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2000 Mathematics Subject Classification : 35B65, 35J25, 35R05

Keywords : Elliptic transmission problems, mixed boundary problems, W 1?
regularity.

Abstract : We characterise the singularities of elliptic div-grad operators at
points or edges where several materials meet on a Dirichlet or Neumann
part of the boundary of a two- or three-dimensional domain. Special em-
phasis is put on anisotropic coefficient matrices. The singularities can be
computed as roots of a characteristic transcendental equation. We establish
uniform bounds for the singular values for several classes of three- and four-
material edges. These bounds can be used to prove optimal regularity results
for elliptic div-grad operators on three-dimensional, heterogeneous, polyhe-
dral domains with mixed boundary conditions. We demonstrate this for the
benchmark L—-shape problem.
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2 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

“However, one can find these eigenvalues very seldom,
[...] even in the case of the Laplace operator.” [37, p. 36

1 Introduction

Regularity for elliptic div-grad operators —V-uV on three-dimensional, het-
erogeneous, polyhedral domains is intimately connected with edge and vertex
singularities, see [34], [35], [45], [46], [23], [42], [14], [47], [16], [15]. The fo-
cus of this paper is on characterising these singularities as the roots of a
transcendental equation which is explicitly given in terms of the data. This
allows for a scheme to compute the singularities, but also for estimates of
these singularities. Despite the importance of appraising singularities, up to
now there are no results for the case of several anisotropic materials — apart
of [30], [18], and [24] for two materials. Ultimately, we aim at the integra-
bility of the gradient of the solution of elliptic equations in div-grad form to
an index larger than three. This property is very useful in the treatment of
nonlinear equations and systems, see for instance [27], [48], [21], [20]. Due to
a pioneering idea of V. Maz’ya it suffices to delimitate the edge singularities
in order to get optimal elliptic regularity, see [48], [18].

Since information about the singularity of solutions of elliptic equations is
crucial for the solution of these equations and in particular for the efficiency of
numerical solvers, there exist several numerical approaches to determine the
singularities of specific anisotropic problems, see [42], [13], [58] and references
cited there. For a more general numerical approach to heterogeneous elliptic
problems see for instance [9], [1], [60], [29].

Div-grad operators —V-uV are of significance in science and engineer-
ing. They abound in thermodynamics [55], [33], in electrodynamics [57],
[40], in acoustics [59], [41], neutron transport theory [2] and references cited
there, and mathematical biology [11], [5]. Moreover, such operators occur
in semiconductor and laser modeling [56], for instance in the description of
submicron devices by means of an effective mass Schrodinger operator in Ben
Daniel Duke form [4], [62], [17], [44], [61]. The coefficient function u repre-
sents material properties as the context requires. It may be the dielectric
permittivity in a Poisson equation, or diffusivity in a transport equation (see
for instance [56, §2.2] for carrier continuity equations), or the effective elec-
tron mass in a Schrodinger equation (see for instance [36]). Let us emphasise
that it is in the nature of the coefficient function u to be a tensor, though it
simplifies in some applications to scalars. For a reasoning in electrodynamics
see [54, Ch. IX], [40, Ch. XIJ, [39, §122], and for one in thermodynamics see
[55, Ch. L.5] or [33, Ch. 2.1] and references cited there.

In the majority of cases i is discontinuous, if different materials meet at
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Direct computation of elliptic singularities. .. 3

surfaces or edges. Increasingly, one becomes aware that it is often not ad-
missible to smooth out these discontinuities and to pass to smooth (or even
constant) coefficient functions. For acoustics of heterogeneous media it was
already pointed out by Tappert [59, p. 263] that the — formal — transforma-
tion of the reduced wave equation (in case of a time harmonic dependence)
to the classical Helmholtz equation is of limited value, if the density changes
abruptly. Analogous observations were made in mathematical biology [11],
[5] and references cited there. In many advanced semiconductor devices het-
erostructures essentially determine the functionality see for instance [31], [7],
[3]. Moreover, in semiconductor physics the effective mass theorem necessi-
tates parameter discontinuities at the interface [17, Ch. LIIL.3]. In all these
contexts elliptic equations (for instance Poisson’s equation) play a role, often
as part of a compound model.

Information about the singularity of solutions of elliptic div-grad equa-
tions is encoded in a transcendental equation, see [14, Ch. 17] and [48, §3.4].
For edges, adjacent to two materials, this transcendental equation governing
the singular values is known explicitly even in the case of anisotropic ma-
terials, see [18] and the Appendix of [24]. On the other hand there is next
to nothing for multi-material edges notwithstanding their relevance in tech-
nology. The direct vision prism, for instance, features a three-material edge
[26], [6, Ch. 3.2], see also Figure 1. At a three-material edge, even for scalar
coefficients, the singular values in general have an arbitrarily small real part,
see [49] and references cited there.

Figure 1: Direct vision prism composed of crown and flint glass (double Amici
prism). At the three-material edge PQ) optical crown, flint, and again crown meet.

In contrast to stress calculations for anisotropic materials on three-dimen-
sional domains (see [64], [51]) the somewhat related problem of elliptic edge
singularities allows for an explicit, analytical treatment. We undertake this
for up to four materials meeting at an edge, but it could be done similarly
for an arbitrary number of materials.

In Section 2.1 the investigation of the edge singularities is reduced via
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4 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

partial Fourier transform along the edge to the dissection of the vertex sin-
gularities for an associated two dimensional elliptic problem. The compu-
tation of the vertex singularities follows the approach of Costabel, Dauge,
and Lafranche in [13], see also [12]. There elementary solutions of the asso-
ciated generalised Sturm-Liouville problem are used to calculate the elliptic
singularities. While Costabel et al. [13] describe a semi-analytic computa-
tion, here we explicitly get an analytic function, the roots of which are the
singular values, see Theorem 2.19. This allows to obtain explicit bounds for
the singularities in certain classes of material-geometric constellations. In
general the singular values are complex numbers. Here we prove for certain
classes that they are in fact real numbers. This rests on the way we derive the
transcendental equation. Indeed, we encode each anisotropy (including the
corresponding sectorial angle) in a scalar x which enters the analytic func-
tion as a parameter. This parameter x has the quality of an angle, and it
represents exactly the deviation from the isotropic case. Thus, it is possible
to emulate some results from the scalar coefficients case [52] in the case of
anisotropic coefficients.

Section 2 is devoted to the precise formulation and the proofs of our main
results concerning the analytic function whose zeros are the singular values.
Furthermore, an estimate for the size of the sector containing the singular
values is given in terms of the coefficient matrices. Then in Section 3 we give
bounds for the singular values in some special cases, in particular for three
materials meeting at an edge. In Section 4 we outline how to compute the
zeros of the analytic function characterising the singular values, but do not
expatiate on the numerical methods to do so since there is a vast specialised
literature, see e.g. [38], [22], and references cited there.

Finally, in Section 5 we apply our result to the three-dimensional L—shape
of different materials, see Figure 7 and Theorem 5.6, which was regarded in
[15, Fig. 2] and [50, Fig. 1]. This kind of structure really plays a role in
technology. Just have a look at a ridge waveguide multiple quantum well
laser Figure 2.

Our result generalises that by Nicaise and Séndig [50] to anisotropic co-
efficient functions. Moreover, we provide an optimal regularity result within
the scale of W1 spaces. This scale has the advantage — in contrast to the
mostly considered scale of H*? spaces — that the space of optimal regular-
ity embeds into a Holder space. Thus, it allows for a unified treatment of
quasi-linear parabolic equations, see [48], [27], and [25].

Summing up: With this investigation we would like to provide a tool to
appraise the singularities at a multi-material edge, including anisotropies.
Indeed it is well known in engineering that multi-material edges may cause
difficulties. Therefore one tries to avoid them, but, this is not always possible,
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Direct computation of elliptic singularities. .. 5

Figure 2: Schema of a ridge waveguide quantum well laser (detail
3.2umx1.5umx4pum). A material interface (dark shaded) and a boundary part
(light shaded) carrying Neumann boundary conditions meet at an edge of the de-
vice domain. At the bottom and the top of the structure are contacts giving rise
to Dirichlet boundary conditions for the electrostatic potential in the electronic
simulation of the laser, while other parts of the device are insulated (Neumann
boundary conditions). A triple quantum well structure is indicated where the
light beam forms in the symmetry plane of the domain.

as the ridge waveguide laser design demonstrates.

2 Singularities

In this section we first briefly recall how singular values originate from the
elliptic equation on a two-dimensional domain. This exposition faithfully
follows the standard way by Mellin transform, see [34], [37, Ch. 6.1], compare
also [42, Ch. V.3]. Then we prove, after some preliminary work, our main
Theorem 2.19 on the location of the singular values.

2.1 Preliminaries
Let us define for any two complex numbers ¢ and A the exponential by

o* = exp(Mog|o| +idargo), argo € |-, 7). (2.1)
For two real numbers 7 and v with 7 < v < 7 4+ 27 we define the sector

KY = {(rcos@,rsinf): r >0, 0 €]r,v[}. (2.2)

T

Now we introduce the relevant div-grad operators on 2-dimensional do-
mains.
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6 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg
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Figure 3: Material sectors K 9;_'71 of the plane with corresponding coefficient

matrices p/, j = 1,...,n. The thick lines bear Dirichlet or Neumann boundary
conditions. See also Definition 2.1.

Definition 2.1. Let real numbers
O <0, <...<0, <0y+ 27

be given and, additionally, real, symmetric, positive definite 2x2 matrices
pt, ..., p" see Figure 3. We define p as the matrix valued function on Kgg

which takes on the sector ng_l the value p’. Let for any closed subspace

Y C WH(Kgr) the following sesquilinear form be given:

VxXV3(vw)— / pVv -V dz. (2.3)
Kgn

We give the name —V:pV with Neumann boundary condition to the operator
corresponding to V = W"(K;") and the form (2.3), and we give the name
—V-pV with Dirichlet boundary conditions to the operator corresponding to
V= W&’Q(Kgg) and the form (2.3).

Remark 2.2. We restrict this investigation to real, symmetric matrices p
because it makes use of results from [48] for such coefficient matrices. How-
ever, this case covers a lot of equations involving elliptic div-grad operators
from mathematical physics and engineering. For a detailed discussion see

[40, Ch. XI] and [39, §122].

Definition 2.3. Let 0,..., 6, and p',..., p" be as in Definition 2.1. We
introduce on 16y, 0,[ \ {01,...,0,_1} three coefficient functions by, b; and
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Direct computation of elliptic singularities. .. 7

by, and the determinant D of p, whose restrictions to each of the intervals
10,-1, 6| are given by

bo(0) = ), cos® 8 + 2p, sin 6 cos 6 + pl, sin? 6,

bi(0) = ( — ply)sinfcos 0 + ply(cos? § — sin®0), (2.4)
ba(0) = pl, sin® 0 — 2p7, sin 6 cos 6 + pl, cos? 6,

D(0) = D; = det p/ = byby — b2,

j=1,...,n. If =V-pV is complemented with Dirichlet conditions, then we
define the space H as W, (6o, #,,), while in the case of Neumann conditions
we set H = Wh2(6y,6,,). For every A € C we then define the quadratic form
t, on ‘H by

On

NOE. / by 0 T+ Abyr 07 — Aot & — N2bot) df

0o
and A, is the operator which is induced by ty on L*(6y,6,).

Remark 2.4. It is easy to check that bo, restricted to the interval |0;_1, 6;],
is bounded from below by the smallest eigenvalue of the matrix p’. Indeed,

PN .
inf  by(f) = inf P11 P]lz sinfl) (—sin6
0€]6;-1,6;] 0€10,_1,0;1 \ 1o Pao cosf cos f

> inf  plE-€>  inf ple-€

£ER?, [|€]|=1 £eC?, [i€|l=1

By the minimax principle, the last term equals the smallest eigenvalue of p7,
which is easy to evaluate as

J J J J \2 ;
P11+P2 (P11—P320) J \2
2 \/ 1 + (p12)

and is greater than 0 due to the condition from Definition 2.1. Hence, the

form t, is sectorial for every A € C. A fortiori the induced operator A, is
sectorial, see [32, Ch. VIJ.

Definition 2.5. We call 0 # XA € C with R\ € [0, 1] a singular value for
the operator —V - pV (including boundary conditions), iff the corresponding
operator A, see Definition 2.3, has a nontrivial kernel.
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8 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

Indeed it is well known that, if X is a singular value for —V-pV and 1,
is an element from ker Ay, then the function

h:R? 3 (z,y) — (22 + yQ)% T/JA(arg(x + zy))

satisfies the equation —V-pVh = 0 on Kgg in the sense that

/ pVh -Vwdr =0 for all w €V with compact support,

Kgg
see also (2.3). Since R\ < 1 the partial derivatives of h have a singularity in
0 € R

Let us next briefly recall the connection between elliptic three-dimensional
edge singularities and two-dimensional vertex singularities.

z

Figure 4: Edge pencil, see Definition 2.6

Definition 2.6. Let Q C R? be a polyhedron which, additionally, is a Lip-
schitz domain (that means a domain of class C%!) and let {Q}x be a finite,
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disjoint, polyhedral partition of 2. Hence, the boundary 052 is the disjoint
union of some faces, edges, and vertices of the polyhedra 2. Furthermore, pu
shall be a matrix function on 2 which is constant on each €2, and takes real,
symmetric, positive definite 3x3 matrices as values. Moreover, the faces of
the sub-polyhedra €2, which are open sets with respect to the surface mea-
sure, are either in the interior of €2, or carry Neumann boundary conditions,
or carry Dirichlet boundary conditions. We regard now the edges of the sub-
polyhedra €2, which are open sets with respect to the curve measure, thus
do not contain any vertex of 2. Let E be such an edge on the boundary of
2, and let P be an arbitrary inner point of this edge. Choosing a new or-
thogonal coordinate system (z,y, z) with origin at the point P such that the
direction of E coincides with the z-axis, we denote by w the corresponding
orthogonal transformation matrix and by p, the piecewise constant matrix
function which satisfies in a neighbourhood O of the origin

po(x,y, 2) = wp(w ™ (2,y,2))w™" for all (z,y,2) € O,
po(tr,ty, z) = py(2,y,0)  forall (z,y,0) € O, 2 € R, and ¢ > 0.

Finally, we denote by ug the upper left 2x2 block of u, at z = 0.

Remark 2.7. The matrix pg is given on a sector (2.2) which coincides near
P with the intersection of the z-y-plane with the w-image of the domain
Q2. There exist — uniquely determined — angles 0y < 6; < ... < 6, <
o + 27 such that pg is constant on each of the sectors K, %11 and takes real,
symmetric, positive definite 2x2 matrices as values. Obv1ously, pr and the
corresponding two-dimensional div-grad operator —V-pV from Definition 2.1
do not depend on the choice of the point P. This justifies the following
definition of the edge singularity.

Definition 2.8. For any of the two-dimensional div-grad operators —V-pV
from Definition 2.1 we call the number

0 = inf{R\: X is a singular value for the operator —V-pV}

the vertex singularity. Now, we assume a constellation as in Definition 2.6,
and we define for a three-dimensional div-grad operator with the coefficient
matrix-function p the edge singularity at E by the corresponding vertex
singularity of the operator V- ugV on the sector K, gg, see [14] and references
cited there. If there is a (boundary) neighbourhood of the edge E belonging
to the Neumann boundary part of the three-dimensional problem, then we
take V-upV with Neumann boundary condition on 0K gg, see Definition 2.1.
This applies mutatis mutandis to a Dirichlet boundary condition.
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10 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

So, in order to find the edge singularities of a three-dimensional problem
as in Definition 2.6, one regards for each edge a two-dimensional problem
as in Definition 2.1, and looks for parameters A\ such that the operators A,
see Definition 2.3, induced by the two-dimensional problem have a nontrivial
kernel, see Definition 2.5.

Our Definition 2.8 of edge singularity corresponds to notions of singularity
at edges in physics. For instance, the singularity of the kinetic energy of an
acoustic wave at an edge only depends on the opening angle and the material
of the edge, see e.g. [63, §5.3.4].

2.2 Estimates for the imaginary part of the singulari-
ties

We show that the singular values (see Definition 2.5) of the two-dimensional
div-grad operators —V:pV from Definition 2.1 lie in a sector of the complex
plane. It turns out that this sector is symmetric with respect to the real axis,
and its opening angle is explicitely determined by the coefficient matrices p’,
j =1,...,n. Actually, we already know from Remark 2.4 that the opera-
tor A, is sectorial. In Theorem 2.9 we give now an estimate of the sector
containing the singular values. Please note that the angles 6, ...,60, do not
enter into this estimate.

Throughout this section we write the complex number A in the form
)\ - )\1 + Z/\2

Theorem 2.9. All values \ from the right half plane, for which the kernel
of Ay, see Definition 2.3 and Definition 2.5, is nontrivial, are located in the
sector

s N _trpd
S« {/\1 +ide: Ao < Ny 22 /detpz}'

In particular, there are no singular values on the imaginary axis.

Proof. Let us first recall that b, see Definition 2.3, is bounded from below
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Direct computation of elliptic singularities. .. 11

by a positive constant, see Remark 2.4. Thus, we can estimate

On
Rty[1)] = R / by ! T+ Aoyt — Ayt T — A2boa ¥ B

O

z/ﬁﬂWP—2MmmWM¢H<£—A®mWFM

90

b baby — b3
:/ufw«wMLQW) e IR
0o

Using boby — b2 = D, see (2.4), we can further estimate

On On
babo\ D

D
/(A?b Afb0)|1/z|2d9:/(/\2 N s (25)

90 90

Writing baby/D = 1+ b2/D and applying the inequality

sup |bi| = sup p%QQ;p]“ sin 20 + pl, cos 29‘

0€]0;—1,05] 0€]0;-1,0(

< \/(032—40{1)2 + (p{2)2

we may estimate on each interval |0;_1, 6;]

babo 1 b <14 (p22 — p11)* /4 + piy _ (p11 +p22)2.

D D D 4D
Hence, if A ¢ S and ¢ # 0, then (2.5) is strictly positive, thus, ker Ay must
be trivial. [

Corollary 2.10. The singular values (see Definition 2.5) of the two-dimen-
sional div-grad operators —N-pV from Definition 2.1 are uniformly bounded.

Remark 2.11. The term trp’/\/4det p/ does not change its value, when
the matrix p’ is multiplied by a positive scalar. Moreover, both the trace
and the determinant of a matrix are similarity invariant. Hence, scaling and
similarity transformations of the matrices p?, j = 1,...,n leave the sector S
unchanged.

Remark 2.12. It would be highly satisfactory to have also an analogous
a priori bound for the number of singular values — in terms of the data.
Unfortunately, we did not succeed in finding such a bound. For the case of
interior edges see [30].
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12 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

2.3 Characterisation of the singularities

Now we want to characterise the edge singularities of the three-dimensional
problem, that means in view of Definitions 2.3 and 2.5 the parameters A such
that the operators A, have a nontrivial kernel. We get that all these values
A are roots of a characteristic analytic function.

Standard arguments show that any function u from the kernel of the
operator A, see Definition 2.3, obeys the differential equation

(bgul>/ + )\(blu)' + /\blu' + )\ngu = O (26)

on each of the intervals |0;_1,6;[, j = 1,...,n, and fulfils, additionally, the
transmission conditions

[ulg =0 and [bou' + Abjulp =0 (2.7)

in every point 6 € {6,,...,0,_1}. Here, as usual, we have written

[w]9 d:ef hmﬁw w(ﬂ) - hmﬁw w(ﬁ)

Following [13] (see also [48, §3.6] for further details) we now regard the
elementary solutions

0 — e—iAG(Ce%G 4 1)>\’ 0 — ei)\ﬁ(g—e—%ﬂ 4 1))\

of the differential equation (2.6) on each of the intervals |6;_;,6;]. Here, the
complex number ¢ = g; for |#;_4, 6;[ is determined by

o 10h = /Dy) = Py _ phy = phy + 20,
= T = = — : :
i(phe +/Dj) +pla pho+ Pl +2y/D;

where D; is the determinant of the matrix p7, see (2.4).

(2.8)

Remark 2.13. In the sequel it is important that 0 < |;| < 1. This is easily
verified using the positivity of pl,.

Definition 2.14. For each material sector ng’;l we now define the charac-
teristic angle of anisotropy by

= —2i0;
w o Ge AL
/ij—argm, ]—1,...,71. (29)

By (2.1) we have —7 < k; < .
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Remark 2.15. If the material in the sector K gjﬁl is isotropic, that means, if
p’ is a positive multiple of the identity matrix, then ; is zero and a fortiori
; vanishes. The anisotropy of the material enters our considerations as a
shift of the sector’s opening angle 6, —0;_; by x;, that means the “material”
opening angle of the sector is 0; — 0,_1 + ;.

On each interval |6,_1, 0;] the ansatz functions
U](Q) d:ef éje—z‘/\e(gjezie + 1)>\ + éjei/\G(g—je—QiG + 1))\ (2.10)
satisfy (2.6), see [13], also compare [48, §3.6]. The transmission conditions
(2.7) at 04, ...,0,_1 together with either the boundary conditions at 6, and
0, lead to a 2n x 2n homogeneous linear system for the coefficients ¢;, ¢;. The
determinant of this matrix is an analytic function in A\ — the characteristic
function of the edge under consideration. The zeros of this function provide
all the values of A for which the problem (2.6) with (2.7) has a nontrivial
solution, thus, A, has a nontrivial kernel.
In our setup of the transcendental equation for the singular values A,

we need the following reformulation of the boundary conditions, and of the
transmission conditions.

Proposition 2.16. See [24, Lemma 20 and Corollary 21] Let u be the
function on [6y,60,] which coincides on 10;_1,0;[, j = 1,...,n, with u; as
defined in (2.10).

1. For A # 0 Neumann boundary conditions
(bot/ + Ab1u)|g=g, = 0, (bot” + Abyu)|p=p, = 0
equivalently can be expressed as
G170 (¢ 6200 | 1)) = & oMo (g om0 | 1)
Gne~ 00 (@200 | 1) = & 60 (C o720 4 1))

2. For X\ # 0 the transmission conditions (2.7) at a point § = §;, j =
1,...,n—1, for the function u equivalently can be expressed as

Q<

éje—iAG(gjeQi9+ 1) —l—C] MO( 210+ 1)
= G0 M@ + 1N+ 85110 (G e+ 1) (2.10)
and
\/ﬁj (éje—iAO(gje%H + 1))\ & z/\G(gj —240 + 1))\>
=V Djn (éjﬂeim(gjﬂem +1)* éj+lem(§_j+1672w + 1)A) , (212)

respectively.
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14 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

The next lemma justifies an algebraic manipulation which will be fre-
quently used in the treatment of the boundary and transmission conditions.

Lemma 2.17. Let us regard numbers x € C with |x| < 1, ¢ € |0,27] and
A€ C with0 < RX < 1. Then

—2i¢ A (= A —2i¢ N, v A 4

(x+1)* (peX+1)»  \ x+1 xe%ic +1
where 2ic
2 4 q
/~£:a1rgu € |—m, .
X +1

Moreover, the values ¢ and k are related in the following way (see [24,
Lemma 26]):

FEither (,(+r€|0,n] or (=C+r=m or (,(+k € ]m, 2n][.

Proof. We first prove (2.13). Due to |x| < 1, all the terms ye ¢ + 1, x + 1,
X + 1, Xe** 4 1 have positive real part. Thus, the first equality follows from
our definition (2.1) of the power function, and the supposition R\ € ]0, 1.
On the other hand, one has

X+ 1 (Xe—Q"'C—l—l)—l

Xem—i—l: x+1

This, together with (2.1), and the definition of x, yields the second equality.
We now prove the second assertion. If ( = m, then by definition x = 0.

Also from the definition of x we have a priori ( + k € |—m, 27| for ( € ]0, 7],
and ¢ + « € |0, 3x] for ¢ € |m, 2w]. Moreover, for ¢ € |0,2x[\ {7} one has

X+1 e ™+ 1) [+ Tfhxe ¢ + 1]
CIxPPeT 4 e + 2R (xe )

i) _ e Xe AL x4 (e +e)X+1)

. 2.14
PR CEIES TR
Thus,
%ei(C'Hi) _ (1 _ ‘XP) SinC
X + 1|[xe 2% + 1|
and the sign of Ie’¢*%) only depends on (. O

If we specify in Lemma 2.17
X = @e_2i6j71 and C = 0] - Hj—la ] = ]-7 sy

see Definition 2.1 and (2.8), then we get the following corollary.
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Corollary 2.18. For the numbers 6;, <;, and r;, see Definition 2.1, (2.8),
and (2.9), respectively, holds true

(_Eje—?ié.i +1)A (gjem’f—.l +1)* M i1

(Ge 201 + 1) (2% + 1))
for all A € C with 0 < RX < 1. Moreover,

Qj - Gj,l S ]O,Tf[ Z[f 0]‘ - Hj,l + Rj S ]0, 7T[,
9]' - 9]‘_1 =T Zﬁ Qj — 9]'_1 + Ry =T, (215)
0, — 0,y €lm,2n] iff 0;—0;_1+k; €7, 27].

Hence, for two adjacent sectors ng:; and K gjﬁl we have
0<0; =0, 2+ K+ rj_1 <2 (2.16)
if both opening angles are smaller than 7, or
T<0; =0, 0+K;+rj_1 <27 (2.17)
if one opening angle is 7, or
T <0;—0;_ o+ Kj+rj_1 <3 (2.18)

if one opening angle is greater or equal m. Nota bene, all but one of the
opening angles must be smaller than 7.

2.4 The characteristic equation for four materials

From now on we specialise to the case of just four materials meeting at an
edge on the boundary of the three-dimensional domain €2, see Definition 2.6.
More precisely, we regard a constellation as in Definition 2.1 and Figure 3
with angles 0y < -+ < 64 < 6y + 27, and Dirichlet or Neumann bound-
ary conditions. With respect to this constellation, and the corresponding
anisotropy shifts (2.9) we define the complex valued functions Fy, Gy, Fp,
Gp on C by

FN(A) d: —Oo+k1+K2) (1 F+F e~ 2iA(01—b0+k1) )7
GN()\) d: —02+K3+Ka) (1 F F —22)\(94 —03+kK4) )
¥ )

FD()\) d: —0o+r1+kK2) ( —22)\(91 —00+k1) )
BT !

GD()\) def el)\(94792+h‘/3+ﬁ4) (1 \/\/:+\/\/D:4 e—?z)\(94 93+’€4))

Referring to Definition 2.1 and Definition 2.5 we now can state our main
theorem.
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16 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

Theorem 2.19. The singular values A\ of the operator —V-pV with Neu-
mann boundary conditions are the solutions of the equation

\/FB(FN()‘) + Fn(=X)) (Gy(N) = Gn(=N))
+V/Da(Fn(\) — Fx(=N) (Gr(A) + Gu(=2) = 0. (2.19)

The singular values X of the operator —V-pV with Dirichlet boundary con-
ditions are the solutions of the equation

V/Ds(Fp(3) = Fp(=1) (Gp(A) + G (=)
+ \/FQ(GD()‘) —Gp(=N) (Fo(\) + Fp(=X)) = 0. (2.20)

Remark 2.20. The left hand sides of (2.19) and (2.20) are entire functions
in \. We already know, see Corollary 2.10, that the imaginary parts of the
singular values are uniformly bounded, and the real parts of the singular
values are bounded by Definition 2.5. Hence, Theorem 2.19 implies that if

there are singular values at all, then there is a singular value \g such that
0 = R\, see Definition 2.8.

Proof of Theorem 2.19. We prove only the case of Neumann boundary con-
ditions explicitly. The case of Dirichlet boundary conditions requires only
obvious modifications pointed out at the end of the proof.

Let us introduce two more complex valued functions on C by

def  _iX(O2—0p+r1+k2) _ 1 _ Di—vVDs —2i\(01—00+k
Xn(A) = e BTN (A) = 1 — vEvpte (01=00++1) 2.21)
YN()\) def e—zA(94—02+N3+n4)GN(>\) =14+ %1%6720\(94793+/{4)

We first prove that (2.19) is a necessary condition for A to be a singular
value. According to the first part of Proposition 2.16 the Neumann boundary
conditions for the ansatz functions (2.10) in 6y and 64 provide

—2iM0o (gleZiGQ + 1))\ “ A2\, (646721‘04 + 1))\ .
a2 . C1, Cy = = . ‘.
(618_2290 + 1))\ (§4€27’94 + ]_))\

Note that the denominators do not vanish thanks to Remark 2.13.

We now establish further relations between the coefficients of the ansatz
functions (2.10) by means of the transmission conditions (2.7) in 6y, 65 and
63, that means at the interior material interfaces. First, it is clear from the
second part of Proposition 2.16, that, if at least one of the constants ¢, ¢4,
C4, C4 vanishes, then the others and, additionally, ¢s, ¢, ¢3, ¢3 also vanish.
Making use of (2.11) and (2.12) in #; we further get

252(@6%91 + 1)>\ _ 61(1 + ‘/\/g:;)(ﬁeml + 1))\

a(1— B (Ge i 410, (2.23)

G=e (2.22)

+
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262(626_2i91 + 1)>\ _ 61(1 _ \/\/g:;)e‘%\el(gleml + 1),\
+6 (14 YB) (qe2 + 1) (2.24)

Replacing ¢; by means of (2.22) yields

A él(glezial + ]-))\ (1 4+ @)
27 (g2 1 1)) VD2

(1= L)oo G D) (e 4 1)
v Ge 0 + 1) (e + 1))

and

62 _ él(gle2iél + 1))\ (1 . @)672”\91
2(628—2101 + 1))\ NIy

e 2 A 16 A
+ (1 + @)e_%/\eo (g_le 2‘ '+ 1) (§162‘ 04+ 1) .
v (Gre=2% + 1)* (qre®®t 4 1)A

We now apply Corollary 2.18. Thus, we get with (2.21)

8y = & (96%91—+1)A<(1 + YD) 4 (1— @)ew(el—eﬁm))

(gleQigl _I_l))\ \/Di_i'_\/Di
S 1 X () 229

=

and
LA (gleml + 1)/\ 2iA(r1—00) VD1 VD1 \ n—2iA(01—00+k1)
62_012(§2e—2i91+1))\e 1—bo <(1+\/D7;)+(1_\/T%)e 1—0o 1)
_ A (qe*™ 4+ 1) 2iX(k1—00) VD1+vDa
- 2(Gpe 20 + 1)Ae VD3 2 XN(A). (2.26)

Analogously, the transmission conditions in the form (2.11) and (2.12) at 63
first lead to

)
VD1) 27 (0205 4 1), (2.27)
)

14 Y21 (Ge2% 4 1), (2.28)
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18 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

Replacing ¢, by means of (2.22) and making use of Corollary 2.18 we get
with (2.21)

e = & w 2iA(0a-+#4) ((1 + @) +(1- @)6—22')\(94—63—1-54))

3T et + 1) VDs VDs
. (Gae™ + 1) 2N 0a-+r4) vDy+yDy

= o Y (A 2.29
Gy I )A Y (M) (2.29)
and
S VD4 VDa | ,2iA\(04—03++
BT Y (Ge2ts ¢ 1) <(1 +Y5t) + (1= Ypt)eita® 4)>

_ (€4e—2i93 + 1))\ /D 4vDi
- C42<§_3e—2i93 +1)* VDs V(=) (2.30)

The transmission conditions in 6y written according to the second part of
Proposition 2.16 are

éze—i)\eg(§2e2i92 + 1))\ +ézei)\92 (626—21'92 + 1))\
_ é3efi)\92(gge2i92 + 1)/\ _i_égeiwz(g—gefziag + 1))\ (2.31>

and

\/32(6264,\92(@627;92 + 1))\ _ égeM)Z (526722'02 + 1),\)
— \/D_g(ége_i)\92(§3e2i92 +1)/\ ¢ 7,/\92( —2105 + 1) ) (232)

Here we replace ¢y, ¢o, ¢3, and ¢3 by means of (2.25), (2.26), (2.29), and
(2.30), respectively, and get

2102 A
~ VDi+VDs (. .2if A (2e™™ +1) \\a—iM02
61 YD (%0 1) ((<2e2i91+1)AXN( Ne

(626727;92 _|_ 1))\
(526—21'91 + 1))\

] 21602 1 A )
\/D73+\/[T4(€4672193 + 1)/\ ( EzzZQigg i 1;/\621)\(04+H4)YN(/\)e—2)\92
(ége—2i02 _|_ 1))\
(€3e72i03 + 1))\

eQi)\(m—é)O)XN(A>ei)\02>

YN(—)\)eM2) (2.33)
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and

. 2i0, A (926 + 1) —iA0o
01(\/ D + v/ Dg) (¢1e”t +1) (—/\XN( Ae

)

(20 +1)

(C e —2i67 + 1)>\

(Ge20 + 1)A
AR b (= e e
(g—ge—Qz’Gg -+ 1)>\

2N (k1—00) XN(A)GMQQ>

YN(—)\)eW?). (2.34)

This system is non-trivially solvable in ¢y, ¢4 iff

(Ge™ 202 + 1) (¥ + 1 A) y
(Ge~2i0 + 1) (ue?if2 + 1
(G3e™% +1)* (g3** 4 1)
(Ge= 2% + 1)) (g3e2 + 1),\)
20A (1 +62-0 (e + 1)* (e + 1)

+ \/D_2<XN(—)\) — 2AmiH02=00) X\ () (e 201 + )X (gpe2i®2 + 1>>\>
(Ge 2™ + 1) (e + 1)* +Y, (—/\)>
(g—ge—%ﬁg + ]_)A (§362i03 + 1))\ N .

0= /Dy (X (=A) + eHHE ) X ()

A

x (Y(=A) — @220 ttmyyy(y)

y <62iA(04792+n4)YN<>\)
Making use of Corollary 2.18 one ends up with

\/33(e%’\(GQ_GOJr“lJ””)XN()\)+XN(—)\)> (e2iA(94—92+n3+n4)YN(/\)_YN(_)\>>

+ \/D_2(e2iA(92—00+H1+52)XN()\) — XN(—/\)> X
« <e2i)\(94792+n3+ﬁ4)YN<)\) + YN(_)\)) = O,

which yields (2.19).

We proceed by showing that (2.19) is sufficient for A to be a singular value.
By the preceding considerations it is clear that (2.19) implies the nontrivial
solvability of the linear system (2.33)-(2.34) in ¢; and ¢4. Let now ¢, ¢4
be any (nontrivial) solution of this system. If one defines ¢, ¢4 by (2.22),
then the Neumann boundary conditions are fulfilled. Further, if one defines
Ca, Co by (2.23)-(2.24), then the transmission conditions in #; are satisfied.
Analogously, the transmission conditions in ¢5 are satisfied if one defines ¢s,
¢3 by (2.27)-(2.28). With ¢4, ¢éq, ¢, €3, ¢3, ¢4 thus specified, (2.33)-(2.34) are
equivalent to the transmission conditions (2.31)-(2.32).
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20 R. Haller-Dintelmann, H.-Chr. Kaiser, J. Rehberg

Let us now turn to the case of Dirichlet boundary conditions. These
conditions for the ansatz functions (2.10) in 6, and 64 provide

2i6, A = —2i04 A
R v (Lt O NV (L +1)*
Cc1 = —¢ Omcl and Ccy = —¢€ 4m64, (235)
respectively. If one replaces ¢; in (2.23)-(2.24) and ¢4 in (2.27)-(2.28) accord-
ing to (2.35) and then proceeds as in the Neumann case, one ends up with
the condition (2.20). O

3 Bounds for the singular values

Here we consider special cases of the constellation from Definition 2.1 treated
in Section 2. We aim at tightening the estimates from Section 2.2. First, as
in Section 2.4, we consider the case of four materials, and assume that for
two adjacent sectors K, 69;_1 and K, gf *! the determinants of the corresponding
coefficient matrices are equal: D; = D;;. Second, we deal with the three-
material case as a specialisation of the four-material configuration from Sec-
tion 2.4 by supposing that the coefficient matrices p® and p* are equal, thus,
considering the two sectors K, g; and K 3; as one single-material sector.

3.1 Four materials and a determinant condition

We regard the four-material constellation of Section 2.4. Additionally, for two
adjacent sectors the determinants of the corresponding coefficient matrices
shall be equal. Without loss of generality we assume that the determinants
of the coefficient matrices p® and p* are equal. We use the notation of Defi-
nition 2.1 and Definition 2.3.

Theorem 3.1. If in the constellation of Definition 2.1 with n = 4 the ma-
terial determinants D3 and Dy, see (2.4), are equal, then for the singular
values of Definition 2.5 holds true:

1. Ewvery singular value X which is not

_ km _
)\—m, k= 1,2, (31)

satisfies the equation

iv/Ds(Fn(\) + Fx(=)))
+ /Dy (Fn(N) = Fn(=\)) cot (\(s — 05 + kg + k4)) =0 (3.2)
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in the case of Neumann boundary conditions, and the equation

VD3 (Fp(\) — Fp(=)) cot (A(0s — 02 + k3 + k1))
+iv/Dy(Fp(A) + Fp(=\)) =0 (3.3)

in the case of Dirichlet boundary conditions.
2. Suppose, additionally, Dy = Ds. Then, every singular value A which
is not (3.1) or

_ km _
A= B2—00+r1+ra’ k= 1,2, (34)

satisfies the equation

\/ D5 cot ()\(02 — 0o+ K1+ Iig)) + +/ D5 cot ()\(84 — 0y + k3 + /14)) =0 (3.5)

in the case of Neumann boundary conditions, and the equation

\/ D2 cot ()\(92 — 90 + K1+ Hg)) + D3 cot ()\(94 — 92 + K3 + /€4)) =0 (36)
in the case of Dirichlet boundary conditions.

Proof. Due to Theorem 2.19 all singular values A have to satisfy (2.19) or
(2.20), in the case of Neumann or Dirichlet boundary conditions, respectively.
Since D3 = D, one has Gy(\) = Gp(\) = era=0Frstra)  Thyg (2.19)
simplifies to

2i7/ Dy (Fn(\) + Fy (=) sin (A\(0s — 0 + k5 + k)
+ 2/ Dy (Fn(X) — Ex(=))) cos (\(0s — 02 + kg + k1)) = 0. (3.7)

A singular value \ satisfies sin ()\(94 — 0y + K3 + /14)) = 0, iff the condition
(3.1) is fulfilled: Indeed, by Definition 2.5 a singular value is nonzero and
its real part belongs to the interval [0, 1], while on the other hand one has
0 < 0y—0y+ K3+ Ky < 3m, due to (2.16) and (2.18), since the opening angles
04y — 603 and 03 — 65 cannot both be greater or equal than 7. Thus, unless
(3.1) is fulfilled, (3.7) may be divided by sin(A(fs — 02 + k3 + K4)), and one
ends up with (3.2). The case of Dirichlet boundary conditions can be treated
similarly.

The supposition D; = D, implies Fy(A) = Fp(A) = eMO2—botritnz)
Then (3.2) becomes

Qi\/ D3 COS (/\(92 — 00 + K1+ I{Q))
-+ 2i\/ D2 sin ()\(92 — 90 + K1+ HQ)) cot ()\(94 — 92 + K3 + :‘i4)) =0. (38)

If a singular value A does not fulfil (3.4), then we can divide (3.8) by sin (\(62—
O+ K1 +/<;2)) and end up with (3.5). In case of Dirichlet boundary conditions
the proof is analogous. ]
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Corollary 3.2. Suppose Dy = Dy and D3 = Dy. Then for Neumann and
for Dirichlet boundary conditions all singular values are real, and there is
an interval ]O,% + €[, € > 0, which does not contain singular values. If
additionally none of the opening angles 0; — 0;_, exceeds m, then there is an
interval |0, }l + €[, € > 0, which does not contain singular values.

Proof. We explicitly conduct the proof only for Neumann boundary condi-
tions. In case of Dirichlet boundary conditions one can proceed analogously.
Let us assume that there are non-real singular values. A singular value A
with non-vanishing imaginary part satisfies (3.5). On the other hand the
imaginary part of (3.5) cannot vanish, if I\ # 0. Indeed, the formula

sin 26 — ¢sinhn

cot(& +1in) =
(&+n) 2sinh?n 4+ 2sin% ¢

shows that both cotangent terms in (3.5) have a non-vanishing imaginary
part with equal sign, since, due to (2.16) and (2.18), 6, — 6y + K1 + K2 and
04 — 05 + k3 + K4 are positive. Hence, there are only real singular values.
Due to (2.16) and (2.18), 03 — 6y + 1 + k2 and 04 — O3+ K3+ K4 are smaller
than 37, and even smaller than 27, if all the opening angles are smaller than
m. Consequently, the arguments of the cotangent in (3.5) are in |0, 7/2] for
the asserted values of A so that the left hand side of (3.5) is strictly positive.
Thus, these values of A cannot be singular. Furthermore, the exceptional
cases (3.1) and (3.4) cannot occur for these values of \. O

3.2 Three materials

In this section we consider an edge where three materials meet. The direct vi-
sion prism, see Figure 1, exemplifies this constellation. The two-dimensional
configuration of Definition 2.1 corresponding to the direct vision prism in
Figure 1 by way of Definition 2.6 is depicted in Figure 5.

Here we regard the three-material edge as the special case of the four-
material configuration from Section 2.4 with equal coefficient matrices p® and
p*. First we calculate how the angle of anisotropy, see Definition 2.14, for
the mono-material sector K, g;‘ is related to the angles of anisotropy k3 and

k4 of the sectors Kg;” and Kg;‘, respectively.

Lemma 3.3. In the constellation of Definition 2.1 with n = 4 for the quan-
tities (2.8) and (2.9) holds true: If ¢4 = ¢3, then

def 636_2104 + 1
K3 + Ky =K = ar T 50 L 1"
Gze 42 1

(3.9)
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92 81

crown crown

05 0o

Figure 5: Edge pencil of the three-material edge in the direct vision prism of
Figure 1 composed of optical crown, flint, and crown again. For this constellation
the angles are approximately 6y = 0, 01 = 0.8, 05 = 2.3, 03 = w. Thus, the opening
angles of all sectors are smaller than /2.

That means k is the angle of anisotropy (see Definition 2.14) for the mono-
material sector Kg;‘. Moreover,

94—926]0,7T[, iff 94—92+/€€]O,7T[,
94—92:71'7 Zﬁ 94—‘92+I€:7T, (310)
94-926]7’(,271’[, Zﬁ 94—92+/€€]7T,27T[.

Proof. By Definition 2.14 one has

B 636—2203 + 1 ‘g—ge—Qieg + 1‘ C—Se—2i94 _|_ 1 ‘g—ge—QiQ;g + 1|

= €3e—2i02 + 1 |§3€72i93 + 1‘ €3e72i03 + 1 ‘636721'94 + 1|
B g—ge—Qi&; +1 |§_3€_2i62 + 1’ _
= 636721'92 +1 |€3672i94 + 1’ =

e%(m:a—i—m)

K

Thus, 04 — 65 + k3 + k4 = 04 — 05 + kK + 2k7, for some integer k. We show
that & must be zero.

If both opening angles 63 — 6, and 6, — 65 are strictly smaller than 7,
then due to (2.16) we have 0 < 0y — 05 4+ k3 + k4 < 27. On the other hand
Lemma 2.17 with y = &e 292 and ¢ = 0, — 0, provides 0 < 0, — 0+ k < 2.
Hence, k£ = 0.

If one of the opening angles 63 — 6, or 64 — 05 is not smaller than 7, then
according to (2.18) we have m < 0y — 0y + K3 + K4 < 3w, while Lemma 2.17
provides ™ < 04 — 05 + k < 27. Hence, again k = 0.

Now (3.10) immediately follows from Corollary 2.18 and the definition of
K in (3.9). ]

By means of Lemma 3.3 one can now specialise Theorem 3.1.
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Theorem 3.4. Under the assumptions made in Theorem 3.1, and, addi-
tionally, assuming that the coefficient matrices p> and p* are equal, and that
K = K3 + K4 1s given by (3.9) the following holds true:

1. Every singular value A # w/(04 — 02 + k) satisfies (3.2), if Neumann
boundary conditions are imposed, and obeys (3.3), if Dirichlet boundary con-
ditions are imposed.

2. Suppose additionally that the determinants Dy and Dy of the coefficient
matrices pt and p*, respectively, are equal. Then all singular values are
real and every singular value which is not equal to w/(0y — 0y + K1 + ko) or
27 /(02 — Oy + K1 + K2) salisfies

/D5 cot (MO2 — O + K1+ K2)) + /D5 cot MOy =04+ £)) =0 (3.11)

in case of Neumann boundary conditions and

/D5 cot (M2 — O + K1 + K2)) + /D3 cot (Ml =0+ £)) =0 (3.12)

in case of Dirichlet boundary conditions.
3. If Dy = Dy = D3, then (3.11) and (3.12) are equivalent to

sin ()\(94 — 0y + K1+ Ko + /i)) =0, (3.13)

provided that \ is none of the values km /(0 — 0y + k1 + K2), k = 1,2 and
7T/(94—€2+/i).

Proof. The first assertion follows from the first part of Theorem 3.1 and
Lemma 3.3. Note that the second value, excluded by (3.1), is here larger
than 1, due to (3.10), hence, not a singular value by Definition 2.5.

As for the second assertion, from Corollary 3.2 immediately follows that
the singular values are real. Furthermore, (3.11) and (3.12) result from the
second part of Theorem 3.1 and Lemma 3.3.

Finally, to see that (3.13) is equivalent to (3.11) and (3.12), one uses the
angle sum formula for the cotangent. O

Next, under the general assumptions p® = p* and D, = D,, we state lower
bounds for the singular values, which are all real in this case, see Theorem 3.4.

Theorem 3.5. Under the assumptions made in Theorem 3.1, and, addition-
ally, assuming that the coefficient matrices p> and p* are equal, and that the
determinants D1 and Dy are equal, there is an € > 0, such that the following
holds true:

1. If the opening angles 01 — 0y and 05— 60, of the first two material sectors
do not exceed 7, then all singular values are greater than 1/4 + € both in the
case of Neumann and of Dirichlet boundary conditions.
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2. If the opening angles 61 — 6y, 65 — 01, and 04 — 05 of the three material
sectors are not greater than mw, and if at least one of the sectors Kg;, Kgf
has an opening angle not larger than 7/2, and if the corresponding coefficient
matriz is scalar, then all singular values are greater than 1/3 + €.

3. If Dy = Dy = Dg, then the singular values are greater than 1/4+¢€. If,
additionally, no opening angle exceeds m, then the singular values are even
greater than 1/3 + €.

Proof. To prove the first assertion we note that the values (3.4) are larger
than 1/3, since 6; — 6y and 0 — 0; do not both exceed m, see (2.18). Hence, it
suffices to prove that (3.11), (3.12) cannot be fulfilled for a A € ]0,1/4 + €.
(2.16) shows that 0 < 0y — 0y + k1 + Ky < 27, and 0 < Oy — 0y + K < 2.
Consequently, the left hand side of (3.11) and (3.12) cannot vanish for A €
10,1/4 + €] for some € > 0.

As for the second assertion it suffices to prove that (3.11) and (3.12)
cannot be fulfilled for a A € ]0,1/3+¢]. If p' or p? is a multiple of the
identity matrix, then either ¢; = 0 or ¢3 = 0, see (2.8). Hence, either k; =0
or kg = 0, see (2.9). Thus, according to the supposition on the corresponding
opening angle, by (2.15) we have 0 < 6y — 6y + k1 + k2 < 37/2. On the other
hand, 0 < 0, — 05 < 7, consequently, 0 < 0, — 05 + £ < 7 by (3.10). Hence,
(3.11) and (3.12) cannot be zero as long as A € ]0,1/3 + ¢] for some suitable
e > 0.

Since at most one opening angle can be greater or equal 7, the third
assertion follows from the inequalities (2.15) and (3.10). O

Remark 3.6. In order to pass from four to three sectors, one naturally also
can put p' = p? (or p? = p?). Analogously to Lemma 3.3 one proves that the
angle of anisotropy, see Definition 2.14, for the mono-material sector K gj (or
K, 33, respectively) is the sum of the angles of anisotropy of the two merged
sectors. This allows to proceed again as in the preceding considerations.

Let us now summarise the results for the three-material constellation.

Theorem 3.7. Let us regard the configuration of Definition 2.1 with n =
3. We assume Dy = Dy and that no opening angle of a sector exceeds .
Additionally, one of the following conditions shall be satisfied:

(1 + [s1]?) cos(0y — o) + 2Re; cos(Bp + 61) — 2S¢y sin(6p + 6;) > 0, (3.14)
(1 + |s2|?) cos(by — 01) + 2Ry cos(6r + 02) — 236z sin(f; + 62) > 0. (3.15)
Then all singular values, see Definition 2.5 are real and not smaller than

1/3 + € for some € > 0. This holds for Neumann as well as for Dirichlet
boundary conditions.
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Proof. 1t suffices to show that 0y — 0y + k1 + Ko < 33” Since, according to

(2.15), 0 < 01 — 0y + Ky < mand 0 < Oy — 6y + Ky < 7 this is the case if
0y — 0y + k1 < w/2 or Oy — 0 + Ky < w/2. Thus, it suffices to prove that
Reili=0otr1) (0 or Reill2=01+%2) > (. Let us first assume that (3.14) is
fulfilled. By means of (2.14) with ¢ = 6; — 6y and x = e 2% one obtains

§Rei(91700+n1) _ (1+|q1|2)cos(€1—90)f2§R§1 Cos(00f91)—2%§1 sin(fg+61) =~ 0
|§_1€_2190+1| |€1e—2291+1| .

In case of (3.15) one similarly gets Re’(2—f1++2) > (. O

Remark 3.8. The inequality (3.14) (or (3.15)) is satisfied under the following
condition: The sector Kg; (or K, gf, respectively) does not intersect neither
the z-axis nor the y-axis, and the coefficient matrix p' (or p?, respectively)
is diagonal.

Indeed, if p! is diagonal, then ¢; is real (see (2.8)) and (3.14) is equivalent
to the condition

2
cos(by — bp) + rglg cos(fy + 61) > 0.
1

Thus, since 2¢; /(1 +¢2) < 1, we conclude that Re’®—%+%1) is nonnegative if
cos(0; — 6y) > | cos(fy + 6p)|. This can be readily verified since Kgg does not
intersect a coordinate axis. The case of the sector Kgf and the matrix p? is
analogous.

4 Computation of singular values

The computation of the singular values for a constellation as in Definition 2.1
— here specialised to just four materials — is based upon Theorem 2.19. One
has to find the zeros of the characteristic function

() = V/Ds(Fie(V) + Fx (=) (Gy(A) = Gx(=))
+ VDo (Fy(A) — Fx(=0) (Gy(\) + Gu(=X), AeC (41)
in case of Neumann boundary conditions, and of
fo(\) = /Ds(Fp(A) — Fp(=N)) (Gp(A) + Gp(=N))
+ v/ Ds(Gp(N) = Gp(=N) (Fo(A) + Fp(=)), AeC (4.2)

in case of Dirichlet boundary conditions. We only sketch how to proceed
to determine these zeros. For computing the zeros of analytic functions in
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general we refer to the specialised literature, see e.g. [38] and references cited
there. The handling of clusters of zeros, in particular, was treated in [22].

First we note that A = 0 is a zero of both fy and fp, but is by Def-
inition 2.5 not a singular value. Indeed, in the case of Dirichlet boundary
conditions ker Ay is trivial, and it contains only the constant functions in the
case of Neumann boundary conditions. Thus, A = 0 does not correspond
to singular solutions of the elliptic operators from Definition 2.1. Hence, we
start our consideration by separating the case A = 0.

Lemma 4.1. The functions fy and fp, see (4.1) and (4.2), respectively, are
entire and vanish at zero of order 1.

Proof. We explicitly verify the assertion only for fy, but, one can analogously
do so for fp. The first derivative of fy in A =0 is

=4/D FN G/ (0) + 44/ DyGy (0)FL (0)
/D, : 2v/Ds
= VDl (100 = 0ot st 0) 7325
— 2@(04 — 03 —I— I€4)—\/IT3_\/D74)

VD3++vDa
. 2v/Dy
+ 4/ Do 5205 (i(02 — 00 + 1 + 2) 5505
. vVDi—+/Dy
+ 2@(91 — 00 + Iil)\/DiiTDiz)
4
16i /D2 D3
= WBTVDy VBTV b1+ 1)/ Ds:
]:1
According to (2.15), this expression can never vanish. O

Based upon the bounds for the singularities one can determine the rele-
vant zeros of the functions fy and fp by means of the following generalisation
of Cauchy’s argument principle, see e.g. [28, Ch. 1, §9].

Proposition 4.2. Let T C C be a bounded domain whose boundary 0 is
a closed, piecewise C' curve. If f is an analytic function on Y which does
never vanish on 0T, then

Zzéf = QL’/TZ P % dz, (4.3)
¢

oY

where k is a nonnegative integer, and the {z;} are the roots of f within T
repeated according to multiplicity.
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19 C
T Figure 6: A triangle 7, see (4.4),
encloses all singular values. More
precisely, the thick line already does
so, since the disc |A| < rg does

0 To 1 not contain roots of the characteristic
function apart of A = 0.

Now we outline an algorithm to determine the zeros of the functions (4.1)
and (4.2). In the following f is fy or fp, respectively.

1. By Definition 2.5 and according to Theorem 2.9 all singular values of
the problem are in the interior of a triangle

T2 0+ i §A1(6+1I2ja<)§t2\;rd—i7>,0<)\1<1} (4.4)
for any € > 0, see Figure 6. Please note that, due to Theorem 2.19, outside
7T there are no zeros of f with real part in ]0,1[. Since f is entire, see
Lemma 4.1, its roots have no finite limit point such that there is only a finite
number of singular values.

2. According to Lemma 4.1 the zeros of f cannot accumulate at zero.
Hence, there is a disc |A| < ry which does not contain zeros of f apart of
A =0, see Figure 6. Using (4.3) with £ = 0 and T given by discs with centre
zero, one can compute 7 as the radius where (4.3) — regarded as a function
of the disc radius — jumps between one (inside |A| < 1) and an integer
greater than one. Thus, by nesting intervals one easily gets an approximate
of 7.

3. The total number of singular values is given by (4.3) with £ = 0 and
T =7\ {|\ <1} By nesting intervals one now can split up this domain T
into a finite number of sub-domains T, such that each sub-domain contains
exactly one root of f. Moreover, the multiplicity of each root is finite. Please
note that again (4.3) — regarded as a function of such sub-domains — is a
step function, thus, well suited for an algorithm of nested intervals.

4. Finally, to compute the zeros of f themselves, one makes use of the
finite partition T = int(U,cl Ty) from the previous step, and applies (4.3)
with £k =1 and T =T, to get the single zero A\, of f inside Y.

A difficulty in the implementation of the procedure outlined above is
to be struck by zeros of f on the boundary of prospective domains for the
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application of Proposition 4.2. In particular zeros of f with real part 1 pose
a problem. Since f is entire, see Lemma 4.1, there is only a finite number of
roots on the boundary of (4.4). Thus, ultimately, one can split off all roots
on the boundary of 7 with real part 1 very much in the same way as we have
split off the root A = 0.

5 Application: L—shape of different materials

In this section we apply our results exemplarily to an elliptic div-grad opera-
tor —V-uV, acting on a three dimensional polyhedral Lipschitz domain, and
we assume that the coefficient function p is constant on sub-polyhedra, see
Definition 2.6. There is a vast literature on such transmission problems, and
in particular about the aspects of (almost) optimal regularity and anisotropy
of the coefficient matrices p. We only just quote a few in lieu of many others.

The case of a layered structure was treated long ago in [10], but compare
also [8], [43], and [53]. In [18] and [19] more general structures were regarded
with Dirichlet boundary conditions, and the continuity of —V-uV: VVO1 4
W14 for some g > 3 was obtained. In the spatially three-dimensional case,
the spaces W~14(Q) with ¢ > 3 are adequate for elliptic equations with right
hand sides which include for instance measures concentrated on a surface
within the three-dimensional basic domain €. Think of surface charges in
electrostatics; they cause a jump of the conormal derivative of the electro-
static potential across the surface bearing the charge. This is not coinciden-
tal, but generally the adaequatio of the mathematical model and the under-
lying physics also shows up in the regularity of solutions and corresponding
entities in nature.

The three-dimensional L-shape of two different materials, see Figure 7,
which was regarded in [15, Fig. 2] and [50, Fig. 1] may be viewed as a local
part of a polyhedral Lipschitz domain composed of sub-polyhedra of differ-
ent homogeneous — but, possibly anisotropic — materials, see Definition 2.6.
For an example of such a domain look at the ridge waveguide multiple quan-
tum well laser of Figure 2. The crucial point is that the material interface
can meet the boundary in a region where localisation intrinsically fails to
provide a convex domain.

We regard elliptic div-grad operators —V-uV with mixed boundary con-
ditions on the L-shape domain. Since Dirichlet boundary conditions were
treated in [18] we regard Neumann boundary conditions in the corner. How-
ever, Theorem 3.4 also allows to treat again the optimal regularity problem
with Dirichlet boundary conditions in the corner.

Our result for the L—shape of different materials generalises that of [50] to
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coefficient functions 1 which are anisotropic material tensors. Moreover, we
get an optimal regularity result within the scale of W4 spaces. On this scale
— in contrast to the scale of H*? spaces — the space of optimal regularity
embeds into a Holder space. Thus, our optimal regularity result fits into a
unified treatment of quasi-linear parabolic equations, see [48] or [27].

First we define the relevant function spaces and elliptic div-grad opera-
tors. We regard the constellation of Definition 2.6.

Definition 5.1. If Q C R? is a bounded Lipschitz domain and I' C 952 is an
open part of its boundary, then we denote by Wll’p (Q) the closure of

{U|Q: v e C(R?), suppv N (OQ\T) = @}

in the Sobolev space W'?((Q). Wr_l’p/(ﬂ) with p’ = p/(p — 1) denotes the
dual to WEP(Q).

We now define an elliptic div-grad operator on €2 with Neumann boundary
conditions on I and Dirichlet boundary conditions on 92 \ I'. According to
Definition 2.6 I" is the interior of the closure of a finite union of faces of
sub-polyhedra €.

Definition 5.2. If Q C R? and p are as in Definition 2.6, and I is accordingly,
then we define —V - uV: W2*(Q) — Wi %(Q) by

(=V - uVo,w) = /qu Vwdr, v,we W),
0

where (u,w) indicates the dual pairing of a function w € W>*(Q) with a
functional v € W "*(Q). We denote the maximal restriction of —V-uV to
any of the spaces W{l’p(Q), p > 2, by the same symbol.

Definition 5.3. Referring again to the constellation of Definition 2.6, we
call £ a mono-material edge of ), if E C 02 and E belongs to the closure
of exactly one sub-polyhedron €. Analogously, we call E a bi-material
edge of Q, if E C 002 and E belongs to the closure of exactly two sub-
polyhedra. Hence, n in Remark 2.7 specialises to one or two, respectively.
That means for every bi-material edge there exist uniquely determined angles
Oy < 01 < 05 < 6y + 27 such that pg corresponding to p by Definition 2.6 is
constant on each of the sectors K, g; and K gf, and takes there real, symmetric,
positive definite 2x2 matrices as values. Mutatis mutandis we speak of three-
material edge and a multi-material edge.

Next we precisely define the three-dimensional L—shape of two different
materials.
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Figure 7: Three-dimensional L—shape II of two different materials. The material
interface is darkly shaded, and the boundary part I' carrying Neumann bound-
ary conditions is lightly shaded. II is the Cartesian product of |—1,1[ with the
quadrangles [1; and [y in R2.

Definition 5.4. Let [J; and [, in R? be two open, disjoint, convex quadran-
gles with one common vertex ). Assume that one side of [J; with endpoints
() and P is a proper part of a side QR of 0,. We denote the interior of
the closure of 0; Uy by B and define the prism 1T = Bx]—1,1[. If PS
is the second side of [J;, ending in P, we define I' C OII by the Cartesian
product of |—1,1[ with the interior of the piecewise linear curve SPR. As
in Definition 5.1 I" is the (open) part of JII where Neumann boundary con-
ditions are imposed. Furthermore, pu is a coefficient function on Il with the
values 1 and pp on Oy x|—1, 1] and Oy x|—1, 1[, respectively, and gy and po
are real, symmetric, positive definite 3x3 matrices. We name II with this
material-geometric constellation three dimensional L—shape of two materials
with mixed boundary conditions or simply L—shape.

Remark 5.5. For the sake of the name we have build up the L-shape in
Definition 5.4 from two disjoint, convex quadrangles (J; and [y in R%. In
particular, one or both of these quadrangles [J; and [y may degenerate to a
triangle Ay and A, respectively, see also Figure 8.
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Figure 8: Cut through an L-shape by
the x-y-plane, see Definition 5.4. The
dashed line QP is the trace of the ma-
terial interface, and the bold, piecewise
linear curve SPR is the trace of the sur-

o R face area I' where a Neumann bound-
ary condition is imposed. The dark and
fair shaded areas are triangles /A1 and
/s for an alternative build-up of an L—
shape, see Remark 5.5.

Finally, we state our result about the three-dimensional L—shape of two
different materials and mixed boundary conditions. The proof of our theorem
rests upon Theorem 3.5, and additionally requires nontrivial results from [48],
see also [18] and [24].

Theorem 5.6. IfI1 is an L-shape in the sense of Definition 5.4, then there
1s a p > 3 such that

=V - pV: Wy (1) — Wi P (1)
s a topological isomorphism.

Proof. The optimal regularity statement of Theorem 5.6 is invariant under
bi-Lipschitz mappings, see [24, Prop. 16]. Hence, in a first step of the proof
we can transform the L-shape accordingly. We begin with a constellation as
in Definition 5.4, see also Figure 8.

Transformation 1: Without loss of generality we may suppose that the
point P is the origin of the coordinate system. We perform a rotation in the
x-y-plane such that the upper left 2x2 block of the matrix us, associated
to Ogx]—1, 1], diagonalises. Then we dilate the z-axis (or the y-axis) such
that the resulting upper left 2x2 block becomes a multiple of the identity
on R?. Next we again rotate in the az-y-plane such that the transformed line
PS becomes a part of the negative z-axis. If the quadrangle J; is situated
in the lower half of the x-y-plane, we additionally reflect at the x-axis in the
z-y-plane. Thus, we end up with a transformed constellation, see Figure 9,
where the image of the line PS is part of the negative z-axis, the image of
[]; lies in the upper half of the z-y-plane, and the left upper block of the
transformed matrix p, is a multiple of the identity on R%. We denote this
transformation by ©; and the image and the pre-image of ©; by the same
symbol.
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H,

ne
i)
8

I R

Figure 9: Cut through an L—shape by the x-y-plane after Transformation 1, see
the proof of Theorem 5.6. The dark and fair shaded area are the image of the
correspondingly shaded parts of [J; and [y in Figure 8. The dashed line PQ is
the trace of the material interface. The line L in R? through the origin P splits
R? into half spaces H; and Hj in such a way that the (transformed) quadrangle
0; is fully in H; and that moreover, L has an angle strictly between 0 and 7/2
with PQ. The bold, piecewise linear curve SPR is the trace of the surface area I'
where a Neumann boundary condition is imposed.

Let L be a line in R? through the origin P, which does not intersect [J;
and cuts through 0, in such a way that the angle in O, between L and PQ
is strictly between 0 and 7/2. We denote the component of R?* \ L which
contains [J; by Hy, the other by H,.

Transformation 2: Now we define a linear mapping ©: R? — R? which
is the identity on L and maps the point R onto a point of the positive z-axis
in such a way that the determinant of © has the absolute value 1. Figure 10
shows the constellation of Figure 9 after transformation by ©. Then

aer ) (2,9, 2) if (z,y) €e HHUL,
Ol 2) = {(@(z,y),z) if (x,y) € Hy (5.1)

provides a bi-Lipschitzian mapping of R? onto itself. The resulting object
after applying ©; and ©, to the L-shape is the Cartesian product of the
interval |—1, 1] of the z-axis with the image of H, see Definition 5.4. On the
interior of the side SRx]—1,1[ — a rectangle in the z-z-plane — Neumann
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S P R

Figure 10: Cut through an L—shape by the z-y-plane after the Transformations 1
and 2, see the proof of Theorem 5.6. The dashed line PQ is the trace of the original
material interface. After Transformation 2 there is a new material interface PT on
the line L separating the half-planes H; and Hy. The transformation O, see (5.1),
is the identity on Hy U L. The ©-image of the fair shaded area in Figure 9 is not a
triangle anymore. On each of the differently shaded areas the coefficient matrix is
constant. The union of all shaded areas is the image of all shaded areas in Figure 9.
In particular, the fair and medium shaded areas have the same coefficients as the
corresponding shades indicate in Figure 9. The bold segment SR is the trace of
the surface area I' where a Neumann boundary condition is imposed.

boundary conditions are imposed. The edge E = Px]—1,1] is a three-
material edge, and its edge pencil, see Definition 2.6 and Definition 2.1 has
the following properties: The opening angle 5 — #; of the middle sector is
smaller than 7/2 and the corresponding matrix py is a positive multiple of
the identity matrix. Moreover, det po = det p; since |det ©] = 1; nota bene
the transformation rule for coefficient matrices of div-grad operators under
bi-Lipschitz transforms, see [24, Prop. 16]. Hence, by the second statement
of Theorem 3.5 all singular values of the edge pencil E are real and greater
than 1/3 + € for some € > 0.

Transformation 3: We now treat the L—shape II, already transformed by
©; and Os, by reflection at the x-z-plane, see [24, Prop. 17]. Please note in
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particular the rule [24, Eq. 22] of material reflection:

/ . .
(P]u Pb) if (x,y) € Ky,

dof P{Q P]éQ
p(z,y) = ; ;
P11 —Pi2 . 0.
(_ ; ; ) if (x,—y) € Kyl -
L P12 P22

Thus, we end up with an elliptic problem on a polyhedral domain with Dirich-
let boundary conditions and constant coefficient matrices on polyhedral sub-
domains, more precisely we are in the constellation which was regarded in
[18, §2.2]. Here the edges of this constellation are the interior edge £ and
mono— and bi-material edges on the boundary.

Conclusion: We now show that for all edges the real part of any singu-
larity, see Definition 2.5, is greater than 1/3 4 € for some € > 0. Then the
assertion of Theorem 5.6 follows by means of [18, Thm. 2.2].

The mono-material edges of our transformed problem do not have edge
singularities with real part smaller or equal than 1/2, see [24, Thm. 24]. The
edge pencils at bi-material edges intersecting L only have opening angles not
greater than 7 by construction. Hence, [24, Thm. 25| implies that the real
part of these edge singularities is greater than 1/2. The bi-material edge
through the point ) is the result of Transformation 1. Since the pre-images
(], and Oy are convex, see Definition 5.4, the edge pencil at () has opening
angles smaller than 7. Thus, again [24, Thm. 25] applies and the real part
of these edge singularities too is greater than 1/2. The same holds true for
the reflected edge. As for the interior edge E the assertion follows from
Theorem 3.5 and the following Proposition 5.7. O

Proposition 5.7. Let us assume the constellation of Definition 2.1 and in
particular 8y = 0 and 6,, = w. Moreover, we define functions by, by, and by
almost everywhere on |—m, ] by

bo(—0) = bo(0) = p), cos® 0 + 2p), sinf cos O + ph, sin 6,
—b1(—6) = by (0) = (ply — ply) sinb cos @ + ply(cos® § — sin?h),
by(—0) = by(0) = pl, sin® 6 — 2p], sin f cos O + ply cos? 0
for 0,y <0 < 0;, 7 =1,...,n. Further, we define for every A\ € C the
quadratic form
[0 N N N,

Y € Wh (=7, m) N {ap: h(—7) = (m)}.
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Then for every A € C with R > 0 the operator induced by this quadratic
form on L*(—m,7) has a nontrivial kernel iff Ay with Dirichlet boundary
conditions has a nontrivial kernel and Ay with Neumann boundary conditions
has a nontrivial kernel, see Definition 2.3.

Proposition 5.7 was proved in [24, Lemma 22| for the case 0 = 6y < 0; <
0y = 7, that means for two sectors in the half plane y > 0. This proof mutatis
mutandis carries over to the case of multiple sectors.

6 Concluding remarks

In this paper we have investigated the singularities of div-grad operators at
a multi-material edge on a Dirichlet or a Neumann boundary part of the
domain, see Definition 2.1. Analogously, it is possible to deal with the case
of mixed boundary conditions which change from Dirichlet to Neumann at
the edge. This can be done by specifying the space H in Definition 2.3 ap-
propriately between Wy*(6y,6,) and W2(6y,6,). We have omitted to treat
this case here explicitly, because it is well known that for this constellation
even for bi-material edge examples there are arbitrarily small singular values,
see [49] and [24, Rem. 28]. Nota bene, however, the model problems in [24]
including mixed boundary conditions and material heterogeneities meeting
at a point on the surface. On the other hand the analogon of Theorem 2.19
for a multi-material edge with mixed boundary conditions would allow to cal-
culate the roots of the characteristic equation for every specific constellation.
But then one already has the well established procedure from [13].

We have restricted our considerations here to the case of up to four mate-
rials meeting at an edge. Based upon the characterisation of singularities in
Section 2.3 it is possible to derive transcendental equations for the singular
values analogously to Section 2.4 also for other multi-material edges. How-
ever, this is cumbersome and one might be better off with using techniques
from [13] right from the beginning then. Moreover, for more than four ma-
terials one cannot obviously delimitate constellations which allow uniform
estimates of the real part of singularities from below.

In Section 3 we have characterised classes of multi-material problems with
uniformly bounded singularities. The equivalence relation for classification
is the equality of the determinant of the coefficient matrix for two or more
materials at a multi-material edge. Thus, if there is no anisotropy, the multi-
material edges under consideration in a specific class, actually, are edges with
less materials around. In this sense we here have dealt with the generically
anisotropic case.
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