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Boosting the Maxwell double layer potential
using a right spin factor

Andreas Rosén

Dedicated to the memory of Alan G. R. McIntosh.

Abstract. We construct new spin singular integral equations for solv-
ing scattering problems for Maxwell’s equations, both against perfect
conductors and in media with piecewise constant permittivity, perme-
ability and conductivity, improving and extending earlier formulations
by the author. These differ in a fundamental way from classical integral
equations, which use double layer potential operators, and have the ad-
vantage of having a better condition number, in particular in Fredholm
sense and on Lipschitz regular interfaces, and do not suffer from spu-
rious resonances. The construction of the integral equations builds on
the observation that the double layer potential factorises into a bound-
ary value problem and an ansatz. We modify the ansatz, inspired by a
non-selfadjoint local elliptic boundary condition for Dirac equations.

Mathematics Subject Classification. 45E05, 7T8M15, 15A66.

Keywords. Maxwell scattering, Singular integral equation,
Clifford algebra.

1. Introduction

The classical principal value double layer potential is the operator

Kf(x) = 2p.v. /6 (V) — ) vl f)do(y). @ €00

acting on functions f the boundary of a bounded Lipschitz domain Q C R™,
and using the Laplace fundamental solution ® and the outward pointing unit
normal vector field v for its kernel. Here o is standard surface measure and we
choose to normalize by a factor 2. The method of boundary integral equations
for solving the classical Dirichlet and Neumann boundary value problems for
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the Laplace equation on €2 is as follows. To solve the Dirichlet problem with
datum g1, we solve

filz) + (K f1)(z) =2g1(x), z € 99,

from which the harmonic function u is obtained as the double layer potential
with density f1. Similarly, to solve the Neumann problem with datum g5, we
solve

—fo(x) + (K™ fo)(z) = 2g2(x), =€ 09,

from which the harmonic function u is obtained as the single layer potential
with density fo.

For smooth domains, K is a weakly singular integral, which gives a
compact operator on many function space and invertibility can be deduced
by classical Fredholm theory. For Lipschitz domains, K is a singular integral
operator (modulo the factor v), and its L, boundedness, 1 < p < oo, follows
from the seminal work by Coifman, McIntosh and Meyer [8]. For the rest of
this paper, we will restrict attention to the most fundamental function space
for singular integrals: Ls. On a strongly Lipschitz domain, that is when 02 is
locally a Lipschitz graph, Rellich identities replaces the Fredholm arguments
to show that I £ K is a Fredholm operator on Ly (09).

In this paper we derive a new integral equation for solving the Maxwell
scattering problem again perfect conductors. This makes use of Clifford al-
gebra and an embedding of Maxwell’s equations into a Dirac equation. To
explain our ideas and results, we discuss in this introduction the double layer
potential in the complex plane where all the main ideas are present but the
algebra is simpler: Clifford algebra simplifies to complex algebra, Maxwell’s
equations simplify to Cauchy—Riemann’s equations, and Dirac solutions sim-
plify to analytic and anti-analytic functions. To write K in complex notation
when dimension is n = 2, we replace points x and y by complex numbers z
and w. In the integrand, V®(y — z) becomes (2r(w — z))~! and n(y)do(y)
becomes —idw. With the expression z-w = Re(Zw) for the real inner product,
we obtain

Kf(z) =Re <1,p.v. f(w)dw), z € 09. (1.1)
T a0 W — 2
Here we recognize the Cauchy integral from complex analysis, and we define
the principal value Cauchy integral
Ef(z) = Lpv (w)

T Joq W — 2

dw, z € 0. (1.2)

Superficially, E' looks not much different from K. Clearly, boundedness of E
on a given curve implies boundedness of K on that curve. However, we are
more concerned with invertibility of I + K, and in this case F is a much
simpler object than K. In fact

E*=11£E)
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are projections, although in general not orthogonal. Here ET projects onto
the interior Hardy space: the subspace consisting of traces of analytic func-
tions in €. The null space of ET, the subspace along which it projects, is
the exterior Hardy space consisting of traces of analytic functions in £~
which vanishes at oo. This explains the structure of E itself. It is a reflec-
tion operator since E = ET — E~, which reflects the exterior Hardy space
E~ Ly = R(E™) across the interior Hardy space ET Ly = R(ET). In particular
we see that the spectrum is o(E) = {+1,—1}.

Hiding behind K there is also a second reflection operator, namely point-
wise complex conjugation

Nf(z) = f(z), zedQ,

which comes along with its two spectral projections N*f = Re f and N~ f =
Im f. Note that although we use complex numbers, we will still regard them
mainly as vectors. In particular, we consider the two basic reflecion operators
FE and N as real linear operators. In terms of these projections, the operator
%(I + K) used for solving the Dirichlet problem, is the composition of two
(restrictions of) projections, namely the interior Cauchy projection

E+ : N+L2 — E+L2 (13)
restricted to the subspace of real functions, and the real projection
Nt :ETLy — NTL, (1.4)

restricted to the interior Hardy subspace. This is readily seen from (1.1).
Equivalently, 1(1+K) is the compression N™E+ N of the Cauchy projection
E7T to the subspace N1 Ly of real functions.

The factorization into (1.3) and (1.4) explains the relation between the
boundary value problem and K. However, we need to re-interpret the Dirich-
let problem as a boundary value problem for analytic functions: We regard
harmonic functions as real parts of analytic function, neglecting some pos-
sible minor topological obstructions. Having switched in this way from the
Laplace equation to the Cauchy—Riemann system, the Dirichlet problem now
amounts to the Hilbert problem of finding the analytic function in €2 which
has a prescibed real part at the boundary. Thus, in terms of operators, solving
the boundary value problem means inverting the map (1.4).

As for the right factor (1.3), this should be viewed as an ansatz for the
solution (or more precisely the trace of the analytic function). The reason
d’étre for (1.3) is that it replaces the non-locally defined Hardy space ET Lo
by the locally defined space N1 Ly, which of course is crucial for numerical
computations. Ideally, we would like (1.3) to map Nt Ly bijectively onto
E7T Ly, with a not too large condition number. Recall that the condition
number

-1

w(T) = TIT|
of a linear operator is a measure of how easy T is to invert numerically.
Unfortunately, the ansatz (1.3) may not be injective. Moreover, we show in

Sect. 6 that even the Fredholm condition number (1.3) is comparable to 1/6
as § — 0, when 02 contains a corner with angle §. This demonstrates that
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numerically, the integral equation (I + K)h = g may be much worse than the
boundary value problem N*th = g, h € ET Lo, that it is used for solving.

In this paper, we propose a new integral equation for solving the same
boundary value problem, which arise upon modifying the maps (1.3) and
(1.4) to

Et:8 Ly, — ETL, (1.5)
and

Nt :EtLy — NtL, (1.6)
respectively. Our motivation is a non-selfadjoint local elliptic boundary value
problem for Dirac equations

Df=0, in Q,
(1-v)f=gy, on 0f.

Details concerning the Dirac operator D is found in Sect. 2. At the boundary
S7: f+ 3(1—v)f acts from the left by Clifford multiplication and yields
a projection. We follow conventions from physics that Clifford squares of
real vectors are positive. Stokes’ theorem shows that the eigenvalue problem
Df =ikf,vf = f only give spectrum in Im k < 0. This gives an indication of
that the boundary value problem (1.7) has good properties. Indeed (1.7) is as
well posed as one can possibly hope for when studying time-harmonic waves
with wave number Imk > 0. See Sect. 4 for more details. Replacing N by
the reflection operator S : f +— v f above, yields an ansatz (1.5) with better
properties than (1.3). Due to its origin, we will refer to this new ansatz as the
spin ansatz. However, to be able to use the spin ansatz, we need to embed our
differential equation into a Dirac equation. This means that we extend the
operators N and F to act in a larger space Lo of multivector valued functions,
in which the map (1.4) encoding the original boundary value problem is the
restriction to an invariant subspace of a larger map (1.6) encoding a Dirac
boundary value problem. In two dimensions, the Dirac equation amounts to
a pair of functions in €2, one which is analytic and one which is anti-analytic.
The resulting equation is as follows. Given Dirichlet datum g : 92 — R, we
solve the real linear singular integral equation

h(z) + Re (;p.v. /8 ) S(_w)zdw>

+ %p-V-/aQ Re <Uf(z)zh(w)> |[dw| =2g(z), z€X, (1.8)

(1.7)

for h : 9Q — C, where |dw| and t(z) denote the scalar measure and unit
tangent vector along 9f2 respectively. The solution u + iv in 2, u solving the
Dirichlet problem and v its harmonic conjugate function, is then the Cauchy
integral of h. The derivation of this spin integral formulation for the Dirichlet
problem is found in Example 4.

For the idea above to work, it is important that the Dirac boundary
value problem (1.6) is well posed just like the original boundary value problem
(1.4) which we embed. In the static case k = 0 in two dimensions above,
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both the original boundary value problem and the Dirac boundary value
problem, are in general well posed only in Fredholm sense. For time-harmonic
Maxwell’s equations however, the wave number is k£ # 0, and in this case
we will have a well posed boundary value problem with a unique solution
in a connected exterior domain. We embed Maxwell’s equations into a larger
Dirac equation, and also the Dirac boundary value problem will be well posed.
Proceeding similar to above in three dimensions, and with k& # 0, we show in
Example 4 how the Maxwell scattering problem in R?\Q) against a perfect
conductor §2, can be solved by a singular integral equation of the form

160 M| ol

+v(y)h(y)do(y) = g(x), =€, (1.9)

where M is a multiplier involving v and where ¥; = V® modulo weakly
singular terms. The auxiliary function A on 92 in this case has four scalar
components, but there are no algebraic, differential or integral constraints
imposed on h. It follows from Sect. 4 that this equation is uniquely solvable
with a Fredholm condition number (that is using the Calkin algebra norm
for operators) comparable to that for the Maxwell boundary value problem.

In Sect. 5 we generalise (1.9) beyond the case of a perfect conductor,
and formulate an integral equation with a spin ansatz for solving the Maxwell
scattering problem against a finite number of objects with different scalar och
constant permittivity, permeability and conductivity.

As is often the case in research, both before and after Newton, one is
sitting on the shoulders of giants. In my case, many of the ideas underlying
this paper is a heritage from my PhD supervisor and colleague Alan MclIn-
tosh. As already mentioned, the Lo boundedness of singular integrals of the
kind employed in this paper on Lipschitz surfaces follows from the work of
Coifman, McIntosh and Meyer [8], by Calderén’s method of rotation from
the one dimensional case. A direct proof in R™ using Clifford algebra was
given by MclIntosh [14]. In my thesis [1-4,6], I elaborated on the ideas of
MclIntosh to solve Maxwell’s equations by embedding into the elliptic Dirac
equation, and this built on the earlier works of McIntosh and Mitrea [15]
and Grognard, Hogan and McIntosh [5]. Although the idea is older than so,
the understanding of a boundary value problem in terms of subspaces like in
Fig. 1 is for me a heritage from MclIntosh. In the study of smooth boundary
value problems for Dirac operators, see for example the book [7] by Boofi—
Bavnbek and Wojciechowski, it is standard to formulate boundary conditions
in terms of subspaces. But less so in the study of non-smooth boundary value
problems for Maxwell’s equations or second order elliptic equations.

It is surprising that it is still a somewhat open problem to find a numeri-
cally well behaved boundary integral equation for solving scattering problems
for Maxwell’s equation. See Epstein and Greengard [11] and Epstein, Green-
gard and O’Neil [12] for recent new Debye formulations, and Colton and
Kress [9,10] for the classical formulations. The spin integral equations that
we propose in the present paper are based on the Mclntosh singular integral
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FIGURE 1. Factorization of the operator 3(I + K) into an
ansatz (restriction of E*) and the boundary value problem
(bvp, restriction of N7T)

approach with Clifford algebra from [2,5,15]. However, the integral formu-
lations there are not suitable for numerical computations, since they suffer
from spurious resonances and the same problems as the classical double layer
potential equation. The work in the present paper began in [16], where an
equation in the spirit of (1.9) was formulated for solving the Maxwell scatter-
ing problem against a perfect conductor, using the formalism from [3]. Both
(1.9) and the spin integral equation from [16] have the advantages of not suf-
fering from spurious resonances and having an improved condition number,
at least in the Fredholm sense for Lipschitz boundaries, compared to classi-
cal formulations. However, the equation in [16] is for eight unknown scalar
functions, as compared to the four unknown scalar functions for the equation
in this paper. In both cases, the main novelty lies is the use of an auxiliary
spin boundary condition 1.7, to obtain a singular integral operator with im-
proved condition number. To our knowledge, this local non-selfadjoint Dirac
boundary condition has not been exploited in this way before, with numerical
computations in mind.

2. Higher dimension algebra

In this section, we fix notation and survey the higher dimensional algebra
which we need for Dirac equations. See [2,16] for more details.

In particular we recall in Example 2 how Maxwell’s equations fit into
this framework. We denote by Q7 a bounded domain in R™ with a strongly
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Lipschitz boundary ¥ = Q7. This means that locally around each point on
the boundary, ¥ coincides with the graph of a Lipschitz regular function, suit-
ably rotated. The unbounded exterior domain we denote by Q= = R™\Q*F.
Sometimes we abbreviate ! = QF. The unit normal vector field on 3 pointing
into 2~ we denote by v. The R" standard basis is denoted {e;}7_;.
Functions to be used are defined on subsets of R™, which take values in
the complex exterior algebra for R™, which we denote by AC™. This is the
2"-dimensional complex linear space spanned by basis multivectors

€sy NEsy ArrNes, 181 <sa<--<s5;<n,0<75<n,

The scalars C = A°C™ C AC" is the one-dimensional subspace corresponding
to j = 0, and the vectors C® = A'C™ C AC™ is the n-dimensional subspace
corresponding to j = 1. General objects in the exterior algebra we refer to
as multivectors. For a given 0 < j < n, we denote the subspace of j-vectors
by AJC™, and A®YC" := @, A% C" and N\°IC" := &; AP+ C" denotes the
even subalgebra and odd subspace of the exterior algebra.

We use the hermitean inner product (-,-) on AC™ for which the above
basis multivectors is an ON-basis. The function space on 3 where we consider
our integral equations, is the space La(X) = Lo(X; AC™) of square integrable
functions f : ¥ — AC™ with inner product (f,g) = [(f(x),9(z))do(x),
where do denotes standard surface measure.

On AC™ we use three complex bilinear products: The exterior product
u A w, the (left) interior product u o w, and the Clifford product ww. In the
special case when the left factor is a vector u € A'C"™, these products are given
by the following basis formulas. For s1 < so < ... < s;, let s = {s1,...,5;}
and es = e, A€, A. .. A€, and denote by e(4, s) the number of indices sy, € s
which are < i. Then

€i€s = € N €g = (—1)€(i’s)esu{i},
e; ues =0,
when i ¢ s, and if ¢ € s then
e; nes =0,
eits = €; 1€y = (—1)6(i7s)es\{i}.

The exterior and Clifford products are the associative complex algebra prod-
ucts with 1 = ey € A°C”™ as identity, which are uniquely determined by these
basis formulas. The definition of the interior product, which is not associative,
for two general multivectors is by duality: We require

(usv,w)=(v,urw), u,v,weANC",

whenever u has real coordinates. Two useful unitary operations on AC™,
which are automorphisms with respect to all three products above, are the
involution @ and reversion w, given by

@ = (—es,) A (—€sy) Aeeon(—es,) = (=1)lleg, (2.1)
Nes; | e hes = (_1)\s|(|5\*1)/2es’ (2.2)
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for w =es = €5, Aes, A .. nes;. We also make use of coordinate-wise complex
conjugation which we denote by w®. For a € A'C™ and w € AC", the Clifford,
interior and exterior products are related by

aw =a W+ anw

and conversely by the Riesz formulas

arw = i(aw+ wa), (2.3)

aw = i(aw — Wa). (2.4)

Similar to the discussion in the introduction, we now aim to define two
pairs of complementary Lo projections, using the above algebra. We define

NTf(x) =v(x)a(v(z) A f(2), z€I,
N™f(z) =v(z) A (v(z) 2 f(x)), z€X.

These yield projection operators onto the subspaces of multivector fields f
which are tangential and normal pointwise all over X respectively. To explain
this algebra, construct at a given point x € ¥ an ON-basis with v(z) as first
basis vector. Then write a given multivector w in the induced basis for AC™.
It is normal if all non-zero terms contain a factor v. It is tangential if no
non-zero terms contain a factor . When computing v Aw, a factor v is added
to all tangential terms, and all normal terms are nulled. When computing
v 2w, a factor v is removed from all normal terms, and all tangential terms
are nulled. The reflection operator N = N — N~ which reflects normal
multivectors across tangential multivectors, can be written

Nf(z) = v(z)f(x)v(z), z€X. (2.5)

The expression (2.5) is readily seen to be correct by writing f(z) in an ON-
basis adapted to v(x), and (anti-)commute one of the factors v through 7.

The boundary value problems we aim at, use N for the description of
the boundary conditions. We now turn to the differential equation in the
domains, which generalizes the Cauchy—Riemann system:

Df(z) = ikf(x), (2.6)

where Df = Z;Zl e;(0;f(x)) is a Dirac operator. The wave number k € C
is always assumed to satisfy

Imk >0,

where our main interest & € R\{0} corresponds to undampened time-
harmonic waves. From the factorization (D + ik)(D — ik) = A + k? of the
Helmholtz operator we see that when f solves Df = ik f, then each coordi-
nate function solves the Helmholtz equation. Similar to the Cauchy integral
formula for analytic functions, we have a reproducing formula for solutions
to Df = ikf. For this we need fundamental solutions: For the Helmholtz
operator A + k? we use the fundamental solution

B i k n/2-1 1)
ou0) =~ (5a)  Haha(Hle)
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where HS" (z) denote the « order Hankel function of the first kind. From this
we derive a fundamental solution Uy (z) = (D —ik)®y(z) for D +ik. In three

dimensions, which is our main interest, we have ®(x) = —% and
€L - T
In R", the Cauchy singular integral operator on X is
Epf(x) = 2p.v./E Uy (y —x)n(y) f(y)dy, =€ IN. (2.7)

Note that the kernel uses two Clifford products. Analogous to the static
classical two dimensional case, this operator E} is a reflection operator. The
spectral projection E,:r = %(I + Ey) projects onto the subspace consisting
of traces of solutions to Df = ikf in Q*. The spectral projection E, =
%(I — Ey) projects onto the subspace consisting of traces of solutions to
Df =ikf in Q which satisfy a Dirac radiation condition. See [16].

After these definitions, we formulate boundary value problems in this
Dirac framework. We can restrict the projections N™ and N~ to one of the
two subspaces E;Lg and E, Ly. This gives the four maps

Nt EfLy — N Lo, (2.8)
N~ :EfLy — N~ Lo, (2.9)
Nt :E Ly — N*tL,, (2.10)
N~ :E_ Ly — N7 Ls. (2.11)

These represents four different boundary value problems. In (2.8) we look for
a solution in Q" with a prescribed tangential part on . In (2.9) we look for
a solution in Q1 with a prescribed normal part on X. In (2.10) we look for a
solution in 2~ with a prescribed tangential part on X. In (2.11) we look for
a solution in 2~ with a prescribed normal part on X.

Conversely, we can restrict the projections E,:r and £, to one of the
two subspaces Nt Ly and N~ Ly. This gives the four maps

Ef i NTLy — Ef Lo, (2.12)
Ef :N"Ly — E Lo, (2.13)
E_ :NtLy — E Lo, (2.14)
E, N Ly — E;, L». (2.15)

These do not represent boundary value problems, but rather are ansatzes
for (traces of) solutions to the Dirac equation in the domains. They can be
combined with the above boundary value maps respectively to yield integral
equations similar to the classical double layer potential equation.

Example. We describe in two dimensions n = 2, how the Dirac framework
in this section is related to the complex analysis used in the Introduction.
For complex analysis we do not regard the imaginary unit algebraically as
i = v/—1 but rather geometrically as the unit bivector j = e; A es. Note
that with Clifford algebra j? = ejesejea = —1 and that reversion (2.2) gives
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complex conjugation with respect to j. In this way, a real multivector can be
viewed as a pair of complex numbers (z,w), where z = z;+j2z2 € AY"R2GA%R?
and e;w = ey (wy + jws) = wiey + waeq € A'R2. More generally, a complex
multivector corresponds to a pair of bicomplex numbers (z,w) where the
components zi, 2o, Wy, we are complex numbers with the imaginary unit .
This is only needed when considering differential equations with non-zero
wave number k # 0, like for Maxwell below. For real multivectors and k = 0
as in the introduction, we note that the Dirac operator acts as

D(f + e19) = 0g + e1(0),

on a pair of complex valued functions f and g, representing a multivector
field f + e1g : Q@ — ARZ. Here 0 = 0y — jOo and 0 = 0 + jOy. Therefore
a solution to D(f + e1g) = 0 is a complex analytic function f and an anti-
analytic function g, and the Cauchy singular integral operator £ = Ey from
(2.7) acts as the classical Cauchy integral (1.2) on f, with ¢ replaced by 7,
and as its anti-analytic analogue on g. For the boundary conditions, we note
that

N(f +e1g) = [ + e1(—579),

where I = ey is the unit normal vector v represented as a complex number.
Thus we see that NT(f +e1g) gives the real part of f and the tangential part
of g, whereas N~ (f +e1g) gives the imaginary part of f and the normal part
of g, on the boundary 9.

Ezample. We are now in three dimensions n = 3. Consider Maxwell’s equa-
tions in 27 consisting of a uniform, isotropic and conducting material, so that
electric permittivity e, magnetic permeability p and conductivity o are con-
stant and scalar. We study electromagnetic wave propagation in Q~, with
material constants ¢, u, o, and Q1 is assumed to be a perfect conductor.
Maxwell’s equations in 2~ then take the form

V- H =0,
E=ikH
VX B =ikl (2.16)
V x H =—ikE,
V-E=0,

for the (rescaled) electric and magnetic fields E and H, where the wave
number k satisfies k% = (€ + i0/w)uw?. The data in the scattering problem
we seek to solve are incoming electric and magnetic fields E° and H° solving
(5.1) in 7. Our problem is to solve for the scattered electric and magnetic
fields F and H solving (5.1) in 27, an inhomogeneous boundary condition at
3 and the Silver-Miiller radiation condition at infinity. At 3, since the fields
vanish in the perfect conductor QF, we have boundary conditions

v-(H+ HY) =0,
vx (E+ E% =0,
vx (H+ H% = J,,
V~(E—|—EO):ps,

(2.17)
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with incoming fields E° and H° from Q= and surface charges and currents
ps and J;.

In R3, a multivector w can be viewed a collection of two scalars o and 3,
and two vectors a and b, where w = a+a+%b+*3 € AC3. Here * denotes the
Hodge star defined by x1 = e rnegAes, xeq = egAeg, xeg = —eq Aeg and xeg =
ey A e, which identifies A°C3 and A3C2, and A'C? and A2C3 respectively.
Following the setup in [16], we write the full electromagnetic field as the
multivector field F' = E 4+ «xH, and note that Maxwell’s equations implies the
Dirac equation 2.6 for this F'. However, F' is not a general solution to 2.6,
but satisfies the constraint that the A°C? and A?C? parts of F vanishes.

The Maxwell boundary conditions 2.17 means that v x E and v - H
are prescribed on ¥. In terms of F, this means that NTF is prescribed.
In [16, Sec. 5], it was shown that the constraint Vy x ES = ikHY,, which
the incoming fields will satisfy, will imply that the Dirac solution F' to the
boundary value problem

DF =ikF inQ~,
NTF =g on},

with g = —NT(E? + xH")|g, indeed is a Maxwell field in the sense that the
F = E + xH for two vector fields E and H solving the Maxwell boundary
value problem.

Ezample. Consider k = 0 and the reflection operators £ = Ey and N which
we use to encode Dirac boundary conditions. In the Introduction, we saw in
two dimensions n = 2, that the double layer potential K equals the com-
pression of E to the subspace N L,. More precisely, following Example 2,
we mean that F and N are restricted to the subspace of complex valued,
that is A’R2 @ A2R2-valued, functions, where E acts by the classical Cauchy
singular integral and N acts by complex conjugation. We now explain how
K also fits into the Dirac framework in this section, in dimensions n > 3.
With the projections N* and N, it is not possible to compress E to A°C™
when n > 3. Nevertheless, both K and its adjoint

K fa) = 2. | v(e) (V0@ =) fW)in(y). @<

appear in different invariant subspaces for the operators N* EN*. For K*,

we note that when f is scalar, so that vf is a normal vector field, then
N=E(vf) = v(~K*f).

So the subspace of normal vector fields is invariant under N~ EN~, and its
action there is given by —K™* upon identifying scalars and normal vector
fields.

For K, we compute for a scalar function f € H'(X), that

NYE(Vrf) =Vr(Kf),

where V1 denotes tangential gradient. So the subspace of tangential gradient
vector fields is invariant under NTENT, and its action there is given by K
on the potential.
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3. Known well posedness results

In this section we survey the known invertibility results from [2,5,15] for the
maps (2.8)—(2.15) on the space Ls(3; AC™) on bounded strongly Lipschitz
surfaces in R™. We include the proofs since they serve as background later
in Sect. 4.

Proposition 3.1. The maps (2.8)—(2.11) all have closed range and a finite
dimensional null space.

Proof. We demonstrate this for the map (2.10); the proofs for the other three
are similar. For the proof we need the Riesz formula
2f nv = fv+ Vﬁ

valid for any f € AC™ and vector v € A'C™. This is the reversed version
of (2.3). The strong Lipschitz and compactness assumptions on ¥ shows
the existence of a smooth and compactly supported vector field 6 such that
infs(#,v) > 0. Using this we calculate for f € E, L, that

1
27 2 _t
/Zlf\ d0~/2\f| (0,v)do 2/E(f(9V+1/t9),f)dff

:Re/z(fu,fg)da:Re/Z(Qf/\I/fl/f,fH)dU
=R A v, f0)do ikf, £0) + (f, (ikf)0)+(F, £0.0) ) dz.
c [ @F v fo) +/Q_((fo)+(f(zf))+(f§j:6gfy))fv

The identity v + v6 = 2(0,v) is a special case of (2.4). The last identity
above is an application of Stokes’ theorem. This leads to the norm estimate

LA S W A e+ 1A o

where U = Q™ Nsupp . This proves the claim since ||f A v| = ||[NTf|| and
since the Cauchy integral acts as a compact operator Lo(X) — Lo(U). O

Corollary 3.2. The maps (2.12)—(2.15) all have closed range and a finite di-
mensional null space.

Proof. We show how the lower estimate
IS INFA A+ 1 oy, f € By La,

obtained above for the map (2.10), implies a similar lower bound for the map
(2.13). Note that (2.10) and (2.13) have the same null space N~ Ly N E}_ Lo.
Similar arguments for the other three pairs of maps are possible.

Assume g € N~ Ly and apply the above lower bound to f := g— E;:g =
L, g to obtain

lg— Efgl SINT(9—Ef 9l +1lg — Ef gllow)-

Since N*g = 0, this implies the claimed lower bound ||g|| < ||E; g|| modulo
a compact term. O

Theorem 3.3. The maps (2.8)~(2.15) all are Fredholm maps with index zero
for any Imk > 0.
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Proof. By the method of continuity it suffices to consider the case k = 0,
since k +— FEj is a continuous map. It is in fact an operator-valued analytic
map. Writing E = Fy, we note the dualities

(vayg):_(f’V(Ng))

and

(Efv Vg) = _(fa V(Eg))»

for any f,g € L2(3; AC™). Now consider two of the restricted projections
which have the same null space, for example (2.10) and (2.13). Computing
for f € E~ Ly and g € N~ Lo that

(NTf,vg) = (f.vg) = (f,v(ETg)),

it follows that the map dual to (2.10) is similar to (2.13). Since (2.10) and
(2.13) have the same finite dimensional null space, their index must be zero.
U

Proposition 3.4. The maps (2.8)~(2.15) all are isomorphisms when Imk >
0. The maps (2.10), (2.11), (2.12) and (2.13) also are isomorphisms when
k € R\{0}, provided that Q~ is a connected domain.

Proof. For a solution f to Df = ikf in Q7, we apply Stokes’ theorem and
obtain

/E(f, vf)do = /m ((f,z’k:f) + (ikf, f))da: - —Imk/m \f|2de.

If f belongs to E;L20N+L2 or E;_LQ NN~ Lo, then (f,vf) =0.If Imk > 0,
this forces f = 0.

For a solution f to Df = ikf in Q~, we apply Stokes’ theorem and
obtain

Z Ado — do = —TImk 2dz.
/Iz_R(f,|m|f)ff /2 (f.vf)do = —Im /Q o 1P

If f belongs to E Lo N N Ly or E;” Ly N N~ Ly, then (f,vf) =0 on X. If
Imk > 0, this forces f = 0. since in this case f decays exponentially at oo.
When k € R\{0} we instead conclude that f‘m‘:R(f, é—‘f)da = 0 for all large
R. Next we note the identity

27 = (2 — VI + 2051, 1).

Integrating this over the sphere |z| = R, we obtain limpg_ flrlzR |f]2do =

0 using the Dirac radiation condition satisfied by f € E, Ly for the term
(ﬁ — 1)f. Rellich’s lemma shows that f = 0 since Q= is connected and

Af +Kk*f = 0. See [15,16] for more details. O
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4. The spin ansatz and new integral equations

In this section we construct new ansatzes for the boundary value problems
(2.8)—(2.11). Instead of using the ansatzes (2.12)—(2.15), we replace the re-
flection operator N by the reflection operator

Sfx)=v(z)f(z), zeX.
To explain why Fj together with boundary conditions S should yield bound-
ary value problems with better solvability properties than Fj and N, we
need to explain some operator algebra. In this we follow [3] and consider
the operator algebra generated by two reflection operators A and B, that is
A? = B? = ], abstractly on a Hilbert space H. We think of B as encoding
the differential equation through the abstract Hardy subspace projections
B* = %(I + B), and of A as encoding boundary conditions through the two
complementary projections A* = %(I + A). The most important operators
to describe the geometry between A and B are the cosine operator
C= %(AB + BA)
and the rotation operators
AB and BA.

Note that (BA)~! = AB.

Proposition 4.1. For two given reflection operators A and B, the following
are equivalent.

(i) The four restricted projections AT : BV H — ATH, At : B-H — ATH,
A= :B™M — A~H and A~ : B-H — A~H are isomorphisms.

(ii) The four compressed projections ATBY : AYH — ATH, A—B~ :
A"H — A™H, AtB~ : ATH — A™H and A=BT : A~ H — A™H
are isomorphisms.

(iii) The spectrum of the rotation operator AB does not contain +1 or —1.

(iv) The spectrum of the cosine operator C' does not contain +1 or —1.

Note that (iv) is symmetric under swapping A and B, and therefore so
is (i), (ii) and (iii).
Proof. We have identities
1(I+AB)=A"BT + A B™,
( AB) = A"B™ + A" BT,
1I+C)=A"BTAT+ A B A",
$(I-C)=A"B AT+ A"BtA",
from which the equivalences (i) < (iii) and (ii) < (iv) follow. The equivalence
(iii) & (iv) follows from identities
(I+AB)A(I + AB)A=2(I + (),
(I —AB)A(I — AB)A=2(I - (C).
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Ezample. The simplest example is when H = C? with

A= [0 0] wa m=[onlm e ]

for some 0 < a < 7/2. In this case the ranges of the four spectral projections
are AT = span(1,0)!, A~ = span (0,1)!, BT = span (cosa,sina)!, B~ =
span (— sin a, cos a)t. We calculate

cos(2a) 0
0  cos(2a)

with spectra o(1(AB + BA)) = {cos(2a)} and o(BA) = {e"**,e~"?}. The
only cases when some restricted projections fail to be invertible are when
a =0 or a = m/2, in which case these spectra hit {+1,—1}. The optimal
geometry from the point of boundary value problems is when o = /4, in
which case the spectra are {0} and {+i, —i} respectively.

L(AB + BA) = {

} A {cos(Qa) —sin(2a)] |

sin(2a) cos(2a)

Consider now B = Ej, and A = S. In this case we note that the rotation
operator BA is given by

FiSf(x) = 2p.v. /E Vily — 2)f(y)do, z €3,

since 2 = 1. This is really the core observation of this paper. For k = 0, we
note that this yields a skew-symmetric operator (ES)* = —ES, with purely
imaginary spectrum. In particular it stays well away from +1, and therefore
it is clear that all boundary value problems described by E and S are well
posed. Note that this follows from Proposition 4.1 by abstract arguments
and is not using the strong Lipschitz assumption on 3, in contrast to well
posedness for the pair £ and N in Sect. 3.

For non-zero k, we have at least that (ES)* = —E.S modulo compact
operators. In this way, we see from abstract considerations only, that all
restricted projections

St Ef Ly — STLs, (4.1
ST Ef Ly — S Lo, (4.2
St E Ly — STL,, (4.3
ST E Ly — S Lo, (4.4
E,j :STLy — E;Lg, (4.5
Ef S8 Ly — E} Lo, (4.6
E. :StLy — E; Lo, (4.7

E, S Ly — E_ Ls. (4.8
are Fredholm operators with index zero. We summarize and complement with
injectivity results in the following proposition.

Proposition 4.2. The maps (4.1)—(4.8) are all Fredholm operators with index
zero when Imk > 0, and isomorphisms when k = 0. Moreover, the norms of
these inverses (Fredholm inverses) are bounded by 2, when k =0 (Imk > 0).
The maps (4.2), (4.3), (4.6) and (4.7) are isomorphisms when Imk > 0.
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Proof. The bounds of the (Fredholm) inverses follows from the skew-adjoint-
ness of ES by the formulas in the proof of Proposition 4.1. The fact that the
index is zero follows from the method of continuity for k # 0, since k — Ej
is continuous.

The injectivity results that remains to prove are that E; Ly N STLy =
{0} and E, LoN S~ Ly = {0}. The idea of proof is similar to Proposition 3.4.
For a solution f to Df = ikf in QF, we apply Stokes’ theorem and obtain

/E(f,z/f)do—:/m ((f,z'kf)Jr(z'kf,f))dx: fImk/m \f[2da.

If f € E;fLyN ST Ly, then (f,vf) = |f[*> > 0. If Imk > 0, this forces f =0
on ¥ and therefore by the Cauchy formula also f = 0 in Q.

For f € E Ly NS~ Ly we have (f,vf) = —|f|* on ¥, and a similar
application of Stokes’ theorem yields

, % fdo 2do = —Imk 2dx.
e [ wh [ P

If Imk > 0, this forces f = 0 as before, letting R — oo. since in this
case f decays exponentially at co. Also when k = 0, f has enough decay
for us to conclude. (However, the case k = 0 is already taken care of by
the skew-adjointness of ES.) When k£ € R\{0} we instead conclude that
f\x|=R(f7 ﬁf)da < 0 for all large R. Integrating the identity

202 = (2 = VI + 21, )

over the sphere |z| = R, we obtain limp_, fITIZR |f|?do = 0 since the Dirac
radiation condition for f at infinity shows the the first term on the right
vanishes at infinity. As in Proposition 3.4, this forces f = 0 by Rellich’s
lemma if Q7 is connected. If 2~ have bounded connected components, we
can argue as for E;" Ly N STLy = {0} to conclude that f = 0 also in these
components. O

Proposition 4.2 is the main result that we need to obtain the announced
spin integral equations for solving Dirac boundary value problems. The idea
is to use the ansatz 4.6, which is always invertible by Proposition 4.2, for the
interior boundary value problems (2.8) and (2.9). This leads to the integral
equations

NEEF 87 Ly — NEL,. (4.9)

Similarly, for the exterior boundary valur problems (2.10) and (2.11), we use
the ansatz (4.7), which is also always invertible by Proposition 4.2. This gives
integral equations

N*E_ 1 STLy — N*L,. (4.10)

This is almost what we want: the integral operators (4.9) and (4.10) are in-
vertible if and only if the corresponding boundary value problems (2.8) and
(2.9), or (2.10) and (2.11) respectively, are well posed, and both the domains
and ranges are simple pointwise defined subspaces of L2(3). We can however
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improve these integral equations a little further for numerical implementa-
tion, so that both the domains and ranges are the same subspace, and not
depending on v(z) like S*Ly and N*L, do. To this end, we apply again
the abstract setup for boundary value problems described in this section.
Consider the reflection operator

—

Tf(x)=f(z), zeX,

given by pointwise involution of the multivector field. The corresponding
spectral subspaces are

TTLy = La(B;A%C™) and T7 Ly = Lo(Z; A°IC™).
Computing the relevant cosine operators, we have
(NS+SN)f = v fv+ v fu =0,
(TS+ST)f =vf+vf=0,
(TN + NT)f :n/j?\l/Jrl/}Al/:Qny#O.

The proof of Proposition 4.1 give us explicitly invertible maps between
subspaces ST Ly and subspaces N* Ly on the one hand, and explicitly in-
vertible maps between subspaces ST L, and subspaces T+ Ly on the other
hand. Indeed, we note that if A and B are two reflection operators on a
Hilbert space H satisfying AB + BA = 0, then the associated eight restricted
projections are pairwise inverse, up to a factor 2, as follows.

(BY : A" — B™H)™! = 2(AT : B"H — ATH)
(B~ (A" :B "H— A H)
(B~ : A" — B H) ' =2(A" : B"H — A™H)
(BT :A"H — BYH) ' =2(A" : B"H — A™H)
We can now formulate the main result of this paper, namely spin in-
tegral equations for solving the boundary value problems for the differential

equation D f = ¢k f with prescribed tangential or normal part of the field at
the boundary.

Theorem 4.3. Let QT C R™ be a bounded strongly Lipschitz domain, with
exterior domain Q1 , and consider a wave number Imk > 0.

e The interior boundary value problem to find a solution f to Df = ikf in
O with prescribed tangential/normal part N*f = g at ¥ is well posed
in the sense that N* : E];‘FLQ — N*Ly is invertible, if and only if the
singular integral equation

TTS™NE*EfS h=T%S"g

is uniquely solvable for h € T Lo. In this case the solution to the bound-
ary value problem is f = E,jS’_h at 2.

o The exterior boundary value problem to find a solution f to Df = ikf
in QF with prescribed tangential/normal part N*f = g at ¥ is well
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posed in the sense that NT : E Ly — N*Ly is invertible, if and only
if the singular integral equation

TTSTN*E, STh=T"S"g

is uniquely solvable for h € TV Lo. In this case the solution to the bound-
ary value problem is f = E,”STh at X.

Proof. For the interior boundary value problems, the ansatz E,;" ST Ly —
E;Lg is an invertible map for any Imk > 0 by Proposition 4.2. For the
exterior boundary value problems, the ansatz E, : STLy, — E, L is an
invertible map for any Im & > 0 by Proposition 4.2. We have also seen that
T+8* . N*L, — T+Ly and S* : TtLy, — S*L, are invertible maps.
These invertible maps enable us to fomulate the boundary value problems as
singular integral equations on the subspace Lo(X; A®VC™) as stated. O

Ezxample. We saw in Example 2 how the Dirichlet problem for the Laplacian
in O C R2, or equivalently the Hilbert boundary value problem for ana-
lytic functions with prescribed real part on ¥, can be formulated in terms of
invertibility of N* : E¥ Ly — N1 L,.

Theorem 4.3 allow us to solve this boundary value problem as a real
linear singular integral equation in the space Lo(X; C) as follows. Given the
real valued Dirichlet datum g € Lo(X; R), we compute T+S~g = %g. To see
that the equation TS~ NTE+YS™h = T% S~ g reduces to (1.8) using complex
algebra, we note that 7S~ NTS~h = Lh since S anti-commute with 7" and
N. Writing the Cauchy integral with complex algebra, we have

ES h(z) = i_p.v./ M — 2p.v./ w

2mj s WwW—2z 27 s W—Z
Computing 4T+tS~ Nt (ES™h), we obtain (1.8) with 4 replaced by j. In the
formula f = ETS~h for the solution to the boundary value problem, we need
only to evaluate the A°"R? part of f: The auxiliary anti-analytic function
given by the A'R? part will be trivial due to our choice of g. Thus we end

up with the classical Cauchy integral of h for the solution u + jv.

FEzample. We saw in Example 2 how the Maxwell scattering problem in Q= C
R? against a perfect conductor Q7 can be formulated in terms of invertibility
of Nt E, Ly — NTLy. Theorem 4.3 allows us to solve this linear equation
as a singular integral equation in the space Lo(X; C*) as follows. Given the
incoming electric and magnetic fields E? and H°, we compute the tangential
Dirac data g = —N1(E° + *H°)|s. Note that g depends on the tangential
part of E° and the normal part of H°. Compute the bivector field

G =T"STg=—-vaE’— (v,H")(xv) : & — A2C>.

It is straightforward to compute that TTSTNTE,”Sth = TTS5*g amounts
to solving the singular integral equation

ih(x) + M(x) p.V./Z U (y —x)(1
+v(y)h(y)do(y) = 25(x), =€, (4.11)
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for h € Lo(3; A®YC3), where M is the multiplier
M=TtSTNt:a+a+*b+*8+— a+vnra+ (v,b)(xv).

The solution to the Maxwell scattering problem is then

B(@) + #H() = = [ Wiy =)0+ vu)h)da(s), =9

This is the algorithm that we propose in this paper for solving the Maxwell
scattering problem against a perfect conductor.

5. Maxwell scattering in piecewise constant media

We formulated in Example 4 a spin integral equation for solving the Maxwell
scattering problem against a perfect conductor, which is a singular inte-
gral equation for four scalar functions. In this section, we fomulate a sim-
ilar spin integral equation for solving more general scattering problems, for
time-harmonic Maxwell’s equations at frequency w. We do not aim to present
a complete solvability theory in this section, since it requires a solution of
fundamental open problems. Instead we fomulate the algorithm and describe
the future work that is needed.
We denote by N the number of bounded materials, and write

R2=QoUQU...UQyUYE

disjointly. Here {); are assumed to be bounded open sets, with Lipschitz
regular boundaries 02; C 3, j = 1,..., N, and {2 is the complement of a
bounded Lipschitz domain. The Lipschitz interface 3 is ¥ = 0Qy U. .. U0y
Write X; ; = STIHWJ A unit normal vector at a boundary point = € ¥, which
is well defined almost everywhere, is denoted n = n(z). By n; = n;(x) at
x € 092; we mean the unit normal vector which is outward pointing relative
Q.

The region €, j = 0,1,..., N, we assume represent a homogeneous,
linear and isotropic material, with electric permittivity e;, magnetic perme-
ability 11; and conductivity o; as constant and scalar quantities. We formulate
Maxwell’s equations in §2; as

V. H =0,
E=1ik;H
V x g i, (5.1)
V x H = —ik;
V.E=0,
where the wave number is k; = wa;/B;, with a; = (¢; + ioj/w)'/? and

B = ,uj_l/ % We choose to normalise the fields so that E denotes the geometric
mean of the electric field and displacement, and H denotes the geometric
mean of the magnetic field and intensity, so that the square of the fields has
energy density as dimension. In particular this means that at the interface
>, we have jump conditions which require continuity of

n-(B7'H), nx(a'E), nx(BH), and n-(aFE)
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if Maxwell’s equations for the original electric and magnetic fields are to hold
in distributional sense in all R3.

The data in the scattering problem we seek to solve are incoming electric
and magnetic fields £ and H™® solving (5.1) with k = ko in Qp. Our
problem is to solve for electric and magnetic fields £/ and H7

e solving Maxwell’s equations (5.1) with wave number k; in Q;, j =
0,1,...,N,
e with E°, EY satisfying the Silver-Miiller radiation condition at infinity,
see [16, eq. (4)],
e and where
EinC+EO+"'+EN and HinC+HO+"'+HN
solve Maxwell’s equations in distributional sense across .

We note as before that in terms of the electromagnetic multivector field
F = E + «H, we can write Maxwell’s equations (5.1) as the Dirac equation

DF = ik;F
in ©;, and well posedness in Ly = Lo(3;AC?) of the scattering problem
described above follows from invertibility of the map

N

N
BZ : @EjLQ — L2 : (ff)?:O = ZNjf]
7=0

j=0
Here E;Ly denotes the image of E,j] L5(092;) under the inclusion Ly(0€;) C
Ly(X), where N; denotes the map
Nif(x) =vin (B T f+a; T ) +v; 5 (BT f+ T f), = €09y,
and N, f(xz) = 0 when z € X\99;. Recall that T is projection onto Ly (X;
A®YC?) and T~ is projection onto Lo (3; A°1C?). We use the spin ansatz

N
Ss: Lo — @EjLZ tfe (Ejsjf)j'\;()
j=0

where
ij(l’) = %(1 - V](.%‘))f@;),
E]f(:v) = E/;L] (f|8$2_7)(x)3

when z € 0Q; and S, f(z) = E; f(x) = 0 when = € £\0Q;.

With this setup we obtain the following spin integral equation for solving
the above Maxwell scattering problem. Let E™¢ and H™° be the incoming
rescaled electric and magnetic fields in Q°, and define

9= No(E™|gq0 + *H™|p00) € La(X; AC?).
Solve the singular integral equation

BgSEh = —g
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for h € Ly(3; AC?). Then the solution to the Maxwell scattering problem in
this section is given by

Ei(z) ++H () = %/{m Uiy —x)(1 —vi(y)h(y)do(y), =€ Q.

Since S; are complementary projections in Lo (), it follows from Propo-
sition 4.2 that the spin ansatz Ss; is an invertible map for any Im k& > 0. As we
discussed in the introduction, for the spin integral equation to be computa-
tionally useful we also need to show that the Dirac scattering problem which
we embed the Maxwell scattering problem into, is well posed. We conjecture
that this is the case for the algorithm above. It appears though that even for
one bounded material, N = 1, this is beyond the currently available Lo(X)
solvability techniques, which are based on Rellich estimates like in Proposi-
tion 3.1, if we allow general Lipschitz interfaces. To show the main problem,
consider the jump relations

vA (BT L= By ' T fo) =v ATy, (5.2)
valay ' T fi—ag T fo) =vaT g, (5.3)
vi(BiTT fr = BT  fo) =v Ty, (5.4)
vi(aT™ fi —aoT™ fo) =v 2T g, (5.5)

on ¥ = 9001 = 09 when N = 1. We want to show that (f1, fo) — ¢ is a
Fredholm map in the Lo(X) topology. To this end we note that

T f=T BV f; =T BV f;+ Kf; = BECV'T-f; 4+ Kf;, j=0,1,

where E = Ey and K = (—1)1T~(E}, — E) is a compact operator. Adding
ata™ times (5.3) and (5.5) yields the estimate

A = EN)T™(f1 + fo)) S IT gl + IK'T™(f1 + fo)ll,

with a compact operator K'. This yields a Fredholm bound on || T fi|| +
T~ foll, provided A = (at4+a7)/(a™—a™) is outside the Fredholm spectrum
of the rotation operator EN. Similarly, by adding 873~ times (5.2) and (5.4),
we obtain a Fredholm bound on || f1 ||+ |7 fol|, provided (8T +57) /(81—
(7) is outside the Fredholm spectrum of the rotation operator EN. As shown
in [3], these conditions are equivalent to that (a*/a~)% and (8%/37)? maps
into the Fredholm resolvent set for the cosine operator

1(EN + NE)

by the map z — (z + 1)/(z — 1). Thus, if we allow arbitrary conductivity
o > 0 and permittivity e > 0, we need to know that the spectral radius of the
cosine operator is < 1. As we have seen in Example 2 and Proposition 4.1,
the classical double layer potential operator embeds into this cosine operator,
so in particular we need to know that the spectral radius of K is at most one.
This well known spectral radius conjecture is to the authors knowledge still
an open problem for general Lipschitz surfaces.
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However, if furthermore ¥ is smooth, then the spectrum of (EN+NE)/2
is contained in the unit disk. Indeed

E*f(x) — Ef(x) = 2P-V-/E(‘I’(y —z)v(y) +v(@)¥(y —2))f(y)o(y) = 2K f(x),

modulo compact operators is v is smooth, since ab + ba = 2(a,b) with Clif-
ford algebra. Here the double layer potential K acts componentwise on the
multivector field f. Since E is a reflection operator it follows that E is a
compact perturbation of a unitary operator. In particular we deduce that
the Fredholm spectrum of the cosine operator is contained in [—1, 1].

To show injectivity of By one can generalise the methods in Proposi-
tion 3.4. We omit the details and refer to [4].

6. Problems with the classical ansatz

We end this paper with an explicit computation on a conical domain, elabo-
rating on Mellin transform techniques of Fabes, Jodeit and Lewis [13], that
shows that the classical double layer potential equation may have a condi-
tion number which is significantly worse than that of the underlying bound-
ary value problem. This in contrast to the spin integral equations proposed
in Theorem 4.3, which typically is no worse than the boundary value prob-
lem numerically. By localising the result below, we obtain similar results for
bounded domains which have corners.

Consider the double layer potential operator K in dimension 2 given by
(1.1) in the Introduction, on a cone

Q={ze€C;0<argz < 0}.

We are in particular interested in the limit as # — 0T. Recall that K is the
composition of the restricted Cauchy projection (1.3) and the restricted real
part projection (1.4), and that all these operators are considered as real linear
only. The purpose of this example is to show by explicit computation, that

(1 +K)7H ~1/6%,
I[(NT:ETLy — NtLy)™ || =~ 1/6, and
I(ET:NTLy — EYLy) || = 1/6

as @ — 07. This means that the interior Dirichlet problem which we intend
to solve become increasingly illposed at the rate 1/6. On the other hand,
the operator I + K which is classically used to solve the Dirichlet problem
become ill-conditioned at the faster rate 1/62. Note that the operators K, E
and N are themselves uniformly bounded as § — 0.

Since the computation uses the Fourier transform, it is natural to com-
plexify these real linear operators, which we do as follows. The imaginary
unit ¢ used in the definition of F and N, we write as j and rather think of
as the unit bivector j = e; A es as in Example 2, which squares to j2 = —1
with the Clifford product. In the framework from Sect. 2, this means that
N is reversion (rather than complex conjugation) and N7 is projection onto
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scalars A°C? ~ C. Our operators act on functions taking values in the even
subalgebra
AYC? = {2z + jw; z,w € C},

that is the commutative algebra of bicomplex numbers.
The first step is to apply the Mellin transform to F, meaning that we
first pull back E by the isometry

6t/2f(€t+j0)

followed by the componentwise Fourier transform Ff(&) = [g f(t)e dt.
These computations, which involve some residue calculus using the imaginary
unit j, lead to the formula

¥ L0 CY) = LR (1 CHP) ) [ 0 T,

—ij tanh (7€) Ci%?;z)(j cosh(af) — isinh(af))]

e—da/2

oty (—J cosh(ag) — isinh(ag)) ij tanh(r€)

for Fy*E(y*)"1F 1, where a := 7 — 0. From this we compute
in(a/2 —ia€) [0 1
NYEN+ ~ sin(a/
cosh(m§) 1 0f

from which ||(+ K)~!| a 1/6? follows. To obtain the claimed 1/ bound on
the inverses of the restricted projections, we note from the identity %N (I+
EN)N = NTET + N™E~, the duality between ET : N*Ly — ET Ly and
N~ : E"Ly — N~ Lo, up to similarity as in Theorem 3.3, and the uniform
boundedness of F and N that it suffices to prove that

(I +EN)"Y|~1/6.

. . . b .
To this end, we use that the inverse of a matrix A = {Ccl d] , where a, b, ¢, d in

general are non-commuting operators, is given by

(d—ca=tb)~! —(d —ca=tb)"tea?t (6.1)
—a~'b(d—ca'b) "t a "t +a"tb(d — ca™1b) " teat | '
Applying this to A equal to the Fourier multiplier of I + E N, it suffices for
us to bound a~! and (d — ca='b)~!. We calculate

1 1 1+ijtanh(m§)N
a " =(1—ijtanh(n§)N)" = 1 tanh? ()

which is bounded and independent of §. With straightforward bicomplex
algebra, and noting that reversion N commutes with ¢ but anti-commutes
with j, we also compute

A=

cosh(2a€) — ij sinh(2af)
cosh(27¢)

To bound the inverse, we write matrices in the complex basis {1,j} as j =

[_01 (1)] and N = {(1) _OJ From the standard commutative version of (6.1),

we obtain

d—ca™'b=147ijtanh(27&) N + (cos(a) + jsin a)




29 Page 24 of 25 A. Rosén IEOT

(d—ca b)) = 1 . 1+X itanh(27) +Y
242X |itanh(27¢) — Y 1+X ’
where
5 cosa cosh(2a€) + i sin asinh(2a€)
cosh(27¢) ’
v = i cos asinh(2af) — sin a cosh(2a€)
cosh(27¢)

Doing the estimates, this yields |(d — ca™!b)~!| ~ 1/6, from which we deduce
that the norms of the inverses of the restricted projections (1.3) and (1.4) are
of the order 1/6 in this example.
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