Chapter 2

Photonic bandstructure
calculations

2.1 Approximation of Maxwell eigenvalues
and eigenfunctions

by Willy Dorfler

2.1.1 The Maxwell eigenvalue problem

We recall that for the time-harmonic case with frequency w we derived for the
spatially varying part of the electric field @ — E(x) the equation (1.17),

1
V X (—V X E) = w?cE
1
with the additional constraint
V- (EE) =0.

For the material parameters we set pu = pop, and € = gge,. Moreover, we assume
here that € is bounded in R?® and we impose the boundary condition (1.20),
n x u = 0, of a perfect conductor on 9. With the definitions A := (w/c)? (c the
speed of light, Section 1.1.4) and w := E the eigenvalue problem now reads

V x (LV X u) = \e;u in Q,

My
V- (sru) =0 in Q,
nxu=0 on 0f.
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A is called Maxwell eigenvalue. Note that the problem for v := H would lead
to equations with &, and p, interchanged and the boundary condition n - u = 0
(1.20). We will continue with the first version and the additional setting u, = 1,
which is a reasonable choice for many applications.

The eigenvalue problem will be connected to the following problem, the
(strong) curl-curl source problem: Let a (suitable) vector field f be given. As-
sume that we can define u := T f as the unique solution to the problem

VXV xu=c¢f in Q,
V-(eru) =0 in Q, (2.1)
nxu=0 on 0f).
This defines a linear operator T'. The connection to the eigenvalue problem is that
we now seek a nontrivial u such that u = T'(Au) or Tu = u/A (for A # 0). Thus
we have to study the spectrum of T'. The same can be done in the discrete case.
This will be the guideline for the following section.

We restrict the considerations to the following classes of domains 2 and
coefficients e, ;.

Assumption 2.1.1.

(1) Let Q C R? be a bounded domain with a polygonal simply connected bound-
ary.

(2) Let &, : © — R be piecewise constant with two-sided bounds 1 < &, < g4
for some e > 1, pu, = 1.

For more general conditions on ¢, and fi,, such as e, it € C or e, pp € R332,
and the related different techniques, see [19] [26, Ch. 4.2, 4.6].

2.1.2 The weak curl—curl source problem

The second equation in (2.1) is interpreted as a linear constraint on the first
equation. We choose a Lagrange ‘parameter’ p, multiply the first equation by an
arbitrary v € Ho(curl, Q) and the second with arbitrary ¢ € H}(Q) and integrate
by parts to get the weak curl—curl source problem

/ {V xu-V xXv +5er~v} = / ef v for all v € Hy(curl, ), (2.2)
Q Q

e&Vg-u=0 for all ¢ € Hy ().
Q

In the following we will use the abbreviations

V = Ho(curl, Q) with |v]y = |v] g (cun0),
Q := Hy(Q) with qlg := [Vl p2(qys-
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Note that due to Assumption 2.1.1.(2), we have f € L?(Q)3 if and only if &, f €
L?(Q)3. The above problem is then formalised as to find u € V' and p € Q with

a(u,v) + b(p,v) = F(v) forall v e V, (2.3)
b(g,u) =0 for all g € Q,

with continuous bilinear forms, resp., linear form

a:VxV =R, a(w,v)::/wa~V><v, (2.4)
Q
b:QxV =R, blgv):= &Vq- v, (2.5)
Q
F:V —-R, F(v) ::/5rf~v. (2.6)
Q

Reduction to a single equation

We incorporate the constraint into the space and therefore seek u € V., with
V. ={veV :blgv)=0foralqeQ}. (2.7)
Then the second equation is automatically satisfied and it remains

a(u,v) = F(v) for all v € V. (2.8)

Existence

([23] [19, Ch. 4] [26, Ch. 3.4]). Existence and uniqueness for these type of equations
will be proved via the Babuska—Brezzi Theorem 1.2.6. In order to establish the
requirements, Theorem 1.2.1 would be the right tool for the following arguments
if e, would be constant. But we now need requirements on V-(g,u) instead of V-u.
However, the result can be reformulated correspondingly.

Theorem 2.1.2. Let Q@ C R? and ¢, as in Assumption 2.1.1. Then the space
Xn(Q;er) := Ho(curl, Q) N H(div(e, . ), Q) is continuously embedded in H*(2)3

for some s > 0, more precisely, for each of its elements holds

[0l e s < CIvly + V- (erv)l L2 ()s)

with C' > 0, depending on Q,e.,s. Especially, V., is compactly embedded in
L%(Q)3. If &, is uniformly Lipschitz-continuous, then one can find s > 1/2. If,
in addition to that, Q) is convex, then we can take s = 1. A corresponding result
holds for v € Xv(;e,) := H(curl, Q) N Ho(div(e,. ), ).

Proof. [19, Thm. 4.1, Lem. 4.2, Cor. 4.3]. Let v € Xn(Q;¢;). Application of the
Regular decomposition Theorem 1.2.4, that actually holds also under the stated
requirement on v, establishes v = z + Vq for z € H'(2)? and ¢ € Q. Multiplying
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by e, and taking (formally) the divergence yields the boundary value problem
-V (&.Vq) = V-(g;,2) = V-(g,v) in Q, ¢ = 0 on 99, to be interpreted in
the weak sense. While the second term on the right is in L?(Q2)? by assumption,
the first term will be in L*(Q2)3 only if ¢, is sufficiently regular (e. g., uniformly
Lipschitz), but a distribution otherwise. The result follows from the elaborated
regularity theory for elliptic equations with Dirichlet boundary condition that
results in the bound [Vl . g < C(l2]51(qp + V- (620)]2(qys) Which leads
immediately to the stated bound [14]. We note, that for v € V. we get the bound
[Vl 472 @)z < Cllvly which proves the compactness.

For the case of X1(Q;e,) we have n - Vg = 0 as a boundary condition and
can refer to regularity results for the homogeneous Neumann problem [14]. O

Theorem 2.1.3 (Poincaré-Friedrich-type inequality). Let Q@ C R® and &, as in
Assumption 2.1.1. Then

[Vl L2(0)s < CRIV X v 120 (2.9)
holds for all v € V. with a constant Cr > 0.

Proof. The proof is indirect: Assuming that the assertion is wrong, we have a
sequence {vn}nen C Ve, that satisfies |vn| 2 =1 and [V X vp| 12 — 0.
Using the compact embedding into L?(Q)3, Theorem 2.1.2, we find a limit v of
a subsequence that satisfies: [v];,q)s =1 and |V x v];q)s = 0. By Theorem
1.2.2 we see that v = Vp for some p € H'(2). Since n x v =n x Vp = 0 on 99,
p is constant on 92 and we can choose p = 0 on 9. Now p fulfills V-(,Vp) =0
(in the weak sense) with homogeneous boundary conditions and thus p = 0 and
so v = 0. This however contradicts |v];2 s =1 [26, Cor. 3.51, Cor. 4.8]. O

Theorem 2.1.4. Let Q C R? and ¢, as in Assumption 2.1.1. Then, for any given
f € L33, there is a unique solution [u,p] € V. x Q to the weak curl—curl
source problem (2.2) and it satisfies the a priori bound

lulv +lplg < Clflrz @)

for C:= (C% + 2)e .

Proof. We take a,b, F' from (2.5)—(2.6) and identify H := V, K := V_ , and
M := @. From Theorem 2.1.3 we obtain the bound

]2 < CrIV X 0] 20 forallv e V...
Then we have coercivity of the bilinear form a on V_, since then

Cf

a(v,v) = |V x 0|22 = =5
PP o2 +1

1
2 2
IV x o720y + m"v X V[72(q)s
> (1ol + 1V X 0lagays ) = mrr ol
= CR+1\TEQ) L) CE+1
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To prove the inf-sup—condition choose an arbitrary smooth ¢ € @ and let v, :=
Vq € L*(Q)%. With V x Vg = 0 we see that v, € H(curl, Q). Since q|c,m =0 we
have that Vq|8Q is proportional to the normal vector n to 92 and thus nx V¢ = 0,
hence v, € V. Thus it holds

IVal?2q)s

sup b(g,v) > b(g,vq) > min{e,(x)}

> > |q|
vevriop Ily = Togly = =eo IVl 20—

and the inf-sup—condition follows readily from this. Note, that the proof relies on
the property V@Q C V. The continuity of the right hand side in (2.8) is easily
verified by

) =] [ eof -] < lerflisiap Iolizor
< coel flzaqap Ioly

for all v € V. Applying Theorem 1.2.6 proves existence and uniqueness. The
estimate follows immediately from (2.8) and the given bounds on a and F. |

Theorem 2.1.5. Let Q C R? and e, as in Assumption 2.1.1. Then the mapping
T:L*(Q)2 — V., CL?*Q)3, f— Tf :=u, with u from Theorem 2.1.4, is linear
and continuous. Moreover, u € H*(2)® for some s > 0 and hence T is compact.

Proof. The first assertion is a direct consequence of the previous Theorem 2.1.4.
The regularity of w and the compactness of T follows from Theorem 2.1.2. O

Remark 2.1.6. In case f € V.. we find p = 0. Indeed, taking v := Vq € V for
q € Q as a test function, we obtain the weak formulation for —V-(¢,Vp) = 0 in Q,
p = 0 on 09, which is uniquely solved by p = 0. However, if f ¢ V__, then p # 0
and thus w is not a weak solution of (2.1) but

VxVxu+eVp=ef in Q,
V-(eru) =0 in €, (2.10)

nxu=0 on 0f2.

Thus, (2.10) is the correct definition for T'f in the strong form.

Theorem 2.1.7. Let Q C R? and ¢, as in Assumption 2.1.1. Then there exists a
discrete set of positive Mazwell eigenvalues with eigenspaces of finite multiplicity.

Proof. The weak form of the eigenvalue problem is given by (2.2) with f replaced
by Au. Taking v = u we see that all eigenvalues are a priori non-negative. Note that
according to Remark 2.1.6 we will find p = 0. Since the weak curl-curl problem
is uniquely solvable, there is no zero eigenvalue. Thus all Maxwell eigenvalues
are eigenvalues of T', since Tu = 1/Au. The assertion for T follows from its
compactness (Theorem 2.1.5). O



28 Chapter 2. Photonic bandstructure calculations

2.1.3 The discrete curl-curl source problem

We choose a Galerkin method to find a numerical approximation to (2.1) in that
we formulate (2.2) in terms of discrete spaces V" c vV and Qn C @ with inherited
norms. Usually, these spaces are defined to be piecewise polynomial functions on
a decomposition of €2 into a collection of “elements” like tetrahedra or hexahedra.
The regularity of these functions at the interfaces has to be such that the trace
operators are well defined. The parameter i symbolises the maximal diameter of
such elements and it will be the quantity that we refer to in the error estimates
which study the behaviour for A — 0. We will here not consider the influence of
an approximation of Q (2 = €2) and the permittivity e, (e, = &, ). Thus we seek
ul € V", p, € Q) such that, with a,b, F as in (2.4)—(2.4)

a(u”,v") + b(v" pp) = F(v") for all v" € V", (2.11)
b(u", q,) =0 for all g5, € Qp.

Again, as in Section 2.1.2, we can reduce this system to one equation on a con-
straint space. Let

Vi = 1w e V" b(gn, w") =0 for all g, € Q)
and seek ul € Vgr such that
a(u”, v") = F(v") for all v" € V.

The discrete problem is again of the type (2.3) and existence und uniqueness
requires the validity of the conditions in Theorem 1.2.6. By Theorem 2.1.4 the
requirements can be stated as follows.

Theorem 2.1.8. Assume that an estimate like (2.9) holds with constant Cap for
all vM € V?r and that VQ, C V. For any given f € L2(Q)3, there is a unique

solution u" € V?r to the discrete curl-curl source problem (2.11) and it satisfies
the bound

h
[w"lv + lprlg < Clflr2()s

for C == (C3 + 1)ew.

Proof. We recall the proof of Theorem 2.1.4 and note that the requirement (2.9)
guarantees coercivity of a on Vf__.’r and that the requirement VQ), C V" suffices
to prove the inf-sup—condition. O

Remark 2.1.9. Note that V?r ¢ V., thus the required inequality cannot be
derived from (2.9). It will be formulated as an assumption in Assumption 2.1.13
and later be proved in Lemma 2.1.23.

In analogy to Theorem 2.1.5 we have the following consequence.
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Theorem 2.1.10. The mapping T" : L2(Q)? — Vgr c V" c H(curl,Q), f —
Thf = u” with u" from Theorem 2.1.8 is linear, continuous, and compact.

Proof. This is a direct consequence of the previous Theorem 2.1.8. The compact-
ness is trivial since Vf__.’r is finite dimensional. |

2.1.4 Problems of Maxwell eigenvalue computations

(1) Solutions in general Lipschitz domains can have strong singularities: if
® is a solution to A® = 0 in an L-shaped domain 2 we have V® € H*(Q2)3 for
some s € (%, 1). Since Vx V& =0and V-V® =0, u = V& is an example of
a singular solution of a curl-curl equation. In case of discontinuous permittivities,
however, one may find examples that u € H*(2)? for any given s > 0 [14].

(2) The operator curl has an infinite dimensional kernel, namely the space
of all gradients (here VH{(£2)). The relevant eigenfunctions however lie in the
orthogonal component to these gradients. This has been used for the coercivity
estimate and for the inf-sup condition in the proof of Theorem 2.1.4.

(3) Finite elements space that do not fit to the curl-div structure will in
general produce spurious eigenvalues since the gradient space is not well separated
from its orthogonal component [2, Sect. 5].

(4) If one uses H'-conforming spaces, the method will only compute the
projection of the singular solution into H'(Q)? since the ansatz space is only a
proper subspace of the solution space: the method seems to converge, the result
however is wrong [12] [26, Lem. 3.5.6] [2, Sect. 5].

2.1.5 Convergence of discrete eigenvalues

With notations from (2.4)—(2.6), the discrete curl-curl eigenvalue problem reads

a(u v") +b(v",pp) = )\h/ el o for all v" € V",
Q

b(u",qn) =0 for all gn, € Qp.

An abstract framework

With the operator T" from Section 2.1.3 at hand, the discrete eigenvalue problem
can be formulated as T"(\yu") = u” or T"u" = 1/\,u” for A, # 0. The
convergence of the eigenvalues A\, for h to 0 is connected to the convergence of
eigenvalues of T" towards eigenvalues of T'. For linear spaces X,Y, IL(X,Y) will
denote the space of linear mappings X — Y together with the operator norm.

Theorem 2.1.11. For the uniform convergence of the spectrum of T" towards the
spectrum of T it is necessary and sufficient that

lim IT — T"| (1203, 1203y = 0-
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Proof. [6, p. 1288] |

Theorem 2.1.12. Assume that |T — Th||L(L2(Q)3’L2(Q)3) < Cht for h < hg with
some ho,t > 0. Let A € C\ {0} be an eigenvalue of T with multiplicity m; €
N and eigenspace E(N\;) C V... Then there are exactly m; discrete eigenvalues
Ahgy - A Of T" that converge to ;. If we define the approzimate eigenvalue

by

and the corresponding approximate eigenspace in Vf__.’r by

Eh () : @5 (Anj)s

then there exist hg > 0 such that for all h € (0, hg)
N = Ayl < Ch? and  5(E(N),E"(Mny)) < CRY,

where & measures the distance between linear spaces.

Proof. See e. g. [3], [6, Thm. 1]. O

Convergence of the discrete curl—curl source problem

Following [6] (or [2, Sect. 13]), we now establish the convergence of solutions of
the discrete curl-curl source problem (2.11) towards those of (2.2) under suffi-
cient conditions that are formulated in the following assumption. Here, we slightly
changed condition (3) and separated it from the regularity requirement (4) for
solutions of Maxwell equations.

For convenience we introduce, for r, s > 0, the space
H™) (curl, Q) == {v e H'(Q)® : V xv e H*(Q)}
with the norm, resp. semi-norm,

10l o) eurey = 10l )s + 1V X 0] e )

[[v]]H(T"5>(curl,Q) = [[v]]HT'(Q)3 +[V x ”]]Hs(sz)3-

For r = s we let H"")(curl, Q) = H"(curl, Q).
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Assumption 2.1.13 (Convergence requirements).

(1) Ellipticity on the discrete kernel: Assume that there exists a constant Cqp > 0
such that

[0"22(ys < CarlV X 0" 2 (0ys (2.12)

holds for all v" € V?r.

(2) Weak approzimability: For some s > 0 holds that for all v" € V?r there
exists v € V., such that

[o" = vl 2y < CR*|V X 0" L2(q)e- (2.13)

(3) Strong approximability: For some r,r’ > 0 holds that for all suitably regular
v € V, there exists v/ € V" such that

V|| for r, v’ > 0,
"’U _ ,vh”V < Ch" ” "H(M7 ) (curl,©2) (214)
[ P for r > 1.

" . _ . 3
(4) Regularity: For the solution w = T'f € V., of the weak curl-curl problem
(2.2) holds one of the a priori bounds

”u||H<r.,r/>(cur1,Q) = C”f||L2(Q)3 for r, 7' >0

or vl gr ) < ClFlL2@p  forr> 1.

Remark 2.1.14. The interpolation estimate (2.14) can actually be obtained with
[0l (@2 + IV X [ 11 (g for p > 2, on the right hand side [6, p. 1286]. For r > 1,
this last term can be estimated by |v]y. q)s using Sobolev embedding results,
Section 1.1.4.

The basic error estimate can now be formulated as follows, a result often
called Strang lemma in finite element theory [17, Ch. 2.3.2], see also [3].

Lemma 2.1.15. Using Assumption 2.1.13.(1) we have the error bound

[b(p, w" — w)] )

h . h .
u—u SC( inf |lu—v +  su inf ———%—
” lv vheVh ” lv b V x wh||L2(Q)3

whEV’;r weV,,

between the solutions of the continuous and discrete curl—curl source problem, u =
TfcV. and u" = Thf € V?r (for f € L?(Q)3), respectively. The constant C
can be chosen as (Car + 2)(1 + /).
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Proof. Let [u,p] € V., x Q and [u",p,] € V?r X Qp, solve (2.2) and (2.11),
respectively. We start to bound |v" — u”|y, for arbitrary v" € V?r and get

IV x (v" - uh)||%2(m3 = /QV x (v —ul) -V x (v — uh)

:/Vx(vh—u—l—u—uh)-Vx(vh—uh)
Q

<V x (0" = @)l (s [V x (0" = )| paays + b0 — ps 0" — ul)],

hence with b(p — pn,v" — u) = b(p, v" — u" — w) for arbitrary w € V.,
_ h_uM\| < inf h_oh
b(p — pn, v" — u")| < mf b(p,v" — u" — w)|
[b(p, w" — w)

< sup inf

| h h
_swp inf IV % (0" = u")l oy
Er

V X w0 2 e

This gives

b(p, w" —w
IV % (0" — a) g < IV % (0" —w)l oy + sup inf o2~ W)L
whevgr weV,

V x wh"Lz(Q)S -
The assertion with inf,.cyn follows from

lu—u"ly < Ju—o"|y +v" —u"ly
< Ju ="y + (Car + DIV x (v — ") g2y

[b(p, w" — w)|

< (Cap +2)Ju—v"[y + (Cap +1) sup  inf ——2— "
v V X w1

whevh weV,,
r

Now let v" € V" and define z, = V¢, by JoerVon - Va, = [yer(u—v") Vg,
for all g5, € Qp. 2" uniquely exists with ||zh||L2(Q)3 < Vexolu — vh||L2(Q)3. But
then v" + 2" € V?r and

[u = (0" + 2"y < lu ="y + 2" 2 p < (1+ VEx)lu— "y
This shows the assertion with inf,ncyn. O

Now we can prove an error estimation under the condition that w is suffi-
ciently regular as stated in Assumptions 2.1.13.(4) (cf. [6]).

Theorem 2.1.16. Under Assumptions 2.1.13 we have T" — T for h — 0 in
IL(L*(2)3, L%(Q)3), and more precisely, with t := min{r, s},
ITf —T"fly < Ch'I fll 120

Thus the assertions of Theorem 2.1.12 hold true and the convergence of the eigen-
values and eigenspaces can be deduced accordingly.
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Proof. We proceed with the result from Lemma 2.1.15 in order to establish an
estimate for |u — u"[;, in terms of 1 £l 22 s

Given w", we see from Assumption 2.1.13.(2) that we can find w € V., such
that
h
|b(p, w" — w)| |w" — w20 ,
< Iplo < CR*|Fl 2
|V x wh"m(g)s >V x wh”L2(Q)3 Q L2(Q)

for some s > 0. Thanks to Assumption 2.1.13.(3-4) we can choose v" so that
lu—v" |y < Ch[£] 20 (2.15)
where one of the cases r € (0,1] or » > 1 is used. This proves

[ —uly < CR™™M £ pa g0 -

Verification of Assumptions 2.1.13

We start with a modification of the Helmholtz decomposition Theorem 1.2.3 for
nonconstant ¢, and a discrete version of it.

Theorem 2.1.17. Let Q C R? and &, as in Assumption 2.1.1. For each v € V,
there exists z € V., and q € H} () such that

v=2z+ Vg

This splitting is orthogonal with respect to the e.-weighted L?(Q)® and the
H(curl, Q) inner product. The mappings v — z and v — Vq are continuous,
that s, it holds

Izlv +1Val2 ) < lvlv-

Proof. See Theorem 1.2.3 or [26, Lem. 4.5]. O

Corollary 2.1.18. Let Q C R? and e, as in Assumption 2.1.1. For each v € V,
there exists a unique w € V. such that

Vxw=Vxv in.
Moreover, it holds w € H*(Q)3 for some s > 0 with the bound
lwl g 0ys < Cloly

for some constant C' > 0. If e, is uniformly Lipschitz-continuous, then s > 1/2.
If, in addition to that, 2 is convez, then we can take s = 1. The mapping v —
w = H. v is also called Hodge mapping [19, Ch. 4.2].
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Proof. We apply Theorem 2.1.17 to v € V and define w := z € V. . The first
assertion then follows immediately. The second assertion then is verified using
Theorem 2.1.2. (|

Theorem 2.1.19. Let Q C R? and e, as in Assumption 2.1.1. Let V" and Qp, as
in Section 2.1.3 with VQp, C V™. Then, for each v € V" there exists 2" € V};r
and qn € Qp, such that

v =2+ V.

This splitting is orthogonal with respect to the e.-weighted L?(Q)3 and the
H(curl, Q) inner product. The mappings v" — 2" and v" — Vq, are contin-

uous, that is, it holds
th"H(curm) + ”th”L2(Q)3 < ||”h||H(cur1,Q)~
Proof. See Theorem 1.2.3 for the proof or [26, Lem. 4.5]. O

To proceed, we first need some more specific assumptions on the discrete
spaces formulated below. It is assumed that our finite element space V" is con-
structed on a collection of elements 7 of tetrahedra or hexahedra denoted by T
with the usual requirements [8, Ch. 3], [17, Ch. 1.2]. In our case we can require
Q = UperT. For T € T we let hy := diam(T) be the diameter of an element
T and wp be the local domain composed of T and all its neighbouring elements,
wr :=Uper . ar201T"}. Note that h = maxrer hr. It is assumed that the mesh
is quasi-uniform, meaning that hp/hp < C for all 7" € wp and all T € 7 with a
universal constant C' > 0.

Assumption 2.1.20. Assume that for V" there exists a linear projection IT" :
V N H*(Q)? - V" for some sy € (0, 1], such that

(1) I =" for all v" € V",
(2) V x v = 0 implies IT"v € VQy, for all v € V,
(3) For all sufficiently regular v holds

V], for r € [sg, 1], v’ > 0,
Jv — Hh’U"L2(T)3 < Chh [l curton) [0, 1]
'v]]HT(wT)3 for r > 1,
IV x (v— Hhv)||L2(T)3 < Chp[V X 0l gr(opys for > sg
(cf. Section 1.2.2). Moreover, if V X v is piecewise polynomial on 7, then
v — Hh”||L2(T)3 < C(hST[[”]]Hs(wT)B + hr|V x ’U||L2(wT)3) (2.16)
for some s € [so, 1].

Lemma 2.1.21 (Strong approximability). Let V" satisfy Assumption 2.1.20. Then
the strong approzimability 2.1.13.(3) is valid for r > so.
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Proof. Use Assumption 2.1.20.(3) and sum its square up over 7' € 7. a

Lemma 2.1.22 (Weak approximability). Let V" satisfy Assumption 2.1.20. Then
the weak approzimability 2.1.13.(2) is valid for s > sq.

Proof. (Cf. [19, Lem. 4.5]) Let v € V' be given. Define v € V., by v = H. v" €
H*(Q)? as in Corollary 2.1.18 for some s > so. By Assumption 2.1.20.(1) we have
v — II"v = " (v" — v) and by definition V x (v — v) = 0 which implies that
v —I1"v = Vg, for some ¢, € Q), by Assumption 2.1.20.(2). Thus we can derive
the bound (note Qp C Q)

IVE" ~ o)y = [ (oh ~ ) (0" ~ o+ T — )

= / e(vM — ) - (T'v — v)
Q
< Ves IVE (0" = 0)l pao)s T — ]2 ()

which gives
[o" = 0] 20y < IVE®" = 0)|72(0)s < Voo [TT"0 = 0] 1agys-
Now observe that V x v = V x v" is piecewise polynomial so that for some s > s
Jo" — V] 12(0) < Chs([[”]]Hs(Q)s + [V x v"L2(Q)3) < ChP|V x 'Uh"L2(Q)3’

where we have used Assumption 2.1.20.(3) ((2.16) squared and summed up over
T € T) and the bound [v] ;. s < C[V X 0|25 resulting from Theorem 2.1.2

and Theorem 2.1.3. This gives the stated result. (]

Lemma 2.1.23 (Ellipticity on the discrete kernel). Let V" satisfy Assumption
2.1.20. Then the ellipticity on the discrete kernel 2.1.13.(1) is valid.

Proof. (Cf. [19, Lem. 4.7]) Let v" € V?r. According to Theorem 2.1.17 and The-

orem 2.1.19 there exists z € V1, ¢ € Q and z" € V}f (that is, with permittivity
11, qu € Qp such that v = z + Vg and v"* = 2" + V¢,. With this we get the
estimate

IVEv By = [ ot o = [ et 2t
Q Q
< VeEoo ||\/avh"L2(Q)3 (2l 2gys + 12 — zh||L2(Q)3)'

The estimate |2[2g)s < Cr[V X 2[}2(q)s follows from Theorem 2.1.3. Observe
that V x z = V x 2" = ¥V x v by construction, so that actually it holds that
z = H_. z". From the proof of the weak approximability, Lemma 2.1.22, we thus
get |z — zh||L2(Q)3 < Ch*|V x zh||Lg(Q)3 for some s > 0. By insertion of these
equalities and inequalities we end up with the stated result. O
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Theorem 2.1.24 (Regularity of the electric field). Let f € L*(2)3. Then for the
solution E =T f € V. of the weak curl-curl problem (2.2) holds the priori bound

”E”H(T'W”)(curl,Q) < C|\f||L2(Q)3 for some r' >0, r" >1/2.

Proof. (Cf. [26, Lem. 7.7]) We first note that the estimate for HE\|HT/(Q)3, for

some 7' > 0, is a consequence of Theorem 2.1.2. Thus it remains to prove a
corresponding estimate for w := V x E. For arbitrary f, the solution FE of (2.2)
satisfies Vxw = VXV x E = &,(f — Vp) and this right hand side is in L?(Q)3 by
assumption and Theorem 2.1.4. Hence w € H (curl, 2) and furthermore V-w = 0.
Therefore, the trace n - w is well-defined in H~/2(9%) (Section 1.2.4). We claim
n-w = 0. This would prove w € Xt and by Theorem 1.2.1 that w € H" (Q)?
for some r” > 1/2 (note that &, does not appear in this argument).

Fix @y so that  is smooth near xy. We may represent E as E = an + ft,
where n, t are extended (into 2) normal and tangential vector fields with respect
to 00 and «, B some scalar coefficient functions. n is assumed to be a gradient
field, i. e., n ~ V dist(.,0%). Due to the boundary condition n x E = 0 we have
B(y) =0 for all y € 99Q. For w we then obtain

n{o) - w(wo) = n(0) - (o) V x nlwo) + H(wo)V x t(zo)

+ V(o) x n(zo) + V(o) X t(mo))
= Va(zg) - (n(zo) X n(xg)) + t(xo) - (n(xo) X VB(20)) = 0.

The last term vanishes since V3(x¢) is normal. O

Theorem 2.1.25 (Regularity for time-harmonic fields). Let E € Xn(Q;e,) and
H € X1 (Q;1) be solutions of the time-harmonic Mazwell equations (1.12)—(1.15).
Then E € H'") (curl, Q) with v’ > 0, 7" > 1/2 and H € H¥ (Q)3 with s’ > 1/2,
V x H € H (K)3 with s" > 0 for all K C Q where , is constant.

Proof. E is treated as in Theorem 2.1.24. For H we proceed as in the proof of
Theorem 2.1.24. Since H € X1(€;1), we can apply Theorem 1.2.1 to get H €
H*'(Q)3 for some ' > 1/2. Now define w := 1/, V x H. Clearly, V xw € L*(Q)3,
V-(e,w) = 0in Q, and n x w = 0 on JQ from (1.12). Hence w € H*" (Q)? for
some s” > 0. This implies V x H € H*" (K)? for all subsets K of Q where &, is
constant. (|

Remark 2.1.26.

(1) The assertion of the previous theorem applies to the nontrivial eigenfunctions
of the eigenvalue problem, or to the solutions to the time-harmonic source
problem with a suitable current J.

(2) The exponent r’ in Theorem 2.1.24 can be arbitrarily small, depending on
09 and the jump discontinuity of e, [14]. If €, is Lipschitz-continuous (which
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includes the case when ¢, is constant), then " > 1/2 and if moreover § is
convex, then ' = 1, as already denoted in Theorem 2.1.2. If ¢, is piecewise
constant on two connected subdomains, then the electric field is piecewise in
(H’"')3 for ' > 1/4 and, if Q is convex, for v’ > 1/2 [14, Sect. 7a]. This holds
especially in our applications for photonic crystals, Section 2.2.

The Nédélec edge elements

We now present a family of finite element methods that fulfills the requirements.
Take k € N and let Py, be the space of polynomials up to degree k, P;, those of
homogeneous degree k (i. e. Py, = Uy_,P/) and P} the vector fields with compo-
nents in Pi. Now one defines

V=P @{ve(P.)?:z vx) =0 forall x c R*}.
This polynomial space satisfies
Pi=Vi® V(Ps1)®

and for v € Vk with V x v = 0 one gets v = Vg for some ¢ € Pj41.

We let X5 be the standard simplex in R3 and we consider Rj, to be the finite
element space on ¥3. Let 7 be the decomposition of € into tetrahedra and define
for T € T a affine linear bijective mapping Fr : 33 — T with det(Fr) > 0. The
local finite element space V}} on T is then defined by

Vi = {v=(DFL)""WoF;' : 5V}

A consequence of this definition is that V x v = 0 on T is equivalent to Ux5=0
on X3. Our global finite element space is now given as

VM= {veH(curl, Q) : ’U’T cV»L.

This will give V" ¢ H(curl,Q) and that the boundary condition n x v" = 0
can be fulfilled. A more detailed description can be found in [26, Ch. 5.5]. The
construction of corresponding elements on quadrilaterals is given in [26, Ch. 6.3].
The lowest order method is also described and used in Chapter 2.2.3.

There is a second family of curl-conforming elements on tetrahedra where
the local space is P¢ [26, Ch. 8.2]. Although they have more degrees of freedom,
they do not improve the convergence order in the curl-norm for a given degree.
However, they show the improved L?-convergence which the first family does not
provide.

Theorem 2.1.27 (Strong approximation of Nédélec elements 1). There exists an
interpolation operator TI" : H*(Q)® — V" that satisfies the conditions of As-
sumption 2.1.20 for so > 1/2.
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Proof. 1t is shown in [26, Thm. 5.41] that for r = 1/24 6, § > 0, one gets

1/2 1/246
[v = 0] o 7y < OBy > (B0 ] 25 oy + 1 2NV X 0] g5 )
r 1/2
< W (10] e oy + D71V X 0l g2y )-

Finally this yields for r > 1/2
[v — TT"w]y, < Chiplvl =172 (cur,0)-

The remaining properties follow from [26, Ch. 5.5]. O

Theorem 2.1.28 (Strong approximation of Nédélec elements 2). There exists an
interpolation operator . L%(Q)3 — V" that satisfies the conditions of Assump-
tion 2.1.20 for some sg > 0.

Proof. Tt has been shown in [27] that there exists an interpolation operator " .
L*(Q)* — V" with “Hhv”L2(9)3 < 0"”"132(9)3, v — Hh””m(g)s < C"”"H(Cuﬂ,g)

and v — Hh'u||L2(Q)3 < Ch|v| g1 (curi,0)- By space interpolation [8, Ch. 14.2] we
thus get |v — I_Ih'u||L2(Q)3 < CR|vl e (eun,y for s € (0,1) and h := max{hr :
TeT}. O

Theorem 2.1.29 (Strong approximation of Nédélec elements 3). Assume that 2
s decomposed into two disjoint connected subsets Qy, Qo and T is a decomposi-
tion of Q with either T C Qq or T C Qg for all T € T. Assume that v is in
HOr=12(Q)3 N HO=1/2)(Q,)3. Then Assumption 2.1.20 holds true with a set
wr that is either in Q1 or Qy in both cases [6, p. 1286].

Proof. Both interpolation operators in Theorems 2.1.27 and 2.1.28 allow local
estimates where there is the freedom to choose wr as required in the given situa-
tion. O

Theorem 2.1.30 (Eigenvalue approximation in a periodic domain). Assume that
g, 18 piecewise constant and two-valued on a decomposition of Q := [0,1]* and
T be a discretisation, both as in Theorem 2.1.29. If we discretise the electric or
magnetic eigenvalue problem (1.17), (1.16) by Nédélec edge elements, the discrete
eigenvalues will converge to the exact eigenvalues for decreasing meshsize. The
convergence rate for the eigenvalues approximation will be at least 1.

Proof. Electric field: Since € is convex and 992 = () we have by Remark 2.1.26 that
E is piecewise in (H"™ )3 for ’ > 1/2 and by Theorem 2.1.24 that Vx E € H" ()?
for v > 1/2. The result follows since Theorems 2.1.28 and 2.1.29 pave the way to
apply Theorem 2.1.16. Note that the eigenvalue convergence is twice as large as
the rate for the spatial approximation.

Magnetic field: We find solutions H € H¥ (Q)3 and V x H € H* (Q;)* N
H*" (Qy)3 for s > 1/2, s” > 0. The results follow in the same way as above from
Theorem 2.1.29. g
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2.1.6 Some Generalisations and Extensions
Collective compactness / Discrete compactness property

Convergence of the eigenvalues as in Theorem 2.1.12 (but without a rate) can
also be obtained under the weaker condition that the family of discrete operators
over a family of arbitrarily fine meshes is collectively compact [26, Ch. 2.3.3]. This
can be reformulated in terms of a discrete compactness property of a family of
approximation spaces [26, Ch. 7.3.2] and has been developed and used by many
authors to prove convergence of different methods and elements, e. g. [22] [1] [10]
[15] [5] [2, Sect. 19] and others.

H'—conforming finite elements

Standard H'-conforming spaces cannot be used in general, as already mentioned in
Section 2.1.4, since solutions of Maxwell’s equation can exhibit strong singularities.
However, it was found out that formulating the divergence constraint in a weaker
space than L?(2)® can cure the problem. Let Y be a Sobolev space in between
H=YQ)3 and L?(Q)3, V', and Qj, be H'-conforming finite element spaces of equal
polynomial degree.

In the Weighted Residual Method [13] one considers u such that V-u € Y :=
{pe L*(Q) | dY¢| 12 (q) < 00}, where d a distance function from the singularities

and 7 some suitable positive number. One variant of the method is to seek u”
such that

/ {V xul V x o+ dV-u"Vol + Vpy - vh} = / f-o" forall v eV,
Q Q
/uh'th:O for all g5, € Qp,.
Q
The H~“-regularisation considers V-u € Y := H~*(Q) for some « € [1/2,1]

and in order to get computable expressions one uses grid-dependent norms [7].
Here we seek u” such that

{V xul .V x o 4+ p2V.uV .o + Vp, 'vh} = / f-o forall " € V,,
Q Q
/{fuh -V + R*1 vy, - Vagr} =0 for all gn, € Qp.
Q

An overview on this topic is given in [11]. Note that this theory follows also
the scheme presented in Assumptions 2.1.13.
Differential forms

In the assumptions of this section we used a structural condition concerning V@
and V' (see Theorem 2.1.4 (proof), Theorem 2.1.8, or Assumption 2.1.20). This
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comes naturally if one considers the electric and the magnetic field as differential
forms. The underlying structure (“exact sequence”) should also show up in the
discrete spaces (“commuting diagram”). More on this topic can be found in [19]
[2, Part. IV].

2.2 Calculation of the photonic band structure

by Christian Wieners

2.2.1 The parameterised periodic eigenvalue problem

We consider the Maxwell eigenvalue problem for the magnetic field for optic waves
in a periodic medium in R?® with g, = 1 for the magnetic permeability (so that
there is no magnetic induction in the medium), and assume that the electric per-
mittivity e, is a periodic function on the lattice ' := Z3 (that is, &,(z) = &,(z+ R)
for all R € Z3). This eigenvalue problem has the following form: determine eigen-
functions H : R? — C? and eigenvalues A\ € C such that

Vx(e'VxH) = M\H, (2.17a)
V-H = 0, (2.17b)

in R? (cf. Chapter 1.1.5).

Therefore, we proceed as in Chapter 1.1.7. If we take Q := (0,1)% to be the
fundamental cell of the periodic structure, we have to find for any k € R? a series
of (quasi-periodic) eigenfunctions H that can be represented as

H(z) = **H(x) for all z € Q2 (2.18)

where H is now a periodic function in the fundamental cell 2. The curl-operator
applied to this ansatz yields

V x H(z) = ¢**(V x H(z) + ik x H(z)) = ¢**V, x H(z).
Here, we have introduced the shifted gradient operator
Ve = V+ik (2.19)

and we consider the transformed eigenvalue problem: determine periodic eigen-
functions H : ) — C? and eigenvalues \ € C satisfying

Vi x (g7 ' Vi % ﬁ) = )\H, (2.20a)
Vi-H = 0 (2.20D)
in Q. Then, defining H by (2.18) indeed gives an eigenfunction of (2.17).
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We recall (Theorem 2.1.7) that the spectrum is real and discrete with ordered
real eigenvalues

OS)\}cS)\iS“'S)\gﬁ“'

The Floquet—Bloch theory guarantees that the full spectrum of the Maxwell op-
erator associated to problem (2.17) can be computed by a series of eigenvalue
problems (2.20) in the fundamental cell @ = (0,1)3 of the periodic structure,
where it is sufficient that k is in the Brillouin zone B = [—, 7|3. The spectrum
of the problem (2.17) is given by

o= inf AL, sup AL
U [ A gop

and possible nonempty intervals

sup Ay, inf Ap*!
(keg k> kEB k )
are called band gaps. In the following we develop a numerical method to compute
photonic bandstructures to find such bandgaps.

2.2.2 Galerkin approximation of the eigenvalue problems

In the next step, we derive a weak formulation for the eigenvalue problem (2.20).
This allows for general coefficients e, € L*°(Q) with 1 < g,(z) < e for almost
all € Q. In principle, it is also possible to consider a tensor-valued electric per-
mittivity e, (as it is required, e. g., for anisotropic materials), but in our examples
we will consider only the special case that we have a material with e, > 1 in a
subset w C Q and empty space in  \ w, where we set e, = 1.

We use the spaces

V = Hpel(curl,Q) = {u|Q: u € H(curl, RS/ZS)} ,
Q = Hi(®):={do: g H'®R/Z")}
of periodic functions on = (0,1)3 (that is, with periodic boundary conditions

on 0N for the corresponding trace operator), see Chapter 1.2.6. For uw,v € V and
p,q € Q we define the Hermitian sesqui-linear forms!

ak(u,v):/sr_lvk xu- Vi xvdr,
Q

m(u,v) :/ﬂ-vdac,
Q

INote that in our notation the sesqui-linear forms (and also all dual pairings) are anti-linear
in the first component.
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bk(v7q):/6'vkqua

Q

Ck(p»Q):/Vkp'qudl’a
Q

and we define — depending on the Floquet parameter k — the subspace which
includes the k-divergence constraint (2.20b) by

X5 :{vGV: bk (v,q) =0 for allqEQ}

(Xo =V in (2.7)). Now, we can rewrite the equation (2.20) in weak form: find
(u,\) € X\ {0} x R such that

ag(u,v) = Am(u,v) forallv e Xy . (2.21)

Obviously, V@ is contained in the kernel of the sesqui-linear form ag(-,-), i.e.,
ag(v,v) = 0 for v = Vg with ¢ € Q. Moreover, for any § > 0, the sesqui-linear
form

al (u,v) = ag(u,v) + 6 m(u, v) (2.22)

is elliptic in V' (and thus also in X}). Since X embeds compactly into L2, (€2)?
(see Theorem 1.2.1 and Theorem 2.1.7), the spectrum of the corresponding self-
adjoint operator is discrete, positive, and all eigenvalues have finite multiplicity. As
a consequence, the eigenvalue problem (2.21) has a discrete non-negative spectrum,
and the dimension of kernel of the sesqui-linear form ag(-,) in X is finite.

For the discrete Galerkin approximation of (2.21) we consider finite element

subspaces Vi, C V and Qp k. C @, and we define the constrained discrete space
Xh,k: = {’Uh € Vh: bk('uh,qh) =0 for all qn € Qh}

Note that in X x the k-divergence constraint is fulfilled only approximately, so
that the discretisation is non-conforming, i.e., we have X, ¢ Xk.

On the discrete space, we define the Galerkin approximation:
find (wp, ke, A k) € Xk \ {0} x R such that

ak(uh7k,vh7k) = Ak m(uh7k,vh7k) forall vpp € Xnk - (2.23)

Due to the nonconformity of the discretisation, it is not a priori clear that all
eigenvalues of the discrete problem indeed approximate the eigenvalues of the
continuous problem, compare Chapter 2.1.4. This requires a suitable choice of the
finite element spaces.

For the numerical analysis of the eigenvalue problem (2.23) we refer to [4]. If
the Assumptions 2.1.13 and 2.1.20 can be verified (as in the previous section for
k = 0), we can apply Theorem 2.1.16 which guarantees eigenvalue convergence.
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2.2.3 Lowest order conforming finite elements
on hexahedral meshes

We now introduce a family of finite element spaces which satisfy the required
conditions for eigenvalue convergence [4].

Let Q = Ucec, Qe be a decomposition into hexahedral cells ¢ € Cp, and let
Qe: Q= [0,1]> — Q. be the transformation to the reference cell. For k = 0 we
use the standard Nédélec elements with edge degrees of freedom [26, Chap. 6.3]
and standard trilinear conforming H' elements, i.e.,

Vh,O = {u € Xo: D@Zu 0 Y. € 730,17161» + 731,07161/ + 731,1706z for all ¢ € Ch},
Qro={q€Q:qop.€P111 forallceC},

where P; ;1 denotes the space of polynomials with degree 4,7,k in coordinate
x1, T2, x3, respectively. For the implementation we use a nodal basis in both cases,
where each basis function is associated to a nodal point.

Let {z,: v €V} C Q be the set of all vertices, where V}, denotes an index
set enumerating the vertices, and let &, be the set of all edges e = (x.,y.), i.e.,
e is understood as an ordered tupel of two vertices. Note that this defines an
orientation for every edge which is independent of the cells. The midpoint of e is
defined by z. = (x. + y.)/2 and and its tangent by t. =y, — x..

In V', 0 a nodal basis function 1, ¢ is associated to every edge e € &, such
that for all up 0 € Vo

y€
Up,0 = Z <¢/e,o,uh,0>¢e,o, <¢;,o,uh,o> = / Up,o - teds.

e€ly Te

Here, the dual functionals 1#/6’0 € V?z,o denote the degree of freedom associated
to the edge e. Note that due to the periodic boundary conditions the boundary
degrees of freedom are not independent, i. e., we have ¥, o = 4, ¢ if z¢,, Ze, € 00
with 2., — 2., € Z3.

Analogously, we have nodal basis functions ¢, o € Q0 associated to a vertex
v such that for all g,0 € Qn.0

Gho= Y _ (300 0)Puo,  (Phor o) = gnol(zo)-

vEV)

Again, the degrees of freedom ¢, o € Qp0 are periodic, i.e., ¢;, o = ¢, ¢ and
thus gn.0(2v,) = qn.0(2v,) for z,,, 24, € 0Q with z,, — z,, € Z3.

An important feature of the pair of finite element spaces Vi, o X Qp 0 is the
property VQpn.o C Vo (see Theorem 2.1.8), i.e., we have

Vano = Z<¢IE,O,V%,O>¢&0 (2.24)

ecéy,

for all gn,0 € Qn,0-
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2.2.4 Conforming elements with phase-shifted nodal basis

Starting from the standard nodal basis and degrees of freedom, we now consider
modified elements for k # 0 with a phase shift: we define

Vige = Span{tp, e €&}, Yop(x) = mE =)y (2),
Qh,k = Span{¢v,k: v € Vh}a ¢v,k(w) = e—ik'(w—zv)¢v’0<w)

with the basis representation depending on the phase-shifted degrees of freedom

ye .
Uk = Z (Vg Ung)Wop, (V! o, Wn k) :/ ek @2y o - tods,
e€&y, Te
Gk = Y ADy ke Gk ok (D ks an0) = ank(20) -

vEV)

In the implementation we use the transformation properties of the phase-shifted
basis functions: we have

Vioor(x) = e FE2Ive o(x),
Vix ¢, p(x) = e *FE2IV xy o(2),
Vi o p(@) = e FE IV (2).

As a consequence, all sesqui-linear forms are obtained by simple scaling, i.e.,

ak(Ve, ks Yes k) efik'(zelfzez)a0<¢e1,0a1/’e2,0)a

Mo, gy Cer k) = etk (Zer —ey) m(Y., 0> Vey.0)s
k(P g dop) = e FET2)bo(th o 00 0),

ck(Don s Pus k) e R (= =202) ¢4 (¢, 0, Pua.0)

for all e,e1,es € &, and v, v1,v9 € Vy. This property makes the use of the phase-
shifted basis very attractive, and only small modifications from the standard ele-
ments are required in the implementation. In particular, inserting (2.24) we obtain

Vidur(@) = e FE=IVg, o(x)
etk (@mz) Z <17b/e,07 V¢v,0>'¢e,o($)

ecéy,

= o= Z (WY, s V¢v,0>e_ik'ze'¢e,k(w) ;

e€ly

i.e., the inclusion VQp r C Vi is also satisfied for the phase-shifted elements.

The sesqui-linear form co(+,-) vanishes for all constants, i.e., co(v,v) = 0 if
and only if v is constant. Thus, co(-,-) is elliptic in th = Qno/R. For k # 0
we observe that the sesqui-linear form cg(,-) is elliptic in @Qp, g, since the kernel
of the operator Vy, is spanned by non-periodic functions e’*®. For k # 0 we set
Qh’k = @n,k in order to unify the notation.
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2.2.5 Discrete operators

For the formulation of the following algorithms we introduce discrete operators

Ank © Ve — Vi,
Mug = Vi — Vi,
Bnr @ Vi — Q;l,k,
Chk : Qunrx— Qhs

induced by the sesqui-linear forms, i.e.,

<Ah,k"‘/)el,k, ¢52,k> = ak('/’el,m 1/’62,1.:) )

<Mh,k’¢el,k, ¢52,k> = m("pel,k’ 1/’62,10 )
(BhxWe ks Pvk) = bk(Ye g, dok),
(Chkbor ks Poa k) = Ck(Poy k> Duo k)

for all e,ey,es € &, and v,v1,v2 € Vj. In the implementation, the operators

are represented by matrices A4, , = (A )617626&, My, = (Mﬁ’ez)el,ezesh’

“=e1,e2
Bh,k = (Ev,e)vevhy’eegh’ Qh,k = (Qvl,vz)vl,vgevh with
/ /
Ape = Z Ael,ez"/)w,k ® 1/}617"" ) Ael,ez - a’k(’(/"emk’ "pEl»k) ’
e1,e2€Ey
/ /
Mh,k = Z M51762¢82,k} ® ¢el,k ’ Mel,ez = m('l?bez,k’ ¢61,k) ’
e1,e2€E&
/
Bh,k = Z Bu,e"pe,k ® ¢2},k ; Bv,e = bk(we,k? ¢v,k) 5
vEV,e€E
Ch’k = Z QUhUQQ%;Q,k X ¢;1,k 5 QU1,’U2 == Ck(¢v2,k7 ¢v1,k) 5
v1,02€Vh

where the rank-one-operators are defined by (1] ® ¥5)u = (Y7, u),. In all
cases, the matrix representation is sparse, i.e., the number of non-zero entries is
proportional to the number of edges and vertices. The matrix representations of
Ap k. and C, g are used in the construction of smoothers for the multigrid iteration.
A matrix representation of By, j can be avoided in the implementation since the
operator can be directly evaluated by

Busnk = O bk(Unk dok)d) s
veEV)

and the coefficients can be computed by local integration. Nevertheless, using a
matrix representation is far more efficient since this operation is applied very often.

The operator By k: Vi — Q;l’k is the phase-shifted divergence operator
in weak form, and its adjoint B;LJC: Qnir — V;Lk corresponds to the weak phase-
shifted gradient. It is an important observation for our algorithms, that the strong
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consistency property Vi Q. C Vi i of the discretisations allows also for a phase-
shifted gradient operator in strong form

Shk: Qi — Vi

which is defined by nodal evaluation, i.e.,

ShkGhk = Z<"/}/e,k,vkqh,k>¢e,k

ey,

= > (qh,k(ye)eik'(y"z‘f) - Qh,k(ﬂce)eik'(wf%))we,k :

e:(weaye)egh

corresponding to the matrix representation S, 5, = (S with

—eav)eefh,ve\/h

Shk = Z ﬁe,v¢i},k ® ¢e7k’ ﬁe’v — (bv,k(’ye)eik'(ye_ze) _ (bv,k(iﬂe)eik'(we_ze)-
ec&y, veEV)

Moreover, this operator satisfies the compatibility condition

i (Sh,kPh ks Ghk) = Ck(Phk> Qh k) »

i.e., the operator equation By, xSk = Ch k-
A direct consequence of this compatibility is the inf-sup stability of the finite
element pair V', i X Qn k, i.€.,

sup b (Vh.k, Qb k) S bi(Sh.kh, k> Ghk) _ ck(Qn.kes n k)
Vh €V \{0} ||vh,kHH(curl,Q) o HSh,kqh,k ‘H(Curl,Q) ||Shakqh,k||L2(Q,C3)
> Bllankll e .cs (2.25)

for all g, € Qh,k, where the constant § > 0 is independent of the mesh size and
can be computed from the Poincaré-Friedrich constant. Recall how this is used to
prove Theorem 2.1.8.

Further compatibility properties can be formulated as an exact sequence
property, cf. [26, 19]. In particular, the operator Sj, x maps into the kernel of A, g,
i.e., Ap kShr = 0. In order to obtain a preconditioner for the LOBPCG method,
we define the stabilised Maxwell operator Ag e = Ak + My for 6 > 0. This
operator is self-adjoint and regular, and we will see below how to construct a
robust multigrid preconditioner for this operator.

2.2.6 The projection onto the constrained space

Since for the constrained space X, no local basis exists, we construct approxi-
mations in the full space V'j, x and we provide a projection onto Xy, .
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This projection can be constructed as follows: for vy, , € V', i we construct
Phk € Qh,k such that vy, x — Vipn e € Xk, i.e.,

0 = be(Vnk— Vidhk, hk)

= br(Vhksquk) — ck(Phk,qnk)  forall  gur € Qni.

Thus, we have Bh’kvh,k = Ch,kph,k and Vh,k = Sh,kph,k~ Since the kernels of Sh,k
and C, k coincide, the identity Sh kph.k = Sh,kC;,lcChkph,k holds. Together, this
defines a projection operator

. A—1
Prg=1d = SpkoCppoBrk: Vie — Xnk,

where CA’,:,IC Qo — Qn.k gives the solution to a Poisson problem.

In the algorithms below for the eigenvalue computation it will be required
that the evaluation of the projection is quite accurate. More precisely, we use an
iterative scheme which reduces the initial residual norm by a suitable factor, so
that the algebraic error of the approximate projection is considerably smaller than
the discretisation error.

2.2.7 Operator properties and finite element convergence

The discretisation X, , is non-conforming, i.e., X ¢ X. The consistency er-
ror of the non-conformity is controlled by the inf-sup stability (2.25), the well-
posedness of the inverse follows from the discrete ellipticity (2.12).

The construction of the phase-shifted spaces allows to apply the arguments
of Chapter 2.1 (that relate to the case k = 0) to the actual setting. Especially we
have refer to Theorem 2.1.30 for convergence of eigenvalues and eigenfunctions.
This method has been developed in [4].

2.2.8 The preconditioned inverse iteration including projections

The inverse iteration is the most simple algorithm for the computation of the small-
est eigenvalue and the corresponding eigenmode in the space V', i of divergence-
free functions. Unfortunately, this requires to solve in every step a Maxwell prob-
lem in V', .

In order to get rid of the exact Maxwell solution in every step, we assume
that it is sufficient to apply a (linear) preconditioner of the Maxwell problem.
Since the Maxwell operator has a large kernel, we consider the shifted operator

A =Ank+0Mug: Vi — Vi

and the corresponding sesqui-linear form (2.22) for some fixed operator shift § > 0,
and we use in the iteration a preconditioner

!/
Th,k: Vh,k — Vh,k
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for Ai,k' We require that the preconditioner is optimal in the sense that T},  is
spectrally equivalent to the inverse of A‘,i_k, ie,

Co al (v gy Vike) < ai(Th,kAi,kvh,k, vihk) < Cral (v g, V) (2.26)

for all vy, € Vi with constants C; > Cp > 0 independent of the mesh size h
and the operator shift 4.

It turns out that it is not required to include the divergence constraint into the
preconditioner T}, x; it is sufficient to include a projection step onto the constrained
space X, i, in every iteration. Together, this results in algorithm 1 for the projected
inverse iteration.

Algorithm 1 Preconditioned inverse iteration.

(S0) Choose randomly vi .k € Vi i \ {0}.
(S1) Compute the projection wp r = PhrVhk € Xh k.
(S2) Compute a normalisation

1

Uh ke = —F———————
Vmwn e, w )

(S3) Compute the eigenvalue approximation

Wh,k -

)\h,k = ak(uh,lm uh,k)
and the residual
i
Tk = AnrUnk — AMpMprungk € X i .

(S4) If the residual norm |7y k| is small enough, then STOP.
(S5) Apply the preconditioner: Compute vp, g := ThkTh,k. Go to step (S1).

This method is proposed and analysed in [20], where more details are given.
It is observed that the spectral estimate (2.26) transfers to the combined method
which includes the projection, i. e. , the condition number of the combined operator
Py, 1 Th 1 Ap k. (vestricted to the constrained space X, ) is bounded independently
of the mesh size and the shift parameter.

It turns out that one or two preconditioning steps in (S5) are sufficient. On
the other hand, for the evaluation of the projection the approximation by simple
preconditioning is not enough (although an exact projection is not required): if the
projection is approximated only roughly, the iteration will converge to a vector in
the kernel of Ay, g, i.e., to an eigenvector with eigenvalue 0.

The convergence of this algorithm is linear, provided that the first eigenvalue
is isolated. The convergence rate depends on the quotient between first and second
eigenvalue. In principle, this can be improved if the operator shift ¢ is adapted
in every iteration step. The optimal choice 6 = —\,  with the approximated
eigenvalue of step (S3) leads to cubic convergence of the eigenvalue iteration, but
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it requires to solve nearly indefinite linear problems, so that the iteration with
simple preconditioning in (S5) is far more efficient.

2.2.9 The Ritz—Galerkin projection

Since in our application we cannot guarantee that the first eigenvalue is simple,
and since we aim for the simultaneous approximation of several eigenvalues in
order to identify a band gap, we need a block version of the inverse iteration.

Let N > 0 be a small number, e.g., N = 10. For a given set {“i,k’---v“ﬁk} C
X1, of linear independent functions we can define the Galerkin approximation of
the eigenvalue problem (2.23) in the subspace XhN’k = Span{u}hk, cey uixk}: Set
up the Hermitian matrices

AN = (ak(%,k,uz,k)) , My = (m<u§zk’u2k)) e CNN

l,n=1,...,N l,n=1,...,N

and solve a matrix eigenvalue problem: find eigenvectors 2™ € CV \ {0} and eigen-
values p, € R with

AN =M =1 N 227)

where we assume that the eigenvalues are ordered such that p; < ps < - < pn.
We set (z1,...,2Y) = Z(u} ,...,ul,) for this procedure. Then, compute the
Ritz—Galerkin projection

N

Yr = Huh,€Xnk, n=1,...,N. (2.28)
=1

By construction, we have for [ # n

ak(ylh,kw yZ,k) =0, m(ylh,kw yZ,k) =0,
and for the Rayleigh quotient

Ak (y;zl,k’ yz,k)

fin = :
" mY) e Y )

The preconditioned inverse iteration can be started simultaneously for the N vec-
tors uj, 5, if in every step a Ritz—Galerkin projection is included. Again, we expect
linear convergence of the eigenvalue approximations pi, ..., , to A}L,k < - <
Ah.k» provided that for some 1 < n < N a spectral gap )\ml — Ak > 0 exists.
The convergence factor (in case of exact projections and suitable start vectors)
can be estimated by

2 AP+ 6
=1-— 1 - 24— 2.29

cf. [25, Thm. 9].
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2.2.10 The modified LOBPCG method including projections

The LOBPCG method is introduced in [24] in order to improve the convergence
of the preconditioned inverse iteration by augmenting the subspace of the Ritz—
Galerkin projection. The main idea is inspired by the tree-term recursion of Lanc-
zos method: the Ritz—Galerkin subspace is built of three components, the actual
approximations yj ., the preconditioned residuals W g and suitable conjugated
directions dj, .

Here, we consider the modification introduced by [30] where the precondi-
tioned projected inverse iteration [20] is combined with the LOBPCG method [24],
cf. Algorithm 2.

It turns out that this algorithm is far more robust than a simple block version
of the preconditioned projected inverse iteration. Nevertheless, a careful choice of
stopping criteria is required. In our implementation, we use the following strategies:

(1) In every Ritz—Galerkin step it should be checked with a Gram-Schmidt
orthogonalisation, whether the vectors u,llk,,uhN L Spanning the Ritz-
Galerkin subspace are linearly independent: for n = 2, ..., N compute

n—1
n __ .n 1 n 1
VUhe = Upk — E m(uh,ka Uh,k) Up i
=1

so that v}, is orthogonal to uj, ;... ,uﬁ;cl. If [Jog, gl = \/m(V] o V7 ) =
€1, set up = vp /||v} ,ll. Otherwise, the vector v} , is nearly linearly
depending from u}l’k, e ,uZ;cl. Then, uy , is replaced by a new random
vector and the orthogonalisation procedure is repeated.

Here, €; = 1078 is appropriate, if the stopping criterion for the residual is
not too small.

(2) The projections wj ;, = Py v}, in (SO) and (S2) are computed only ap-
proximately: we compute ah k € Qn,k such that ||Chrgn ke — Bt} gl <
€2 4 02| By kv || and set wi ;. = v}, — SpkGnk € Vg, i-c., in general
wz’k ¢ Xh,k~
Here, €3 = 107® and a residual reduction #; = 10~7 is appropriate. For sim-
plicity, one can use a simple Euclidean vector norm since the strong residual
reduction already ensures that the relative error is small enough.

Note that the eigenvalue accuracy which can be obtained with the projected
LOBPCG method is strictly limited by the accuracy of the projection.

(3) On the other hand, the algorithm does not require an accurate solution of the
preconditioning step in (S2). In our implementation it is realised as follows:
we apply a few iterations of a Krylov method (preconditioned with T}, x)
such that ||Ai,k'”2,k —rhkll < e+ Os]lry 4 ll. Moreover, we observe that
the algorithm is not sensitive with respect to the operator shift § > 0 (in
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Algorithm 2 The modified LOPCG method
(S0) Choose random vectors v}, 4, ..., V5, € Vik.
Forn =1,..., N, compute the projections and normalisations
n n 1
Wy = Pokvhe € Xnk, Upp = ————————— Wp i .
m('wh,k7wh,k)
Then, compute the Ritz—Galerkin eigenvalues X', ... A" and eigenvectors
(zl, . ,ZN) = Z(u;ll,k, . ,uflv,k)
and the Ritz—Galerkin projection
N
yﬁ,k=zz7ﬁu2’fkeXh,k, n=1,...,N.
m=1
(S1) For n=1,..., N, compute the residuals
Thie =Ank¥ng — A Muryng € Vi
and check for convergence.
(S2) For n =1,...,N, apply the preconditioner v}, , = Thx"h s € Vi and com-

(54)

pute the projection wy, 4 1= Pr xv} p € Xp k-
Perform this step in the first iteration; otherwise go to (S4).
Compute the Ritz—Galerkin eigenvectors

1 2Ny _ z (0l N 1 N
(z7,...,277) = (wh,Im---7wh,k7yh,k7--.7yh,k)'
Forn=1,...,N, set
N
n n 1
hk = E 2 whk € Xnk,
=1 N
~n n n l
Yue = dpk+ E EN+1Ynk € Xhk -

=1

Then, set yj, , = Yy, forn=1,...,N. Go to (51).
Compute the Ritz—Galerkin eigenvectors

1 3N 1 N 1 N 1 N
(Z yeees R ):Z(wh,k7'--7wh,k7yh,7k7--'7yh,k7dh,k7'“7dh,k)'

Forn=1,...,N, set

n_ 1 n 1
2l Wh g + 2oN+1Dhk

Qe
]
bl

|
M=

! N
n 1
kT E ZN+1Yhk -

=1

<
=3
ko
Il
QU
>3

Then, set yj, 1, = ¥}, and dj, , = dy, j forn=1,...,N. Go to (S1).
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particular, Ai,k and Aj . have the same eigenvectors). From (2.29) we can
estimate that a residual reduction f3 = 0.1 and an operator shift § = 0.1\ ,,
is a suitable choice (indeed, a further reduction to a smaller § > 0 or a smaller
03 does not reduce the required number of LOBPCG steps).

(4) After a few LOBPCG iteration steps the smallest eigenvalues are already very
accurate (if NV is large enough). Depending on the accuracy of the projection
it may be not possible to improve the corresponding eigenmode. So in step
(S1) we determine 0 < neony < N such that ||} .|| < esforn=1,..., ncony-
Then, we proceed the method with the vectors

Nconv+1 N Nconv+1 N Nconv+1 N
whfloc 7"'7wh,k7yhf]2v 7"'7yh,k7dh,k 7"'7dhk

in step (S4).

The overall procedure is more efficient if N is larger than the desired number
of eigenvalues. Thus, one should stop the LOBPCG iteration if ncony > N/2.
Here, ¢4 ~ /€2 is appropriate. Then, we can expect a relative accuracy of
€2 ~ €5 for the eigenvalues. Since in this stopping criterion the residual norm
is used for estimating the error, a mesh-independent evaluation is required.

This is obtained, e. g., by the application of the preconditioner: set

75 kll = \/<T2,kvw2,k> = \/<TZ,k’TkakTZ,k>'

A simple alternative (which avoids to apply the preconditioner) is to use one
sweep of a Gauss—Seidel relaxation R j : V;-’k — Vi for A, i.e., to use

75 &l = <7'Z,k’Rk,k7"Z,k>'

More details on different variants of the LOBPCG method and the suitable
choice of parameters are discussed in [9].

2.2.11 A multigrid preconditioner for the Maxwell operator

A suitable multigrid preconditioner 7} : V;‘,k — Vi satisfying (2.26) with
C1 > Cy > 0 independent of the mesh size and robust for 0 < § < § is introduced
by Hiptmair [18]. Therefore, let Vo C Vig C --- C Vi C V be a nested
sequence of curl-conforming finite element spaces with phase-shifted basis and with
mesh size hj =277hg onlevel j =0,...,.J,and let Qo C Q16 C -+ C Qr CQ
be the corresponding H '-conforming spaces with phase-shifted basis.

The main observation is that a stable splitting corresponding to the decom-
position

J J
Vie=Vor+ Z Vik+ Z ViQjk
=1 =1

with respect to the energy norm of A‘;  €xists. As a consequence we obtain multi-
grid convergence for a hybrid smoother which alternatively operates on V ; ; and
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ViQj k. The multigrid preconditioner is defined recursively: for j = 0, define
Tor = (Ag k)_l. For j > 0, the definition of T j, requires:

1) a prolongation operator [ g: Vi_1 1 — Vi3

2) the adjoint operator (restriction operator) I}, : V' — V' 3

3) asmoother Rjg: V') — Vi for Ajy;

)

)

4) a smoother Djx: Q) p — Qjk for Cjk;

5) a transfer operator Sjg: Qjr — Vjik;
)

6) the adjoint transfer operator S, : V' ) — Q' ..

Now, define T}, by

id — A9 . T) &
= (id — A o Lk Tj—1 1} ) (id — 61 AS 1 SjkDjkeS)p)” (id — A Rjie)" .

For given residual 7, the result vy, = T gr sk is computed by Algorithm 3.

Algorithm 3 Multigrid preconditioner v = Ty 7k with hybrid smoother.

(S0) Set j = J.
(S1) Set vjk =0. For K =1,..., compute

Wik = Rjkrjk,
Uik = Uik T Wik,

- 5 o
Tik = Tik— Ajrwik .

1,5 /
wik = 0 AjrpSikD;kSikTik,
Uik = Uikt Wik,
5
Tik = Tik — AjRWik .

(S3) If j >0, set rj_1,6 = Ij 75k, j :=j — 1, and go to (S1).
(84) Ifj = 0, set Vo,k = T(),kTo’k.
(S5) For j=1,...,J set

Vik = Uikt Likvi-1k -

Return the result vy .

The prolongation is defined by the simple embedding V;_1x C Vg, i.e.,

Ligvji—1k = Z<’¢'/e,kvvj—17k>¢e,k’

ect;
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and it is represented by the matrix I, , = (181’82)(e1,e2)e€jx€j,1

Ij»k = Z 181,621/}/82,16 ® 1/)61,1‘7 ’ 161,82 = <¢/61,k’ 1/}82,k> .

(el,ez)egj ng,1

The restriction is represented by the transposed matrix I ]Tk, i.e.,

Ijllvk = Z lel,@wel,k ® "7b/€2,k .

(e2,e1)€Ej_1XE;

Note that this implies that the transfer operators depend on the phase-shift, but
again (as it is observed in Chapter 2.2.4) by a simple scaling the operators can be
constructed from the standard operators for k = 0.

The smoothing operators are constructed algebraically from the matrix rep-
resentations of A;x and Cj k. E. g., the Gauss—Seidel relaxation is defined by

-1
Rk = Z R Ve, k@Yo, ks R, = (diagAj,k + lowerAj,k> ,
e1,e2€E;
-1
Dy = Z Qvl,v2¢vz,k ® Puy ke s Qj,k = (diang,k + loweer,k> .
v1,V2E€V),

Note that Gauss—Seidel smoothing depends on the numbering of the indices.

For the parallel smoothers R;j and Djj suitable damping is required; in
addition, we use multiple smoothing v, u > 1, and we use a symmetric variant of
the presented algorithm.

In the same way, we construct the Laplace preconditioner Uj g : Q; " @ik

within the projection step. Again we set Uy, = C; ,1c, and recursively Uj i, is defined
for 7 > 0 by

id—CjpUje = (id = CjrdjuUj—16d}s) (id = CjeDj—1k)"

where Jjr: Qj—1.k — Qjr and JJ’-,k: ;k — Q;el,k are the prolongation and
restriction operators, respectively (again obtained from the standard transfer op-
erators by a scaling with respect to the phase-shift).

2.2.12 Numerical results for a band gap computation

Finally, we summarise results from [9] for the eigenvalue computation of a specific
configuration. The computation is realised in the parallel finite element code M++
[28] which supports fully parallel multigrid methods [29].

We consider a material distribution proposed in [16], where we use a material
with permittivity e, = 13 (which is in a realistic range for, e.g., silicon), and
for the empty space we have €, = 1. The distribution is a layered structure, cf.
Fig. 2.1. The structure is highly symmetric in zy plane, but is not symmetric
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in z direction. The configuration consists of silicon blocks, the block thickness in
the periodic structure is 0.25. We start in level 0 with one hexahedron, then we
use regular refinement, see Tab. 2.1. Thus, level 3 is the minimal level where the
material distribution is represented exactly, i.e., the distributions is aligned with
the cells.

Figure 2.1: A layered structure in the periodicity cell [0, 1]* (left) and (for illustration)
in [0,2]® showing 8 periodicity cells (right).

level j | number of cells | d.o.f. in X | d.o.f. in Qp
2 64
3 512 1944 729
4 4096 13872 4913
5 32768 104544 35937
6 262144 811200 274625
7 2097152 6390144 2146689
8 16777216 50725632 16974593

Table 2.1: Refinement levels, number of cells and degrees of freedom for the test config-
uration.

We test the convergence properties of the LOBPCG method for a fixed pa-
rameter k = (3,1, —2), where we use ¢, = 10~% as stopping criterion. The results
in Tab. 2.2 indicates that the convergence is almost independent of the mesh
size, and that the number of iterations only slowly increases with the number of
computed eigenvalues.

All results are obtained on a parallel Linux cluster. Since the multigrid solver
is of optimal complexity, we expect an optimal scaling behaviour of the parallel
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N # | level 3 | level 4 | level 5 | level 6
1 6 6 6 7
2 6 7 7 7
3 7 7 7 8
4 7 8 8 8
5 9 10 10 11
6 9 10 11 11
7 11 12 12 12
8 11 12 12 12
9 12 13 13 13
10 12 13 14 14

Table 2.2: Number of iterations of the projected LOBPCG method for the convergence
of the first IV eigenvalues and eigenvectors depending on the refinement level.

algorithm, provided the coarse problem is fine enough. For a fixed-size numerical
performance test (cf. Tab. 2.3) we observe good scalability only up to 256 processor
kernels. Optimal scalability is obtain for fixed load per processor kernel up to 50
million unknowns, cf. Tab. 2.4.

processor | multigrid aver. | computing | scaling
kernels conv. rate time factor
64 0.28 37:47 min.
2.12
128 0.28 17:45 min.
1.80
256 0.27 9:54 min.
1.19
512 0.29 8:20 min.

Table 2.3: Fixed-size parallel scalability and Maxwell multigrid convergence on refine-
ment level 7.

Next, we study the eigenvalue convergence. Again, we fix the parameter k =
(3,1, —2), and we set ¢4 = 10~* for the defect precision. Then, at least for isolated
eigenvalues we may expect algebraic eigenvector convergence O(e4) and eigenvalue
convergence O(e3), so that we can assume that the discretisation error is much
larger than the algebraic truncation error. The eigenvalue results are presented in
Tab. 2.5, and from their asymptotic behaviour we estimate the convergence rate in
Tab. 2.6. For smooth eigenfunctions O(h?) convergence can be expected, but due
to the poor regularity resulting from the discontinuous permittivity the observed
convergence rate with respect to the mesh size are smaller.
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refinement level d.o.f. | computing time | scaling factor
5 104,544 1:05 min.
1.78
6 811,200 1:56 min.
5.12
7 6,390,144 9:54 min.
8.09
8 50,725,632 80:21 min.

Table 2.4: Fixed-load parallel performance on 256 processor kernels.

n level 3 level 4 level 5 level 6 level 7 level 8
1 3.86613 3.81920 3.80119 3.79449 3.79202 3.79111
2 4.13949 4.09004 4.07099 4.06392 4.06132 4.06036
3 5.01881 4.87990 4.82904 4.81021 4.80322 4.80063
4 5.38737 5.24131 5.18723 5.16714 5.15967 5.15690
5 | 10.19397 9.68279 9.54135 9.50006 9.48747 9.48348
6 | 10.46622 9.95338 9.80933 9.76693 9.75392 9.74977
7 | 12.22023 | 11.26907 | 11.02740 | 10.95948 | 10.93931 | 10.93307
8 | 12.35505 | 11.40819 | 11.16670 | 11.09883 | 11.07870 | 11.07247
9 13.78493 | 12.78181 | 12.51608 | 12.43920 | 12.41575 | 12.40829
10 | 13.95290 | 12.93797 | 12.66950 | 12.59189 | 12.56823 | 12.56071

Table 2.5: Eigenvalue results A}, n=1,...

, N, for different refinement levels j.

57

Finally, we collect the results for different k following a path in the Brillouin
zone. The result illustrates the band structure, cf. Fig. 2.3. Although this path
does not cover the full Brillouin zone, one expects extrema in the photonic bands
on the boundary of the Brillouin zone or at points with high symmetry, so that
we can assume that this figure provides the correct band gap information of the
given material distribution. Guaranteed band gap computations can be obtained
by a finite number of further eigenvalue computations (including upper and lower
eigenvalue bounds) and a suitable perturbation argument (cf. [21]).

Note that the eigenfunctions within the Floquet theory are abstract con-
structions and not physical objects; nevertheless, some illustrations are presented

in Fig. 2.4 and 2.5.
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A" (3,4) A" (4,5) A" (5,6) A™(6,7) A"™(7,8)

0.04693 1.38 0.01801 1.43 0.00669 1.44 0.00247 1.44 0.00091
0.04945 1.38 0.01905 1.43 0.00707 1.44 0.00260 1.44 0.00096
0.13891 1.45 0.05087 1.43 0.01883 1.43 0.00698 1.43 0.00259
0.14607 1.43 0.05407 1.43 0.02009 1.43 0.00747 1.43 0.00277
0.51118 1.85 0.14144 1.78 0.04130 1.71 0.01259 1.66 0.00399
0.51284 1.83 0.14405 1.76 0.04240 1.70 0.01301 1.65 0.00415
0.95116 1.98 0.24167 1.83 0.06792 1.75 0.02017 1.69 0.00625
0.94685 1.97 0.24149 1.83 0.06787 1.75 0.02013 1.69 0.00623
1.00313 1.92 0.26573 1.79 0.07687 1.71 0.02346 1.65 0.00746
1.01493 1.92 0.26847 1.79 0.07761 1.71 0.02366 1.65 0.00752

© 00~ O U Wi

_
o

Table 2.6: The eigenvalue convergence rate is estimated by A™(j—1,7) = |Aj_; j — AT 4]
and the factor log, (A"(j —1,7)/A" (4,7 + 1)).
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