfy, ¢° = ¢ on {w € S? : dist(w,S) > 6},
and, sup; ||Vwc§‘5||Loo(Sz) < 00.
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Figure 1: A smoothed corner of Ql

Remark 3.1 FExcept for a d neighhorhood of S, the normal vectors v to
dQ° are parallel to the coordinate azxes, see Figure 1.

Definition 3.2 With Q; from Assumption 1.1, choose 0 < 6y < 1 so that
Q% contains Qj in its interior.

3.2 Absorbing boundary conditions on 9Q°

This subsection chooses a boundary condition to impose on the curved
parts of 9Q°%. On the flat parts of the boundary impose the condition
7~ (v)(E,B) = 0. This convention implies that taking the limit as § — 0
recovers the boundary conditions on 0Q in Theorem 1.16. The choice of
boundary conditions on the curved parts requires thought.

Definition 3.3 Define

N(r,z) = [~ +oil@i) (3.1)

T

i=1
and,
My 0 0 .
M(T,flj) = 0 M22 0 y with Mii(Tvx) = HL](.%.])
0 0 Mss i T

Then

Mig Moy Mgy = T2, ——— —TI'My;, 9 =T1"Md. (32

T+ oi(x;)
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The operator A(0) is given by

A4 8= #@) A; 9; = AITTIMO) = T L AMO).  (3.3)

(2

The normal matrix associated to A(9) is equal to

D ey A = ITAMY). (3.4)

For 7 real, it is natural to impose at all z € Q% the boundary condition
™ (Mv)(E,B) = 0. (3.5)

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 £|Mv| and 0 each with multiplicity two. Therefore the
outward flux is equal to one half of

(AMv)u) -u = Myl [|r" (Mu)ul® — M| [r= (Mv)ul*. (3.6)

The boundary condition (3.5) 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 (3.5) is
holomorphic in {Re 7 > maxy, ;, ox(x;)}. Indeed, suppressing dependence
on k,x; one has for Re 7 > 0,

T+0o oT T+0

=1+ 73 S0, Re
T |7 T

>1, and, ‘Im

T+U)<i.

T 7]

Therefore for Re 7 > maxy, 5, ox(xg), | Re Mv| > [Im Mv|. The holomor-
phy of the left hand side follows from Lemma 2.7.

It is natural to impose that the left hand side vanishes when 7 is real. By
analytic continuation it must vanish for {Re 7 > maxy, ;, ox(xy)}, that is
7~ (Mv)(E, B)|ggs = 0. This is our choice of absorbing boundary condition
for the stretched problem.
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3.3 Near equivalence of Maxwell and Helmholtz

Proposition 3.4 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 9Q°.

i. E, B satisfies the stretched Mazwell’s equations,

TE—cwlB=—j, 7B+cuwlE=0, divE=p, divB=0. (3.7)

ii. FE,B satisfies the boundary value problem for the stretched Helmholtz
equation with additional boundary conditions,
TZE—AE:—Tj—grAaJdp on Q°
?B—AB=cwlj on O,
7T+(MI/)(TE—(;1TI‘/IB, TB—F(;;IHE) =0 on 9Q’,
divE = divB = 0 on 8Q5.
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 3.4. I. Use (1.15) and the shorthand I for the 3 x 3
identity matrix. The identity

Ao (om0 \_(-Breemad o
0 curl curl 0 —A T + grad div
implies that
~ ~ (12 — A)I + grad div 0
I— A0 I1+A(0)) = ~ — ~ .
(v @) (@) = (7S

Apply to (E, B) using (3.7) to find
<T2I+ &El&ﬂ) (E,B) = (TI - A(5)>(—j, 0) — (grad div E,0).

This is equivalent to the first two lines in (3.8).
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In @5, the funct}OIls TE — gtlvﬂB, 7B+ 0/1\1;1E dTvE divB vanish on a neigh-
borhood of 9Q°. This implies the third and fourth lines of (3.8). This
completes the proof of I.

IT. Suppose 7 €]0, oo[. Define

3
(F,G) = <TI + ZAi@>(E,B)+(j,O).

The first two equations from (3.7) are satisfied if and only if (F,G) = 0.

The second line of (3.8) implies that curl j € L*(Q%). The continuity equa-
tion implies that div j € L*(Q%). Since j is supported in K the fact that
((?1;;1,(17;/) is an elliptic system on R® implies that j € HL(Q%). Since
E € H*(Q°) it follows that (F,G) € H'(Q?).

The third line of equation (3.8) together with the fact that p and j vanish
at the boundary imply that on 9Q?°,

*H(MV)(F,G) = w+(My)(TE—EJﬂB,TB+EJﬂE) = 0. (3.9

Computing (72 — A)dlv E = le(T - A)E using the Helmholtz equation for
E together with 7p = 7(11Vj yields (72 — A)(dlvE p) = 0. By hypothesis
divE—pe H 1(Q(S) and vanishes at 9Q°. For 7 €]0, 00|, this implies that
divE = p on Q Similarly div B = 0 on Q

Define W := (F,G). The stretched Helmholtz equations, divE = p, and,

div B = 0, imply that (I — A(D))W = 0. Note the minus sign. Compute
using the symmetry of Aj in the second step to show that

W - A(Q)W do = Z

Qs
= Z/ AW - W da
Qs T+Uk

An integration by parts, with v denoting the unit outward normal to Q9,
yields

W - AOYW do =
o3 (3.10)

TVL
/QszA’“a’“ Wda:+/wz AW - WS,

T+ o
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Definition 3.3 shows that first term on the right of (3.10) is equal to

~ T
~ Jos (8)W'de_/gg(ZAka’“T+ak>W‘de' (3.11)

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

Tyk . = -1 .
/(99627+0kAkW W dy /69611 AMOYW - Wds.  (3.12)

In the last four identities use A(Q)W = 7W to find

-
20— > A ( )|wwa :/ T~ A(Mv)W - WdS. (3.13

/Q5|:T Z kkT"‘O’k o HQ9 ( V) ( )
Equation (3.9) yields 77 (Mv)W = 0 on dQ°. Therefore, the integrand in
the boundary integral on the right of (3.13) is nonpositive thanks to (3.6).
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

4 Lopatinski, Fredholm, and analyticity

This section shows that the second boundary value problem in Proposition
3.4 satisfies Lopatinski’s ellipticity condition. The boundary value problem
has unknowns (E, B) of dimension six. The equation 7~ (Mv)(E, B) =0 is
two boundary conditions of Dirichlet type since 7~ has rank equal to two.
The last three equations in (4.1) are four boundary conditions expressing
the normal derivative in terms of tangential derivatives,

7?E—-AE = f, on Q°,
2B - AB = fo on Q‘s,
™ (Mv)(E,B) = ¢ on 0Q°, (1)
(M) (TE — curlB, 7B + cAu/rlE) = g2 on 99’ .
divE = g3 on 8Q5,
divB = ¢4 on 9Q°.
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Five properties are proved with constant M independent of §.

e For Re 7 > M, problem (4.1) satisfies Lopatinski’s criterion describing
coercive elliptic boundary value problems (Proposition 4.1 and Corollary
4.2).

e The operator L mapping (E, B) to (f1, f2, 91,92, g3, g4) is Fredholm (Corol-
lary 4.6) with index independent of 7 and the absorptions o;.

e L depends holomorphically on 7 € C for Re 7 > M (Proposition 4.7).

e L is invertible for 7 €]0, oo[ (Proposition 5.12).

e Analytic Fredholm Theory implies that for each § the operator is invertible
except at a discrete subset D(5) C {Re 7 > M} (Proposition 5.13).

The hard uniform estimates for solutions of (4.1) are in Sections 6 and 7.

4.1 Lopatinski condition and Fredholm property

The verification of Lopatinski’s condition (see [2, 40, 24]), begins with the
unstretched boundary value problem.

Proposition 4.1 For each 7 € C and 6 €]0, dy], the unstretched boundary
value problem

™B—-AB=f on Q,
E - AB = fy on Q,
™ (v)(E,B) = ¢ on 0Q°,
" (v)(TE —curl B, 1B+ cwl E) = g5 on 9Q°,
div £ = g3 on 8Q°,
div B = ¢4 on 9Q°,

satisfies Lopatinski’s condition characterizing coercive elliptic problems.

Proof. The verification at a point of 0Q% demands that one replaces Ql
by the half-space with the same tangent plane and outward normal v at
Q°%. 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 {x; > 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

el(&2x2+E3w3) w(ry), (£2,8) € R2 \0, w(x;) =0 when z; — 4o0.
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The condition is satisfied when zero is the only such solution.

The boundary value problem with source terms equal to zero is

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

™ (v)(E,B) = 0 on {z; =0},
7t () (—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%1"(e,b), 4+ E+EE=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 &2, &3 there is a six
dimensional space of solutions w to (4.3). This shows that six boundary
conditions are needed.

By rotational invariance it suffices to verify Lopatinski’s condition for (£2,&3) =
(0,1) in which case, & = (£1,£2,&3) = (4,0, 1). The boundary conditions hold
if and only if

7 (v)(e,b) =0, 7 (v)(—&Ab,EAe)=0, and {-e=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

(etana btan) € ng(V) <  ©tan = btan ANV < (07 €2, 63) = (07 b37 _bQ) .
The divergence conditions ie; + ez = 0 and ib; + b3 = 0 yield,
e = (—ibg, b3, —bg), and b= (ibg, bg, bg)
The curl boundary condition is

0 =a"W)(—€¢Ab,EAe) = 77 (V)(— (EAD)tan, (A €)tan).

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

—(EAD)tan = —(EN€)tan AV (4.4)

For any vector v, (§ A V)ian = (0,01 — ivs,iv). Therefore
(EAD)an = (0,0,ib2), (£ A€)tan = (0,0,ib3), (£ A €)tan Av = (0,ibs,0).
Comparing the first and last shows that if (4.4) holds then by = b3 = 0.
O

Therefore e = b = 0 verifying Lopatinski’s condition.
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Corollary 4.2 There is an M > 0 so that for |7| > M and 0 < § < dy,
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| — oco. 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 € BH¥2(0Q%) : 1~ (Mv)g = g} . (4.5)

Denote by £ (7,2) the negative spectral subspace of A(M(7,z)v(T,x)).
Then an equivalent definition is that g; is an H3/2 section of the vector
bundle over 9Q° whose fiber at x is £~ (7, z). Similarly, the natural space
for gs is

{g e H'/2(0Q%) : 7t (Muv)g = g} . (4.6)

Definition 4.3 For Re 7 > 0 the closed subspace of H3?(0Q°) defined in

(4.5) is denoted Hg/f(mc) (0Q%). The space (4.6) is denoted H;f(Tvz)(GQ‘S).

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 3/72(7 2) (09%).

The space H;}iQ(TVI)(ﬁQ‘s) is analogous. For g € H3/2(9Q?%),
g=1 (Mv)g <= at(Mv)g=0 and 7°(Muv)g=0.
Lemma 2.7 shows that with g = (e, b) this is equivalent to
e-(Mv)=b-(Mr)=0 and (mprgu)rb) A (Mv)+mprp)re=0.

For |7| large, Mv = v+ O(1/|7|). It follows that the two dimensional space
E7(1,x) is very close to £~ (v). The latter is given by the pair of equations
independent of 7,

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) = (eun, bran) and
bign AV + €44y = 0. Therefore, for each x the linear map

E (v(x)) 2 (e(x),b(z)) — e(x)wn € Tx(OQ(S) (4.7)
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is an invertible map from a two dimensional space to another. It depends
smoothly on x.

It follows that there is an M > 0 so that the nearby map
E-M(r,2)v(x)) 3 (e(z),b(z)) — e(x)an € Tp(0Q%) (4.8)

is also invertible. It depends smoothly on 7, x and analytically on 7.

Definition 4.4 Denote by R~ (7, x) the inverse from the last sentence. De-
fine RY(7,x) similarly.

The equation 7~ (Mvr)g = g holds if and only if (e,b) = R (7, x)etan.
The space Hgé Z(T ) (0Q%) is exactly the set of functions of the form R~ esqn
where ey, is a vector field tangent to Q° with regularity H3/2(9Q%). The
set of such fields is independent of 7. Analogously, £1(Mwv) has equation

(e,b) = R (7, 2)etan.

Definition 4.5 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 4.6 For Re 7 > M, the operator L that sends E,B € H?(Q°)
to

(TQE —AE, *B - AB, n (Mv)(E, B)|pgs ,
7T+(MV) (TE - C/IIITIB, B+ C/II/I'IE)LgQ& 5 (C/ﬁ_\// E))|agé 5 (d:;f B))‘agé)
s a continuous and Fredholm operator with values in

LA Q) x LA(Q0) x HYA (0@ x HLS  (0Q°) x HY2(9Q%) < H'/2(9Q) .

(4.9)
Both the kernel and the annihilator of the range contain only smooth func-
tions. The index of the operator is independent of T with Re 7 > M and the
nonnegative absorptions.
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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 [2], Taylor [40, Vol II], Hérmander [24, Vol
ITI, Theorem 20.1.8]).

To prove that the index is constant, consider the continous family of Fred-
holm maps that for 1 € [0,1] takes 7(p) = (1—p)7+p and o(p) = (1—p)o;.
This connects the operator at 7,0 to that at 1,0. Want to invoke the invari-
ance of index under continuous deformation. Multiplication by R~ is a linear
isomorphism from H?’/2 (8Q5) to the fixed Hilbert space of H3/2(9Q7)

tangential fields. Slmllarly for H, 1/ 2 (GQ‘S) In this way the Fredholm
maps are conjugated to maps Wlth Values in a fixed space. The index of the
resulting family is constant. Therefore the index of the original family is
constant. O

4.2 Analyticity

The source terms in the 7% boundary conditions in (4.1) take values in spaces
that depend on 7. They are first converted to source terms in 7 independent
spaces. With R™ from Definition 4.4, the boundary value problem (4.1)
takes the form,

( —A)(E,B) = (f1, f) on Q)
™ (Mv)(E,B) = R (r,z)g, on 0Q?, (4.10)
7t (Mv) (TE—curlB TB—i—curlE) = R+(T,l’)g2 on 9Q°, .
(div E, div B) = (g3, 94) on 0Q°.

The source term g, takes values in the space of H 3/2(0Q°) tangential fields.

and g, in the I 1/ 2(6Q5) tangential fields. The coeflicients of the operators
depend differentiably on 7, x and analytically on 7.

Proposition 4.7 Suppose that = € C and that the Fredholm mapping from
Corollary 4.6 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 (4.10) is an analytic function on a neighborhood of T with
values in H*(QY).

Proof. The invertibility for 7 = a + ib near 7 follows by Neumann’s series.
Standard elliptic theory shows that the map a,b — (FE, B) is infinitely differ-
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entiable with values in H?(Q?%). 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 (4.10) with all sources
equal to zero. That O(F, B)/0T = 0 follows from the invertibility. O

5 Green’s identities

A priori estimates require integrations by parts using Green’s identities for

div and curl. They and associated trace theorems for the spaces H_— and

H g are derived in Section 5.1. The unstretched versions are standard
[11, 12]. Definition 5.8 introduces a bilinear form a((E, B), (E', B")) associ-
ated to 72 — A. Proposition 5.10 and Remark 5.2 relate a to the spectral
projections from Section 2 and to the stretched Maxwell and Helmholtz
boundary value problems in Proposition 3.4. For 7 €]0, 00| the quadratic
form of a is strictly positive. Using this, Section 5.3 proves that L is invert-
ible when 7 €]0, col.

5.1 Stretched Green’s identities

5.1.1 Stretched div, curl and grad identities

The identities involve II, M, M;; from Definition 3.3.

Lemma 5.1 The following differential identities hold for v € Ct,
(7, z)dive = div(Mv), (5.1)
div(® A W) = (curl®)- ¥ — (curlV)- &, (5.2)
II(r, z) grad ¢ = (9 (M110), B2(M220) , D3(Mss0)) = M grad 6. (5.3)
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Proof. For (5.1) compute using (3.2),

-~ : 7—+U] ;) : T
(r,z)dive = (H )(ZT—FUZ(% )

j=1 =1
3 T+ 0j
= z; (jl;[ A )8“’1 ;M“a i (5.4)

= Za ”vl (since ;M =0)
= dlv(Mv)

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

11(r,2) grad ¢ = 1(r.2) (010, —— 0o, ——10)
= <M1181<757 Ma2020, M3333¢)
= (O1(M116), 92(M229) , D5 Msz6)) = M grad 6.
Identity (5.2) is similar and is left to the reader. O
Lemma 5.2 For ¢, ®, U in H'(Q%) the folllowing integral identities hold,

/H(T,x)c/ﬁ;li%\lldx—/ I(r,z) curl ¥ - & da
Qs Qs

(5.5)
:/ (T A (M) - ®dS,
099
/ (7, z) c1>-g§§1¢dx+/ I(r,z) ¢ div® da
o3 o (5.6)
= O - (Mv) dx.
098

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

/ H(T,x)ciTv(q>A\I/)da;:/ div(M((I)/\\If))da::/ (M(®AT)) v da.
08 Qs 8Q°

Since M is diagonal,
(MO@AT)) v=(PAY) Mrv=—(TAD) - Mv=(TAMV) - P
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This proves (5.5) using (5.2).
Formula (5.6) comes from (5.3). Indeed,

= _/Q§Zij¢8j<I>j dx—i—/(?Qéquijq)jI/j ax

= _/QaqSZijajq)jdx—i_/a ¢Zq)ijjVj

Qé

dx

My

099

— _/ ¢ div®dr + ¢ - (Mv)ds.
Qd Q8

Definition 5.3 Define Hilbert spaces and their analogues for O,
H—(Q) = {@ € L2(Q% : curl @ € LQ(Q‘s)},

Hy (Q%) = {@ € L2(Q%) : divd ¢ LQ(Q‘;)}.

The set of restrictions of C5°(R?) to Q° (denoted CE"(j)(Qé)) is dense in each
of the three spaces H(;H(Q‘S), H&(Qa), and H&(Qa) N H(;H(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

CRH(Q°) x C®(0Q°) 3 (8,0) (PAD)- My dy e C
0Q9

extends uniquely to a continuous bilinear form on Hm(Q‘S) x H'Y2(0Q9).
Therefore, for ® € H—(Q?), ®lygs N Mv is a well defined element of

curl

H~12(0Q°%). Similarly, the map

o,V — PV - My dx
099
is a continuous bilinear form on HY/?(0Q°%) x H(ﬁfv(Qé). For W € Hg o5y
VU|ggs - Mv is a well defined element of H=Y2(0Q%). The same assertions
are true for Q.
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Proof. For the trace, prove the curl assertions. Given ¥ € H/2(0Q%)
choose ¥ € H'(R?) whose trace at 0Q° is equal to ¥ and 1] 1 (may S

~

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

[ @na)-was| S ] g | el g
Q9
< 119, curldl] 1 ooy 1 11/200-

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

Corollary 5.5 The map C’E’S’)(Q) 35 & — D|yg extends uniquely to a conti-
nous map from H_—(Q) N Hg (Q) to H~12(0Q).

curl

Proof. That C (Q) is dense in H_—(Q)NH 3 (Q) is proved by convolution.

url
To prove continuity, test ® by dense elements of H'/ 2(0Q). The set of
restrictions of element of C5°(R3) so that ¥ vanishes in a neighborhood of S
is dense in H'/2(9Q) (see [22, Lemma 2.7.i] where the assertion has a typo.
It should be H~/2(R?)). For such test functions

SV dY = /@-\I’da.
/SQ zk: Ty

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 I'y, Mv
is a constant vector that is not in Z. Find that

_ (Mv) - @)(M-v) (M)A (Mr)AP)N
/Fk‘p"pdz = /Fk< (M) - (M) (M) - (M) ) was.

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

S (H(MV)"I)HHﬂM(aQ) + H(MV)/\(I)HH*1/2(8Q)>H\I’HHl/Q(aQ)‘

The result follows from the Proposition 5.4. O
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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

< (5.7)
:—/ (&Elw/\Mu)-@dZ,
Q5%

/H(T,x)g;?a/d&g/w-@clzv—l—/ divw divd dz
Qs Qs
. (5.8)
:/ divw ¢ - (Mv) dX.
897

Remark 5.1 When 7 is not real, Mv is a complex three vector. It is 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'(Q°%),
/ (7, z) ¥ - (720 — AdD) dz =
QS
/ M(r,2) (2@ W+ curl @ - curl O+ div @ div W) o (5.9)
Qé

—/ a(cAu/ﬂ‘I)/\(Mu)—l—(ﬁ;f@ (Mv) ) - ¥ ds.
0Q

Proof. Equation (1.15) shows that for any ® € H'(Q?%),

[ mene Avar=— [ 0@ (gaddive - e dr.
Qs Qs

Using the two second order formulas from Lemma 5.6 yields
—/ (7, 2)V-A®d dz = / (7, x) curl® - curl¥ dz + / (7, x) dive div¥ dz
Qs Qs Qs
_/ (EJMA(MV)).ME—/ U (My) divd ds.
aQs aQs

Adding the 72 term to each side yields (5.9). O
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5.2 The bilinear form a((E, B), (E', B))

When the absorptions are all equal to zero, the form a from the next defi-
nition is related to formula (1.8) in [14]. For the definition, Proposition 5.4
proves that m 1,1 ® is a well defined element of H “12(0Q°%).

Definition 5.8 With the notations from Definition 2.4, define

V = {<I> € H—(Q) NH (Q°) : mppy).® € L2(895)}.

curl

Define a symmetric continuous bilinear form b :V xV — C by

b((I),\I’) = 7'/ TF(MV)L(I)‘W(MV)i‘IJ dy +

o (5.10)

/ (7, x) (7’2 ¢V + div®-divV + curl® - curI\IJ) dzx.
Q5

Define a symmetric continuous bilinear form a : (Vx V) x (VxV) — C by
a((E,B), (E',B")) = b(E,E") + b(B,B’). (5.11)

For (E,B) € H(;IH(Q‘S) N H&(Q‘S) define D(E, B) as

D(E, B) := (T Ty B+ curlE A (My) + divE (Mw),

o - (5.12)
T T(pwyt B + carl B A (Mv) + divB (MV))
Lemma 5.9 For (E,B) € H*(Q%), and (E',B") € H'(Q?%),
a((E,B), (F', B')) _/ (r,z) ((r — A)(E, B)) - (', B') dz
@ (5.13)

+ | DE,B)-(E,B)d.
099

Proof of Lemma 5.9. Rewriting identity (5.9) yields
/ H(T,:L‘)(TQ(I) U+ curl ® - curl U + div ® (,1‘1;/'\1/) dx =
Q5

/H(r,x)qf-(72q>—&1>)da:+/ (curl ® A (Mv) + divd My ) - U ds.
Q9 099
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This yields
b(®,T) = / (7, z)(7?® — A®) - U dx +
Q(S

/ (M)t @) - (M) ¥) + ((?1\1r/l<1> A (Mv) + dive Mv) - U d3.
099

Equivalently,

b(D, V) = / (7, 2)¥ - (120 — A®) dx

o o B (5.14)

+/ (m(M,,)ch +ewrl ® A (My) + divd My ) P Y.
Q8

Combine (5.14) for (E,E’) and (B, B’) to obtain
o((BB).(E,B) = [ Ta)(E.B)- (E,B) - AE.B) ds
Qé
+ / (TW(MV)LE + curlE A (Mv) + divE My ) E'dY
099

+/ (TW(MV)LB+(§1F/1B/\ (Mv) + divB Mu) . B' d¥.
099

(5.15)
This completes the proof of Lemma 5.9. O

Proposition 5.10 On 0Q° one has for (E, B) € H*(Q9%),

(Mv)D(E, B) = ((&TVE)MV, (&TVB)MV),
7 (Mv)D(E,B) = 7% (Mv) <TE —curl B, 7B + c/l\l/rlE) (M- /\/ly)l/Q.

Remark 5.2 If (E, B) is a solution of the stretched Mazwell boundary value
problem or the Helmholtz boundary value problem from Proposition 3.4, then
D(E, B) =0 since 7" (Mv)D(E, B) =0 for u € {0,+,—}.

Proof. Use Lemma 2.7. The 7° identity follows from the definition (5.12)
of D. Indeed, when 7%(Muv) from (2.6) is ‘applied to the right hand side of
(5.12) it annihilates all the terms except (divE)Mv and (divB)Mv yielding
the desired conclusion.

38



For the 7 (MUv) identity, compute

7 (M) (B, B) = 7 (M) (tats + T(ay) (Tt + a4 2) B)

= 7T+(MV)(7T(MV)LE, W(MV)LB)'
(5.16)
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 &,

POV AE WAL = (VAL (WAL AE/IEl, WAL+ (—v AL AE/IE])

= (-~ lew VAL v wae) = [drt©)-w.v).

This implies that for 7 €]0, co|
T (MY)(v A My, w AMy) = 7t (M) (—w,v) (M - 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,

7t (Mv) (cf\u/rlE/\/\/ly, cAu/rlB/\Mu) = 7T+(MI/)(—(;—111"/1B, (;EI"JIE) (Mu-Muv)'/2,
(5.17)
Equations (5.16) and (5.17) yield the 7" (Muv) identity.

For the 7~ (MUv) identity compute, using the 7 (Muw) identity,
7 (Mv)D(E,B) = 7t (-~Mv)D(E, B)
= 77 (-Mv) (TE —curlB, 7B + (;t\u“/lE) (Mv - Mp)/?

=7 (Mv) (TE —curlB, 7B + c/uvrlE) (Mv - Mv)'/2.

This completes the proof of the Proposition 5.10. O

5.3 Invertibility for 7 €]0, 00|

For 7 €]0,00[ and real test functions, a((E, B), (E, B)) and b(E, E) from
Definition 5.8 are sums of nonnegative terms. This together with Proposition
5.10 yield a proof of the invertibility of the operator L. This positivity fails
for non real 7. That is the heart of the difficulty of this paper. The proof
of surjectivity relies on the following lemma.
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Lemma 5.11 Define a smooth unit vector v(x) on a neighborhood of 0Q°
by defining v to be constant on the normals to x € 0Q°. Suppose that o = 0
and T € C. Then for p € {+,—,0} and x € HQ°,

™ (v(2))D(E, B) = (v(z) - 8;) (7*(v(2))(E, B)) + Pu.(E, B), (5.18)
where P, : C’gﬁ(@Q5) — C’OO(GQ‘S;RG) is a tangential differential operator

of order one with smooth coefficients.

Remark 5.3 i. With this choice of v, v -0 commutes with 7 (v(x)).
ii. If a family of fields (E,B) has (E,B)|ygs fived while the traces of
(v - 0)(7*(v)(E, B)) ezhaust C(0Q%), then the values of 7 (v)D(E, B)
evhaust O (0Q°).

Proof of Lemma 5.11. Since ¢ = 0 the problem is invariant by rotation.
Therefore it suffices to treat z € 9Q° with v(x) = (1,0,0). At x separating
the 01 terms from the others yields

7= (v)D(E, B) = n=(v)(rE — curl B, 7B + curl E)
= ﬂi(V)((O, Oh Bs, —8132), (0, —0h Es, 61E2)) + P:t(E, B)

The proof of the + case is completed by

7= (v)((0,01Bs, —01Bs), (0, —01 B3, 01 E)) = 7% ()91 ((0, Bs, —Bs), (0, —E3, E))
= 01 (7= (v)(0, B3, —Bs), (0, —E3, E»)) = 01 (75 (v)(E, B)).

For p = 0 compute

™ (v)D(E, B) = 7°(v)((div E)v, (div B)v)
= WO(V)(alEllj, (‘)1311/) + 770(1/)((82E2 + 83E3)u, (8232 + 6332>I/)
= 817['0(E1V, Bly) + ((62E2 + 83E3)V, (82B2 + 8333)V).

FEyv and E differ by a tangential vector and B similarly. Thus, 7°(v)(E v, Biv) =
7°(v)(E, B) completing the proof. O

Proposition 5.12 For ¢ €]0, o] and 7 €]0,00[, the Fredholm map L from
Corollary 4.6 is invertible.

Proof. Injectivity. Suppose that E, B € C*°(Q?) belongs to the kernel.
Since the operator is real it is sufficient to prove that there are no real
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elements of the kernel. For such elements take E', B’ = E, B. The equation
L = 0, equation (5.13), and Proposition 5.10 imply that a((E, B), (E, B)) =
b(E,E) + b(B,B) = 0. Equation (5.10) shows that each of b(E, E) and
b(B, B) is a sum of three nonnegative terms. Therefore all six terms vanish,
s0 [os I(7,2) (E- E+ B B)dr = 0. Thus E = B = 0 proving injectivity.

Surjectivity. It suffices to prove that the index is equal to zero. Since the
index is independent of 7, o it suffices to treat 7 > 0 and o = 0. In that case,
A= A, II(r,0) = 1, and M(7,v) = I. Suppose that (E,E,ﬁ_7ﬁ+,ﬁ3,ﬁ4)
belongs to the annihilator of the range of L. Elliptic regularity implies that
they are smooth,

E,BeC¥(Q5RY), €0 (0Q), hyhy e C*(OQ"R).
They annihilate the range when for all E, B € C*(Q%),
0:/Q6(72—A)E -E + (r* = A)B - Bdx +
/895 (W*(V)(E, B)-h™ +7t(W)(7E — curl B,7B + curl E) - bt (5.19)
+ (div E) hy + (div B) @4) do.
Taking (F, B) € C3°(Q?), the boundary terms vanish. This yields
(t? = A)E = (> = A)B =0. (5.20)
In (5.19), the last two terms in the boundary integral satisfy

/ 7t (W)(TE — curl B,7B + curl E) - ht do = / 7t (v)D(E,B) - bt do,
0Q° 097

/ (div E) hg + (div B) hy do = / 7 (v)D(E, B) - (hsv, hyv) do.
QQ‘S 8Q5

Write u = (E, B), (72 — A)u = ((12 — A)E, (72 — A)B), etc. Then (3.1) is

equivalent to

0= (72 = A)u - udr +
/Q‘S (5.21)
/6@5 (7 W)u-h” + 7t @W)D() - BT + 7°(v)D(u) - (hsv, hyv)) do.
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For f e CZ ., (8Q%), choose E, B € C*°(Q°%) to be the unique solution of
the strictly dissipative symmetric hyperbolic boundary value problem with
boundary of constant multiplicity [27, 36]

rE—curlB=7B—cwlE =0 on Q°, 7 (v)(E,B)=f on §Q°. (5.22)

For this choice of F, B, all terms of (5.21) vanish except the A~ term. Thus
fagi J-h” do =0 for arbitrary f € Cg%,s0 h™ =0.

Lemma 5.9 gives formulas for a(u,u) and a(u,u). Subtracting using (5.20)
and the symmetry of a yields

/ (72 = A)u - udzx + D(u) - udo = D(u) - udo.
Qs Qs 899

Using this in (5.21) yields the identity involving only traces at the boundary,

/8@ (D(w)-u—Dw) - u

(5.23)
— 1 (W)D() - b — T W)D(w) - (hyv, @y)) do = 0.

Next show that (5.23) implies that E, B € Ker L. The Helmholtz equation

(5.20) has already been proved.

Derive the boundary condition 7~ (v)u = 0. Choose u with 7 (v)D(u) = 0,
7 (v)D(u) = 0, and, u|ygs = 0. Then only the D(u) - u term remains. Thus

0= [ D) udo :/

905 o 7~ (v)D(u)-udo = / 7~ ()D(u) -7 (v)udo.

099

Remark 5.3 shows that choosing arbitrary values for (v - 9)(7~ (v)u), the
values of 7~ (v)D(u) are arbitrary. It follows that 7~ (v)u|ygs = 0.

Since 7~ (v)u = 0, fagé D(u) - udo = 0 for u so that 7+ (v)D(u) = 0 and
70(v)D(u) = 0. For such u, (5.23) implies that Js0s D(w)-udo = 0. Lemma
5.11 implies that the values 7~ (v)u|ygs for such u are arbitrary. Conclude
that 0 = 7~ (v)D(u) = 7~ (v)(TE — curl B, 7B + curl E) verifying a second
boundary condition.

Finally, choose test functions u with u[ygs = 0 and 7%(v)D(u) = 0. Varying
the normal derivative of 7°(v)D(u) shows that 7°(v)D(u) takes arbitrary
values. Using this in (5.23) implies that 0 = 7°(v)D(u)|5gs. Equivalently
div E = div B = 0 verifying the final boundary condition. Therefore £, B €
KerL,so E =B =0.
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What remains of (5.23) is
/ (7r+(1/)D(E, B)- bt + 7 (W)D(E, B) - (hyv, Q4y)) do =0,
JOQ9

with E, B arbitrary smooth fields. On 0Q°, (7% (v)D(u), 7°(v)D(u)) is an
arbitrary section of £¥(7,z) x £%(7, ). Therefore, h* = 0 and h3 = hy = 0.
This completes the proof that the annihilator of the range is trivial. U

Proposition 5.13 For § €]0,dp] 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 4.6 is invertible. The inverse is meromorphic with values in the set of
bounded operators from the space (4.9) to H*(Q0).

Proof. Once invertibility is established for 7 €]0,c0[, Proposition 5.13
follows from the Analytic Fredholm Theorem [37, Theorem VI.14]. To apply
this theorem, rewrite the boundary value problem in the form (4.10) 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(8), 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 —
gfr\a/d p) has no poles in Re 7 > M. This follows from uniform estimates on
{Re 7> M} \ D(5). Their proofs occupy Sections 6 and 7.

6 Boundary estimate a la Jerison-Kenig-Mitrea

This section and the next yield the fundamental estimate of Theorem 7.6.
The estimate of Section 6 is invoked in the proof of that Theorem after
equation (7.8). We advise skipping this section till it is needed at that point.
The estimate of Section 6 has a long history for harmonic functions dating
to Rellich [38] and Payne-Weinberger [33]. It was promoted to a result
of central importance in studying boundary value problems in Lipschitz
domains by Jerison and Kenig [26, 25]. Mitrea [31] introduced a version
appropriate to Maxwell’s equations. The present section extends Mitrea’s
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work to the stretched Maxwell equations. The extended estimate is slightly
weaker than in the unstretched case.

Recall the case of harmonic functions on Q°. The Dirichlet condition u =
f on 0Q° immediately controls ||V g, ul| r2(gs)- The Neumann condition
v-Vu = g controls |[Vyul|2(9gs). The Jerison-Kenig estimate shows that
for harmonic functions ||[Vianul|r2(90s) and [[Vpul[2(9gs) are of the same
magnitude so the full tangential trace is bounded in terms of either Dirich-
let or Neumann data. In (6.1), the full trace appears on the left and the
boundary data m(4,y1 £ appears on the right.

Proposition 6.1 There are constants C, M so that for all § €]0,00], 7 €
{Re 7> M}, and, E € H(Q°)

)

1B 2005 < C(Imeany El22005) +

1 ) — _ (6.1)
+ m ”EHLz(Qé) -+ ”EHLZ(Qé) HleE, CuI‘lE‘|L2(Q5)>.
6.1 Unstretched estimate of Mitrea
Definition 6.2 Denote by © the radial vector field (x1, 2, x3).
Mitrea [31] proves the following identity for complex E,
Y S =
dw{5 IE?O — Re((E-@)E)} -
1 B B (6.2)
Re {5 E> -E-©divE+ (EAO) ~curlE}.
Integrating this identity, the flux through the boundary has density
1 _
5|E|2 ©-v — Re((E-0) (E-v)). (6.3)

Decompose © = Oy, + O, with ©,, = (0O - v)v. Similarly E, = (F - v)v.
There is a ¢ > 0 so that for all 4, © - v > ¢ on HQ’.

The contribution of ©,, to the second summand in (6.3) is equal to
Re((E~ v) (©-v) (E- 1/)) = (©- 1/)|En|2.

Since |E|? = |Etan|* + |En|?, the flux density is equal to

(|Em|2 - yEn|2)@.y — Re((Bran - Oan) (E-v)).  (6.4)

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

HEtan”%ané)_||En||%2(agé) 5 ||Etan||L2(8Q5)||En”L2(8Q5) +

+ HEHL2(95)<||E||L2(96) + ||diVEvCU1“1E”L2(Q<5))-

6.2 Stretched Mitrea estimate

This section proves the stretched analogue (6.5) that is weaker than the
unstretched version because of the 1/|7| term on the right.

Proposition 6.3 With constant independent of 6 € [0,6], E € H'(Q%),
and, T with Re 7 > 1,

‘”Etan||%2(agé) - ||En||%,2(agé)‘ 5 ||EtanHL2(8Q5)HEn||L2(8Q‘5)
1 PN (6.5)
+HHEH%2(89§) + HE”L2(Q5) (HEHLQ(Q‘;) + Hle E,CUI'IEHL2(Q6)).

Begin with a stretched version of (6.2).

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

Eﬁif{% (B[ X(r.2) — Re((E - X(r.2))E)} = oo
Re {%\EP — (B X(r,2))dvE + (E A X(r,2)) &TAE} '

Proof of Lemma 6.4. For 7 €]0, oo, X (7, ) maps Q° to its image Q°(7).
For a vector field F, o defined on Q‘S7 associate the field F' 05 on Q‘S defined
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 (1.14) yields

:&;/Fgg(z:), and curly F| :(;1\1;1FQ5(33).

divy Q° ’X:X(T,{L‘)

Fg ’X:X(T,z)
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 {3 B ¥ - Re((E-9)E)} = o
Re{% B — (B W)divE + (EA W) curlyE}. '
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This proves (6.6) for 7 €]0, co.

For all z € Q°, each of the terms of (6.6) is holomorphic in {Re 7 > 0}.
Analytic continuation from |0, co[ implies that (6.6) holds on Re 7 > 0. O

Proof of Proposition 6.3. Define

N = |Bianll 2905 | Enll 12006y +
||E||L2(Q5)(HEHL2(Q5) + HleE, CUI‘IEHL2(Q5)> .

(6.8)

Multiply (6.6) by TI(7,z) from (3.1). Using (5.1) and integrating over Q°

yields the bound,

‘ Q5

Mv - (%|E|2X(T,x) . Re((E.X(T,x))E))dz’ < N. (6.9

From Definition 3.3, M = I + O(1/|7|). In addition X(r,z) — O(z) =

O(1/|7]) uniformly on compact sets in z. Therefore

‘ 8Q5MV ‘ G |E’ X(r,z) — Re((E'X(T,:U))E)>dE _

1, 9 — < 1 2
/wz/- (5 B — Re((E-@)E))dZ‘ < HHEHLQ(aQé).
Equation (6.4) implies that

v (%\EP@ ~ Re((B-0)E)) —5 (1Bl ~ |E.)(0,0)]

1
2

S [[Btanll 290 | Bnll 2gos)-

Therefore,

S | Branl 12905 1Bl 12 005)

+)/agéu. (31EP6 ~ Re((E-0)B))ds]|.

’HEtanH%Q(agé) - ”EnH%Q(agé)

(6.10)

(6.11)

(6.12)

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

Proof of Proposition 6.1. Define

1 -~ —
R o= 1B 2200n + 1Bl i2ion (121 12(0s) + IV Byl Bllaon) ).

7]
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Proposition 6.3 shows that

1Btanl 72005 = 1 Bnllt2a0s)| S N Branll2009) 1 Bnll 12905 + R
SO
HE'IIH%Q(BQ(S) S HEtzmH%%an) + HEtanHL2(8Q5)HEnHLQ(ang) + R.

Bound || Etanl| 12(905) |1 Enll 12(ags) by a small constant times HEnH%z(aQa) plus
a large constant times || Eyqn |7, (9gs) and absorb the E,, term on the left to
find

HEHH%Q({)Qts) S HEtanH2L2(agé) + R.

Adding || Eyanl|7. ( to both sides yields

99Q9%)

1Bl 2005) S IBranl7200s) + R- (6.13)
Use M =1+ O(1/|7]) to show that

My —v =0(1/|1)), S0, Tamwyt — T = O(1/[7]). (6.14)

Since 7,1 E = Ei4y, it follows that

1
| Etanllz2005) S 1Ty Ell 2000y + I 1E] 2009

S0,
E 2 < || E|? —|——1 E|?
H tanHLQ(aQ‘S) S M)+ ||L2(agé) | ’2 I ||L2(6Q5)'

Insert this estimate in (6.13) to find
1
1E112005) S Imrvinyr Bl 2905y + R+ e 1B 2505 -

Choose M so that for |7| > M the last term can be absorbed on the left.
This completes the proof of Proposition 6.1. 0

7 Stretched Maxwell estimate on Q°

This section proves the a priori estimate of Theorem 7.6. Lemma 5.9, Propo-
sition 5.10, and Remark 5.2, imply that for a solution (F, B) of the stretched
Maxwell boundary value problem,

a((E,B),(E',B)) = /Q{S (r,z) (r* — A)(E,B) - (E', B') dx.
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The 72 — A term is estimated in terms of the sources p,j. The strategy is
to pick test function E’, B’ so that |a((E, B),(E’, B"))| large. The subtle
choice, in Section 7.2, relies on the approximation identity in Section 7.1,
and yields the lower bound of Proposition 7.3. That in turn yields Theorem
7.6. In Section 8 the main theorems are proved by combining Theorem 7.6
with the Fredholm theory of Sections 4 and 5.3.

71 curl® &~ curl (M~1®)

Definition 7.1 With notation from Definition 3.3, i. Q := MM " is the
diagonal matriz with entries My; (My;)™! of modulus equal to one.

ii.

0 —M3303 Moz Mag s Mg3s
N = | M3393Mn 0 — M1 01 Ms3
—Mag oMy My 01 Mag 0

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

Part ii of Remark 7.1 shows that formula (7.1) of the next lemma justifies
the approximation in the title of this section with error O(1/|7]).

Lemma 7.2 For all ® € H,

curl® = TM ! eurl (M™1®) + %NM*@. (7.1)
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Proof of Lemma 7.2. Writing vectors vertically, compute

- o @, Mi104 &
H(T, (L‘) curl ® = H(T, .CC) O | AN | Do | = | MaOs | A | Do
Dy 3 M3305 O3
M1181 Mll%il
= | Ma202 | A | Moz
M3305 Mggﬁ;

P P
P P

= | M3305 (M1 555 ) — M1y (M52
P P

Mllal M22M§2 - M2282 Mll Mil

Mos Mz (2575 — O35 ) + (M0 Mz) 355 — (M3303Maa) 5%
= | MasMuy (O350 — 015 ) + (M M) o — (M119iMsz) o
MMy (01555 — Oags ) + (M1191Mag) 52 — (M M) 1

Using the definition of A this identity is equivalent to

- Mg Ms3s 0 0
(7, z) curl ® = 0 M1 Mss 0 curl(./\/fl(IJ)—i-NM*ld).
0 0 M1 Maa

O

Dividing by IT and using Definition 3.3 yields (7.1).

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

Given (E, B), seek E' so that curl E/ ~ 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

carl B/ ~ curl (M-1E) = curl (M~1E), curl E ~ curl( M E).

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

ME" = M-TE, equivalently, E' = MM-IE = QE,

M™IB" = M-1B, equivalently, B = Q B.

When 7 is real the positivity of a suffices to prove well posedness. When 7 is
complex this is not the case. The critical juncture is at (7.8) where the full
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trace appears as an error term that cannot be absorbed by positive terms
from a. Proposition 6.1 is used to estimate this term.

Proposition 7.3 There are positive constants C, M so that for all T_with
Re 7> M, § €]0,6], and allW = (E, B) ¢ H'(Q°) with supp(div E, div B) C
Qy, one has with W' = (E', B") = (QE,QB),

(Re) 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)

ODdivE = dvME = divME. (7.6)
Since @ and M are diagonal so commute,
NdivE = IIdivQE = divMQE = divQME.
The definition of @) yields

Therefore

NdivE' = divQ*ME = divME + div (I - Q*)ME)

= TdivE + div((I — Q)ME).

Therefore

dvE = divE + (I-T ' M)divE + I div (I - Q)ME).

When the derivatives in the divergence hit (I — Q?)M they generate terms
O(1/|7|)E. When the derivatives in the last divergence 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")) differ from pos-
itive quantities by terms O(1/|7]).

Lemma 7.5 Define E' := QE. There is a constant so that in Q for all unit
vectors w € R3

’H cwl E-curl E' — |ewrl E|°| < |i lcurl E| (|curl B| + |B]),
’H dvE - dvE — |dvE]?| < |i |div E| (|VE| + ]E\),
, 2 1 2
‘W(MW)LE-W(M@LE = I BP| 5 lBP

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

ﬂ-(./\/lw)LE/ = W(Mw)LQE = ﬂ'wLE + (W(MM)LQ—WWL)E.
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To estimate the second summand on the right use,
1T (Mwyr = Twtlle@osy = O/7), and, [[Q—TI|Lx@0s) = O(1/7).
Thanks to the reality of 7,1,
W(MW)LEI =n.E + OQ1/|7r]) E = n,.E + O(1/|7]) E.
Continuing,
Tt B = Tyt B + (1 — mmey)E = O(1/|7]) E.

Therefore )

T B~ T B Sy 1B
The desired estimate follows. g
Proof of Proposition 7.3. Define

G = TIWiaigs + TImmn Wliagags + Idiv IV, curl Wi[Za gs)-

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

e Lemmas 7.4 and 7.5 imply that

]g — (W, W)

1 -~
S W iz00n + /Q W [T da

1 . — _ N __
+m HdivW,cuer”Lz(gé) <HdivW,cuerHL2(Qé) + HWH[Q(Q&)).

To estimate the integral on the right it is important that div F has support
in Qy so the integral is < ||div W{|r2(0,)[[VW{|L2(g,)- The overdetermined

system div, curl is elliptic uniformly in Re 7 > 1. It follows that with a
constant independent of such 7 and 9,

HVWHLQ(Q[) S HleW, CUI'IWHL2(Q6) + HWHL2(Q5) . (77)
Define
Ny = HWH%Q(Q(;), Ny = ||7T(MV)J_W”%2(8Q¢;), N3 := HdivW,cuerH%%Q(;).

Therefore,

1
G — aW,W")| < ”W|PL2(8Q5) + |7|N1 + I (N3+(N3N1)1/2). (7.8)
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Proposition 6.1 implies that
W22 005 S |77 N1+ Na + (N1 Ng)'/2. (7.9)
Combining (7.8) and (7.9) yields

‘g — a(W,W")| < |7| Ny + Na+ |7|" N3 + (N1 N3)V/2. (7.10)

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

ReG = ((Re7)?—(Im7)*)N; +Re T N + N,

(7.11)
ImG = (2Im7' Re T)N1 + Im7 Ns.

Where |Im 7| < Re 7/2, the equation for the real part of G implies that for
Re 7 > My,
‘T|2N1 + ‘T’NQ + N3 < |Re g’ (7.12)

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 (7.11) is equivalent to

Img
ImT7

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

= (2Re7)N1 + Ns. (7.13)

I
(Re )Ny + Ny < ‘T;f’ . (7.14)

Multiplying by |7|?/(Re 7) yields for Re 7 > Mj,
71* n, < | | ~|Im g]. (7.15)
Re 7 ~

Estimate N3 using the first equation in (7.11) together with (7.15) to find,

7| N1+ ——

-
N3 < |7|2Ny + |RegG| < 7] |Im G| + |Reg|.
Re 7

This together with (7.15) yields

I?

2 |7"
Ny
| 7] + — Ro

N+N§ IQ\

Multiplying by (Re 7)/|7| yields

R
(Re 7)|7| N1 + |7| Ny + ‘(:_|TN3 < 19l (7.16)
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One has the larger lower bound (7.12) on the complementary region. There-
fore (7.16) holds for all Re 7 > Mjy. The left hand side of (7.16) and the left
hand side of (7.2) are the same. Denote these left hand sides as

Re 7
H = (Re 7—)‘7—|N1 + ‘T|N2 =+ WNE} S ‘g’ . (717)
e Next show that
1
‘T|N1+N2+’T‘71N3+(N1N3)1/2 5 EH (7.18)

The equality in (7.17) estimates the first three terms. For the last, estimate

1/2 1/2/ — 12 1 _ 1
(M) /2 = (eI N0) 2 (71~ ) V2 < 2 (i o 71N < o .

With the shorthand a = a(W, W’) and Re 7 > M3 estimate (7.10) yields

H <G < Ja| +|G—a| < Ja| + ——H.

Re 7

For Re 7> M3, H < ‘a‘. This completes the proof of Proposition 7.3. [

Remark 7.3 The analysis of conservative boundary conditions is easier
than absorbing conditions. Conservative conditions have flux equal to zero
for 7 €]0,00[. By analytic continuation the flux vanishes for all T. For the
absorbing conditions, the flux is positive for T €]0,00[. That does not con-
tinue. The flux for complex T in that case is the sum of positive term plus
a term that is smaller in powers of T but is not absorbable. This occurs at
equation (7.8). The remedy is Proposition 6.1 .

7.3 Stretched Maxwell equation estimate on Q°

The estimate of the next Theorem is a key step toward Theorem 1.15. It
concernes sources p(x), j(z) indpendent of 7 and does not assert existence.

Theorem 7.6 There are positive constants C, M depending on Qr and oy,
and independent of 6 €]0, 6], 7 € {Re 7 > M}, so that for (j,p) € L%(Qé),
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and W = (E,B) € H*(Q%) that satisfies the stretched Mazwell boundary
value problem, -
TE — curl B = —j on Q‘s,

B + c/uvrlE =0 on Q‘;,
divB=0 on Q, (7.19)
divE = p on Q°,
(M)W =0 on 8Q°,

one has

(Re T)?[Wl[72(08) + (Re T)Iman) - WllT2a0s) < Cllpsdllzees)-  (7.20)

Proof. The stretched Maxwell equations imply the stretched Helmholtz
equation (12 — A)W = (—71j —grad p, curlj) on Q°.
Use the notation H from (7.17). The source terms in the Helmholtz equa-

tions are - .
(flaf?) = (_Tj - gradp, CU.I‘lj). (72]‘)

Inequality (7.2) shows that with (E’, B") from Proposition 7.3, # < |a((E, B), (E, B'))|.
Lemma 5.9 implies that

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

I(f,- E' + fo- B')dz + D(E,B)-(E',B')dx.
Q(S

0Qs
The formulas for the spectral projections of D(E, B) in Proposition 5.10
show that D(E, B) = 0 for the solutions of (7.19), so

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

H(T,%)((—Tj —gradp) - E' + curlj- 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-chrlB') dzx .
Q‘;

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

(B, B),(E",B")| < ||,

|2y (I7W 2@y + v W, curl Wl gs) )
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The Maxwell equations imply that
HTWHLQ(Q‘;) < ”pijLQ(Q‘;) + ”diV W, curl WHLQ(Q(S).
Therefore,

la((E, B), (E", B")| < llp,

2 . T e
‘LQ(Q(S) + [lp, ‘LQ(Q(S)HdIVVV, Cuer”LQ(Q‘S)‘

Estimate the second summand on the right as

7| 12 1/2/Retm —~ . —— 1/2
(E”PJHH(@)) (ﬁ”dlvVV,cuerH%%Q(g))

1/1 |7 112 Re7 — o —~— 2
= E(ERe THP’j ‘LQ(Q‘S) + eﬁHdIVVV,cuerHLQ(Qé))
Therefore
C |7'| ) CeRet, 6~ _ 2
H < Cla| < ZRGTHp,jHLQ(Qé) + ?WHdWWCUﬂWHL?(Q‘*)
C |7 112 Ce
~ 2¢ Re THP"?HLQ(Q‘S) + ?/H

Choose e = 1/C. Absorb the second summand on the right in the left hand
side to find H < (|7|/Re 7)||p, j

2 . .
’LQ(Q(;). Multiplying by (Re 7)/|7| yields

(Re 2 sy + Re 7 [m(runy s Wia o0 + .
113 T 2 . .
+ ’T| IHCUI‘IW,dIVWHLQ(Q(;) S HPJHLQ(R3)'

This completes the proof of Theorem 7.6. O

Remark 7.4 In our earlier work on the internal corners for Bérenger’s
algorithm in Part II of [22], and also for the external corners for the Pauli
system [23], the estimates analogous to (7.22) were stronger. The variational
forms used Dirichlet’s integral rather than a div-curl form.

8 Proofs of the main theorems 8.1, 1.16, 1.15

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% in Theorem
8.1. Use the estimates for the stretched equations on Q% to pass to the limit
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d = 0 solving the stretched equations on Q. Use [22] for uniqueness of the
stretched equations on @ when 7 is real. Uniqueness for all 7 follows by an
analytic continuation argument, proving Theorem 1.15. 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, proving Theorem 1.16.

8.1 Solving the stretched Maxwell equations on Q°

Proposition 3.4, Proposition 5.13, and Theorem 7.6 are used to solve the
stretched Maxwell system on Q°.

Theorem 8.1 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 ™ > M with values in LQQ—I(Q), then there is a unique W(tT) =
(F(1),G(T)) holomorphic from {Re T > M} to H*(Q%) that satisfies the
stretched Mazwell boundary value problem with absorbing boundary condi-
tion

TF — curlG = —J on Q°,
TG’V‘F @F = O on Q(S; (81)
(divF,divG) = (R,0) on Q°
T (Mp)(F,G) = 0 on Q.
The solution satisfies with constant independent of § and T,
(Re 7)2[W(T)[I72(gs) + (Re ) 700y W (T)II72(505) (8.2)

§ ”R(T)v J(T)H%Q(Q(S)

Proof. Existence. For 7 € {Rer > M} \ D() denote by (72 — A)~*
the inverse of the Helmholtz boundary value problem with homogeneous
boundary conditions from Proposition 5.13. Define

(F,G) == W = (12— A)"'(=7J —grad R, curlJ).

Then W is holomorphic on {Re 7 > M} \ D(J) and satisfies the Helmholtz
boundary value problem with homogeneous boundary conditions.

For 7 real and large, Part II of Proposition 3.4 implies that W satisfies the
stretched Maxwell boundary value problem (8.1).
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The equations in each line of the stretched Maxwell boundary value problem
are analytic on {Re 7 > M }\ID(J) and are satisfied for 7 large and real. Since
{Re 7 > M} \ D() is connected, they vanish for all 7 € {Re 7 > M} \ D()
by analytic continuation. Therefore, (8.1) is satisfied for 7 € {Re 7 >
M} \ D(9).

Estimate (7.20) therefore applies for all 7 € {Re 7 > M} \ D(J). 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 {Re 7 > M} and satisfies the boundary value problem (7.19)
and the estimate (7.20) for all such 7. This proves (8.1) and (8.2).

Uniqueness. It suffices to show that the only solution with sources R = 0
and J = 0 is identically zero. Since it is holomorphic on Re 7 > 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
Friedrichs. In addition the boundary condition is dissipative and the solution
belongs to H2(Q?). Uniqueness follows immediately from the identity

Re( (71 + " Ad)W W) oy = O
k

after an integration by parts as in the proof of Proposition 3.4. 0

8.2 Solving the stretched Maxwell equations on Q

Passing to the limit § N\, 0 solves the stretched Maxwell boundary value
problem on Q.

Proof of Theorem 1.15. Existence. Define W° = (F?,G?%) on Q° to be
the solution from Theorem 8.1.

With constant independent of 9, 7,

(Re 7) HW5HL2(Q<S (Re T)HW(MV)LW(;HQLQ(QQ(;) N HR“]H;(Q&) = HR’JHi%Q)

(8.3)
Proposition 6.1 yields the following estimate for (Re 7)||W? H L2(Q%)’
(Re 7)[|W?)12, 00 S (Re T)||7T(MV)LW6||%2(896) +
Re 7 (8.4)

ey W13 205 + (Re T)[W[| 12(ge) lIdiv W, curl W[ 2(gs)-
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The first two terms on the right are estimated by (8.3). The first two lines
of (8.1) together with (8.3) imply

T8 sl 5 7|
[div W, curl WO 208y S NITW 2Nl 2(0s)+1 2208y S R - }|R,JHL2(Q).

Therefore,
— 5 — 7|
(Re 7)[W°| 2o [divIV? , curl WP 1208y S (R‘e - IR, T3>0y (8:5)
Using (8.5) in (8.4) yields
5 |7]'/2
Wl 00ny S teo 1Bl (5.6)

As in the derivation of (7.7), div, curl is an overdetermined elliptic system.
It follows that W9 := (F, Q) satisfies for any 0 < 1 < 1,

-~ — Cylr
HVW(SHLQ(UQ) < Cn||W§,leW(S,CUI'IWéHLQ(Q(S) < }{76|7_’”R7JHL2(Q)
(8.7)

Since the Q7 increase as § decreases it follows that for m < n, Qo) 5 gd(m)
and (0Q%™)N Ty D (9Q%™) NTy. Choose a sequence d(n) decreasing to
zero. For m < n, Q%(n) 5 @%(m) and HQ(M N I'n > 5Qd(m) N T'. Therefore
by the Cantor diagonal process there exists a subsequence, still denoted d(n)
so that for each m,

o W™ converges weakly in L2(Q%(™) to a limit W,,,
o Wa(n)‘rkmagé(m) converges weakly in L2(T';, N 0Q%™) to a limit A, k.

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

(Re T)2HWmH2L2(Q«S<m>) + (Re 7) Z H”(MV)LAmeHi?(rkmgt%m)) <R JHi%Q)'
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, Ay = Ay on Iy N 909%™ Define A, € L*(T,N0Q)
by Ay = Appon I'y N 0Q%(™) | Estimate (8.8) implies,

(Re )’ [[WF20) + Re 1) D 7y Arlliemy S IR TN720)
p
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The stretched Maxwell equations on Q follow from the equations on Qi(n)
on passing to the limit n — oco. In particular, W € Hz (Q) N H_—(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_l/Q(ag), and supp (W|ag - A) c S.

The only element of H~'/2(9Q) with such small support is 0 (see [22, Lemma
2.7.i]). It follows that W|sg = A € L?(0Q). In addition,

2 2
(Re 7—)2HWHL2(Q) + (Re 7) HW(MV)LWHLQ(E,Q) < IR, J||%2(Q) . (8.9)
Since v is a unit vector parallel to the k** axis one has

”W(MV)LW”%2(rk) = H(Mkk)QWtanH%%rk) 2 HWtanH%‘Z(rk)a

yielding

(Re 7)2(|W 720y + (Re 7) Y [Wianl[7ar,y S 1R T13200)-  (8:10)
k

For any § > 0 the holomorphy of W : {Re 7 > 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 : {Re 7 > 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*({Re T > 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 (r)) = GW ()| < [e=£] sup  [[W(T)llz2g), on RerT > M.

Re 7>

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 ® € C§°(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.
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An entirely analogous argument proves the analyticity of W (7)|g9o with val-
ues in L?(0Q). In this case the functionals faQW - ¥ d¥ with ¥ smooth
on the boundary and vanishing on a neighborhood of S are dense. This
completes the proof of existence.

Uniqueness. Need to show that if the source terms R,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)=7n"(v).

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

0
(7—I+ZAk a—Xk)V:O on Q, T (¥)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 V|pg =
A€ L*(0Q). B

This shows that V satisfies the hypotheses of the uniqueness Theorem 2.13 of
[22] that implies V' = 0. Pulling back to the x variables shows that W = 0.
It follows that F' and G vanish for 7 €]M,oco[. By analytic continuation

they vanish on {Re 7 > M}. This completes the proof of uniqueness and
therefore Theorem 1.15. Il

8.3 Solving Bérenger’s split equations on Q

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 € L?(R), is defined for all Re 7 > M by

F(r) = /e_Tt 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 Re 7 > M.
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Theorem 8.2 The Laplace transforms of functions F supported in t > 0
and so that e M!'F € L*(R; H) are exactly the functions G(7) holomorphic
in Re 7 > M with values in H and so that

F()|? |dr] < oo.
S8 oo 1O 1 < o

In this case 13(7') has trace at Re 7 = M that is square integrable and

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

Proof of Theorem 1.16. Define M from Theorem 1.15.

Uniqueness. Suppose that U= (U',U2,U3) is a solution.

The Laplace transform of the condition V := 3 U J € erL2(R x Q) is that
W = U"' + U? + U3 satisfies i of Theorem 1.15.

The Laplace transform of the condition V., € e#*L?(I'y) implies that Wiy, :
{Re 7 > u} — L?(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)

Summing implies that W satisfies iii of Theorem 1.15.

The Laplace transform of the boundary condition 7~ (A(v))V = 0 shows
that W satisfies iv of Theorem 1.15.

Therefore W must be equal to the unique solution of the stretched Maxwell
system from Theorem 1.15. 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 1.15, associated to R = p and J = j. Consider
five holomorphic functions on Re 7 > 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%).
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The estimate of Theorem 1.15 implies that

(Re 7)||W (7)|[}2(0) + (Re 7?71 |(T + onar) " AR (1) |21 o

+(Re 1) D [Wean 2,y S 150,50 20
k

Theorem 8.2 implies that there are uniquely determined functions
V() € e"L*(R; L*(Q)),

UF@t) € e™L*(R; H1(Q)

U(t) € e"L*(R; L*(0Q))

)7 k:]‘72737

supported in ¢t > 0 so that,
V=W, U"=—(r+on(zx) " AW, Vlur, = Wian(r).  (8.12)

Not only is U* estimated in terms of W but so is |T]l7 k. This yields,

b2 b 112
e "V @er2(0)) +u) e MO o ey T
g (8.13)

’que_ut{Ui’8tUi}HiQ(R;H—1(Q)) 5 He_“t{p’j}HiQ(R;LQ(Q))'

e Verification of Bérenger’s split equations for V.

The stretched equation satisfied by W is equivalent to the fact that the
Laplace transform of V' — >, U* vanishes identically. Conclude that V =
>, Ut The middle equation in (8.12) shows that the Laplace transform of
(Or+0i(2:)) U +.A;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',

7['7(V)V = (Eta’l’b - Btan /\ V7 Btan + Etan /\ V) .

By construction the right hand side belongs to e**L?(R x UT'},) 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?(UI'y). To show that it vanishes it suffices to
show that it vanishes for 7 €)M, ocol.
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By construction, 7~ (Mwv)V () = 0 on UT), for Re 7 > M. When 7 is real
M(7,x) is a positive diagonal matrix. When x € T'y, the normal is parallel
to one of the coordinate axes. Therefore Mu is a positive multiple of v. Thus
for those 7,2, 7~ (Mv) = 7~ (v). Therefore, for 7 €|M, o[, 7~ (1)V(r) = 0
on T'j. By analytic continuation in 7 it follows that 7 (v)V(r) = 0 on
I'; holds on Re 7 > M. This is the Laplace transform of =~ (v)V (¢)|r,.
Therefore 7~ (v)V (t)|r, = 0. This completes the proof of Theorem 1.16. O

Proof of part ii of Remark 1.5. Equation (8.11) implies that

Re 7

(Re MUl 12(y0) < W(HVWHLQMQ) + H;HLQ(Q)) < Cn”ﬁjHLQ(Q)-

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

9 Other PML and an error estimate

In our experience, all perfectly matched layers for Maxwell’s equations are
built around the stretched Maxwell system, so can be analysed using Theo-
rem 1.15. This section analyses a handful of other methods to illustrate this
point.

Bérenger’s splitting has several drawbacks. First, the Cauchy problem for
the split equations even with constant coefficients is only weakly well-posed.
Second, the split equations do not resemble problem from physics. The
anisotropic medium of Sacks et al [39] addresses both. It leads to the familiar
stretched Maxwell system of Chew and Weedon see [13]. It was used by
Ziolkowski [44] to produce potentially realizable absorbers. It was modified
by Abarbanel and Gottlieb [1] and extended by Turkel-Yefet to R3, [41].

We analyse the Turkel-Yefet system, equation (5.4) in [41]. It includes as
special cases the others listed above. We add a non zero current j. The
unknowns are modified electric and magnetic fields (E, B) € R? x R3, aug-
mented by 6 auxiliary functions (P,Q) € R3 x R? to yield a twelve dimen-
sional system. Define diagonal constant coefficient matrices,

S = diag(o1,02,03),
M := diag(oe + 03 — 01, 03 + 01 — 02, 01 + 02 — 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.
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The unknowns E’, B, P,Q are required to satisfy the symmetric hyperbolic

system ~ ~ ~
OF —curlB+ ME+ NP = —j,

OB+ curlE+ MB+NQ = 0,
HP+SP—FE = 0,
A(Q+SQ—-B = 0.

The auxiliary variable P resembles the polarization in electromagnetism and
the variable () is a magnetic analogue. In constrast to Bérenger’s splitting,
the pure initial value problem is obviously well posed thanks to the sym-
metric hyperbolicity.

(9.1)

For the boundary value problem for (9.1) with absorbing boundary con-
dition, one easily estimates E, B, P,Q in e M L>®(R; L?(Q)) for sufficiently
smooth solutions. One concludes existence of weak solutions and uniqueness
of sufficiently smooth solutions. For the unstretched Maxwell equations, suf-
ficient smoothness is derived from div £(E, B) = (771p,0) [22]. For Turkel-
Yefet there is an analogous estimate for div £(£, B). What is missing is
an estimate for div L(F, B). We do not know how to use (9.1) to solve the
stretched Maxwell equations on Q% or Q without the results of this paper.

The electric and magnetic fields of interest are given by
E = E—SP, and, B := B—5Q. (9.2)

Therefore £ = E and B = B on Q.

9.1 Equivalence of Turkel-Yefet and stretched Maxwell

For solutions of the Turkel-Yefet system, the fields (E, B) satisfy the stretched
Maxwell system.

Proof. The Laplace transformed system, with hats omitted for easy of
reading, implies

(tI+S)P = E, and, (1I+85)Q = B.
Inserting this into the first equations yields

(TI+M+N(TI+S)_1)E —curl B = —j,
(tTI+ M+ N(rI+S)™)B + cwlE = 0.
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Factor (71 + S)~! to find,

(71 +M)(r] +8)+ N)(r[ + $)'E — cwl B = —,
((rI + M)(rI+5S) +N)(TI+S)_1B + curlE = 0.

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

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

(tI+M)(rI+S)+ N)B + cwl(r] +S)E = 0. (9:3)

All the matrices involved are diagonal, so commute. The first coefficient,

(tI 4+ M)(1I+ S)+ N, is equal to

(t+0o24+03—01)(7+01) + (01— 02)(01 — 03)

= 72 + T(09 + 03) + o903 = (7 + 02)(T + 03).

The first component of curl(71 + S)B is equal to do((7 + 03)Bs) — 95((7+
02)B>). Since o; depends only on xz;, this is equal to

(T 4+ 03) 2Bs — (T4 02) 03Bs.
The first line of (9.3) is equal to
(T + 02)(T + 03)E1 — (T + 03)02Bs — (T + 02)03B2) = —771.
Multiply by 7 and divide by (7 + 02)(7 + 03) to obtain

72

(T+O'2)(7'+ g3

T 8233— T
T+ 09 T+ 03

TE — ( 3332) =- )jlz_jl-

A similar computation for 7 E;, 7B;, shows that E, B satisfy the stretched
Maxwell system

7E — cutlB = —j, 1B + cwlE = 0. O
Conversely, if E, B is a solution of the stretched equations,
wP+SP = E = E+SP, so, O/P = E.

Similarly 8;Q = B, determing P, Q. With (E, B) = (E + SP, B+ SQ) they
generate a solution of the Turkel-Yefet system.

Perfect matching when the computational domain is R? follows.
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The absorbing boundary condition 7~ (v)(E, B) = 0 is imposed on UT'y.. The
Turkel-Yefet system (9.1) on Q with boundary condition 7~ (v)(E, B) = 0
on UIl'g, implies that their E, B satisfy the stretched Maxwell boundary
value. Using Theorem 1.15, proves that the Turkel-Yefet system in rectan-
gular geometry with absorbing boundary condition is well posed. In spite
of the symmetric hyperbolicity, this well posedness is not a consequence of
earlier results. The Turkel-Yefet system does not have easy estimates for
the divergence of the fields.

9.2 An error estimate

Perfect matching plus well posedness of the boundary value problem on Q
implies an error estimate in terms of the size of the computed quantities
near the boundary. We present the case of Turkel-Yefet.

Proposition 9.1 Denote by K the system of partial differential operators
on the left of (9.1). Suppose that 0 < n < dist(Qr,0Q). Denote by u the
solution of the boundary value problem defined by (9.1) with the absorbing
boundary condition at 0Q. E and B from (9.2) are the fields associated to
w. Then,

|Errorin E, Bl oo (jop:12(01)) < Cr | By Bllpi(o.17:22(dist(w,00) <) (9:4)

Proof. Denote by tgs the solution of (9.1) on R!*3 that vanishes for ¢ < 0.
Denote by Egs, Bgs the corresponding modified fields. Perfect matching
shows that (Egs, Bgs)|g, is equal to the Maxwell fields on Q.

Choose ¢ € C§°(Q) with ¢ =1 on {z € Q : dist(z,0Q) > n}. Compute

K (v1) = vKa + [K, ¥]a = (—4,0,...,0) + [K, ¢ (9.5)

The lower order terms in K and the last lines in (9.1) commute with ). The
commutator is order zero and is supported in {dist(x,0Q) < n}. Therefore

I, DJia(®) 220y < CylE®), B r2aist(z.00)<n)- (9.6)

Combining estimates (9.5) and (9.6) yields

1K (¢ — tgs) (t)llz2(q) < Cn IE®), B L2 (aist(w.00)<n)-

Well posedness of the symmetric hyperbolic system on R? yields
[t — Tgs || oo o,r2200)) < O I, Bl oy r2@istwoo)<my- (9-7)

67



Since ilg, = tlo,, (E,B)|lo, = (E,B)g,, and, (Egs, Bgs)|o, is exact,

HEITOI‘ in E./ BHLOO([O,T];L2(QI)) < HL/JE - aR“HL”([O,T];LZ(QI))' (98)

Combining (9.7) and (9.8) yields (9.4). O

Remark 9.1 This estimate is very general but is not sharp. The error
comes from waves that cross the layer twice and are reflected once. If waves
decrease by a factor f on crossing the layer and by reflection coefficient v at
the absorbing boundary, the error should be ~ f?r. The upper bound on the
right hand side of (9.8) is ~ f, the expected size of waves approaching the
boundary.
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