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On adaptive finite element methods for the simulation of two-dimensional
photonic crystals*

MARINE FROIDEVAUX?

ABSTRACT. The first part of this paper is devoted to the modeling of wave propagation
inside a perfect two-dimensional photonic crystal and the spectral analysis of the resulting
eigenvalue problem. In the second part of the paper, we focus on a special case, where
the eigenvalue problem is linear and Hermitian. We introduce a residual-based estimator
approximating the algebraic error, i.e., the error in the computed eigenvector induced
by iterative methods. The estimator for the algebraic error approximates the error in
the same norm as the one used in already existing estimators for the discretization error,
therefore enabling error balancing between both types of errors, and thus improving the
efficiency of the adaptive finite element procedure.
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1. INTRODUCTION

Photonic crystals are composite materials, made of periodically arranged components,
whose periodic structure affects the propagation of electromagnetic waves. These waves
may propagate through or be reflected by the crystal depending on their frequencies w and
on their wave-vector k, but also on parameters such as the electrical permittivity e of the
constituent materials, or the geometry of the spatial arrangement of the crystal.

Photonic crystals creating so-called band gaps are of special interest for applications
in engineering. A band gap denotes a range of frequencies at which no wave can propa-
gate in any direction through the crystal. The design of photonic crystals for industrial
applications requires the optimization of many geometrical and material parameters, in
order to obtain large bad-gaps around certain frequencies specified by the application. For
this reason, we are interested in developing accurate mathematical models and numerical
methods which can enable the time-efficient simulation of these physical systems.

The mathematical modeling of a photonic crystal is based on the Maxwell equations. In
the case of a perfect infinite crystal, the Maxwell equation lead to a sequence of parameter-
dependant PDE eigenvalue problems (EVPs), which can be discretized via a conforming
finite element method. One can show that eigenpairs of the discretized problem converge to
the eigenpairs of the PDE EVP as one increases the number of basis functions in the finite
element space, see e.g. [Hac92|. However, having time-efficient computations in mind, the
number of basis functions in the finite element space, as well as the spatial localization,
should be chosen in a way that minimizes the size of the discretized system, while warranty-
ing a certain accuracy. This kind of trade-off problems is typically addressed via adaptive
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2 M. FROIDEVAUX

finite element methods, and error estimators are the central tool enabling this adaptiv-
ity. In [GG12|, a reliable and efficient error estimator was developed in order to estimate
the error produced by the finite element method. However, for large-scaled problems it
is computationally too expensive to solve the discrete EVPs exactly via direct methods.
Instead, iterative methods are used, such as e.g. Lanczos’ method, in order to solve the
large-scale discrete problems up to a prescribed tolerance. In this setting, the error arising
from the solution of discrete EVPs via iterative methods, also called the algebraic error,
cannot be ignored as a contribution to the total numerical error. Moreover, as part of the
adaptive process, it may be sufficient to solve the coarsely discrete EVPs with an accuracy
of the magnitude of the discretization error. For these reasons, error estimators are not
only needed to approximate the discretization error, but also to approximate the algebraic
error. Moreover, both types of error estimators should be part of a unified framework,
where all errors are measured in the same norm, so that meaningful comparisons can be
made as part of error balancing procedures. For the Laplace eigenvalue problem, error
balancing between the discretization and the algebraic errors was addressed in [CDM*17]
and a fully-adpative algorithm called AFEMLA algorithm was introduced in [MM11], and
extensively discussed in [Migl0].

The mathematical description and simulation of photonic crystals has already been the
subject of many research papers. Discretization via Nédélec finite elements for three-
dimensional photonic crystals has been considered in [BCGO06|, while the same prob-
lem was solved in [HLM16| via a finite difference scheme followed by a Newton-type
numerical method. For two-dimensional photonic crystals, a spectral analysis was per-
formed in [GG12| for the special case where the electric permittivity is real and frequency-
independent. The extensive spectral analysis of the non-Hermitian non-linear case can be
found in [Engl0] and [ELT17]. Moreover, a linearization technique for the Drude-Lorentz
model of the electrical permittivity was introduced in [EKE12].

In the three first sections of this paper, we review the modeling of a perfect photonic
crystals based on the Maxwell equations which leads to the operator NLEVP. In the fourth
section, we consider the case where the electric permittivity € is a real-valued and frequency-
independent function. We introduce the weak formulation of the resulting Hermitian linear
EVP and analyse its properties. In particular we show that its spectrum consists in at
most countably many real and positive eigenvalues with finite geometric multiplicities.
In the fifth section, we develop a residual-based error estimator which approximate the
algebraic error on the computed eigenvector in the norm defined by the sesquilinear forms
of the weak formulation. Finally, the last section of this paper is devoted to a numerical
experiment, where we simulate a two-dimensional photonic crystal and test the reliability,
as well as the efficiency, of the algebraic error estimator.

2. PRELIMINARIES ON THE MAXWELL EQUATIONS

2.1. General Form. The Maxwell equations in their general form and in SI units are
stated as follows:

-0 D(z,t) +V x H(z,t) = J(x,
V- D(x7t) = p(x,

8tB(m,t) 4+ V x E(

V- B(

(Ampeére’s circuital law)
(Gauss’ law)

(Faraday’s law of induction)
(Gauss’ law for magnetism)

where E, H, D, B and J are three-dimensional vector fields and p is a real scalar field,
see e.g. [Jac99]. These fundamental equations come along with the following empirical
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constitutive equations:

[ D(z,t) = eoE(z,t) + eoxp(x,t) x E(x,t),
B(x,t) = poH(x,t) + poxn(x,t) « H(x,t),

where €, po are strictly positive constants, xg, xar are causal transfer functions, and *
denotes a convolution in time, i.e.

o] t

o, t) Bz, t) = / p(@.t — 7V Bz, 7)dr / ozt — 1) Bz, 7)dr.

—0o0 —00

Remark 2.1. In the remainder, we omit writing the explicit dependence of vector field on
space, time and frequency when the dependence is clear from the context.

In the remainder, we will assume that no free current nor free charges are present in
the system, i.e. J = 0 and p = 0, and that the materials are non magnetizable, i.e.
xum = 0. Under these assumptions, the Maxwell equations simplify to the following system
of equations:

(2 1) —815(60E—|—60XE*E)+V x H=0, 6t(MOH)+VXE:0,
' V'(E()E—I—E()XE*E):O, V(MoH):O

2.2. The eigenvalue problem. We recall briefly the definition of the Fourier transform.
Given a function f(t) € L'(R), i.e., f(t) is absolutely integrable on R, its Fourier transform
is defined by

Fifw) = [ foea
R

Note that when the variable ¢ represents time with units [s|, then w represents the angular
frequency and has units [rad/s|. To shorten the notation, we write formally f (w) =
F{f}(w). On a subspace of L'(R), namely the space S C L!(R) of so-called Schwartz
functions, the Fourier transformation satisfies a number of important properties. A rigorous
definition of § can be found e.g. in [Jan71|, but it is sufficient for our purpose to think of
it as the space of infinitely differentiable functions decaying rapidly at infinity. For any
function f € S it holds that f € S and the inverse Fourier transform can be defined by

FUA® = o [ et = s0)
R

Moreover, given two functions f,g € S, the following properties of the Fourier transform
follow from its definition:

(2.2) F{fxgyw) = fwiw)  and  F{f'Hw) = +iwfw),

where f’ denotes the first-order derivative of f. The Fourier transform is not restricted
to functions in L'(R) and can be extended to the space of tempered distributions, i.e.,
to the dual space of §. For a rigorous definition of these concepts and for the proof of
properties analogous to (2.2) satisfied by the Fourier transform of tempered distributions,
see e.g. [Jan7l|.

It is physically meaningful to expect that £ and H stay bounded at all times since the
system contains no energy source. Therefore, we can assume E and H to be tempered
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distributions and we can apply a Fourier transformation in time to the Maxwell equations
(2.1). This yields to the following constrained eigenvalue problem (EVP):

(_M{)VX @, w)Vx> <H((Z 6:))) Fiw <f[((‘fc:))>

0
V. ( ( )E(wi)) =0,
V- (noH (z,w)) =0,

where €(z,w) = €y(1 + Xr(x,w)). The first-order (order of derivation in space) EVP
of dimension 6 in (2.3) can be turned into a second-order EVP of dimension 3 sunply
by bubbtituing E = +11V x H in the second line or, similarly, by substituing H =

w €

L 1y x E in the first line. This yields two equivalent formulations of the EVP:

T iw po

(2.3)

(2.4) V x (e(xjw)v X ﬁ(az,w)) = pow?H (z,w)
and
(2.5) V X V x E(z,w) = poe(z, w)w?E(z,w).

Remark that in these two formulations, the constraints V - (¢£) = 0 and V - (uoH) = 0
are automatically satisfied since
V- (Vx[f)=0
for any function f twice continuously differentiable.
In order to simplify the equations, we restrict our solution space to separable electro-
magnetic fields, i.e. we take the ansatz

(2.6) H(z,t) =H(z)f(t) and E(x,t) = E(x)g(t),

where f and g are two nonzero tempered distributions.
Incorporating the first ansatz into Equation (2.4) and simplifying the terms f(w) ap-
pearing on both sides of the equation yields

V x H(w)) — Liow?H ().

(2.7) V x (

€(z,w)
Similarly, Equation (2.5) can be rewritten as
(2.8) V x V x E(z) = poe(z, w)w?E(x).

2.2.1. The two-dimensional case. In this subsection, we assume all properties of the system
to be periodic in a two-dimensional (2D) plane and to be constant along the direction
perpendicular to this plane. Without loss of generality, we assume that the plane with
periodic properties is spanned by x; and x9, and that the the direction with constant
properties is along 3. Using the short notation 9; = a for j = 1,2, 3, the assumption of
constant material properties along x3 writes dse = 0, and implies 93E = 93H = 0 since no
parameter in Equations (2.7) and (2.8) depends on z3.

Let us introduce some 2D equivalents of the standard three-dimensional (3D) differential
operators, as well as some notation. We consider a 3D vector u = (u1, ug,u3)”, a 2D vector
v = (v1,v2)T, and a scalar function w, and we define

u —v
w= (1) = (),
U2 U1

grad, pw = (g;g) , divop v = O1v1 + G2,
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curlypw = —(gradyp w)* = < 8;ww> ; curlyp v = —divap (v™) = dyvg — davy,
—01
laplace,p w = 0101w + 0200w = — curlsp curl, pw = divep grad, pw.

It follows that
i
Vxu= <c11r12Du3) + 03 <u >
curlap w 0
With these tools we can easily show that, in the 2D case, (2.7) becomes

11 Hy
curlype curlep { - — pw?H
curlyp teurlyp(Hs)

and (2.8) becomes

curlyp, curlsp (El>
2

laplaces ) (E3)

= ppew’E.

Therefore the equations including Hs and Es are decoupled from the rest of the equations.
This decoupling can be best expressed in terms of the transverse electric (TE) and trans-
verse magnetic (TM) modes, which we introduce now. Let us start from (2.3) again and
add the effects of the continuous translational symmetry along x3. We obtain

. E
Lewrl,p(Hs) ( El)
H .
1 1
ES 1 R
o (1) | | @
. H
,%LOMQD(E?,) ( ff:)
E R
e (®) ]|

where the first and fourth block lines, which define the TE mode (EIT, EZT, 0,0,0, fIg)T, are
decoupled from the second and third block lines, which define the TM mode (0, H{', HI'
ET0,0)T. Combining the equations describing the TE mode yields

1 11 - .
2.9 ——curlyp ——curl,p, Hy = iwH
(2.9) g CWlap 5o curlyp Hy = iwHs,
1 - (F
2.10 —curl,p Hy = .
(2.10) —curlyp Hy = iw < E2> :
and combining the equations describing the TM mode yields
(2.11) [ lypFs = iwkE
: —curlpp ———-cur = iw
c 2D - g 2D 3 3
1 . (H
2.12 —-curl, p F3 = iw ( N ) .
(2.12) _ — oy a

It follows that the components El, E’g, Hy, Hy can be easily computed from the solutions
Hs, E5 of (2.9) and (2.11).
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Moreover, the constraints in (2.3) are automatically satisfied in the formulation of Equa-
tions (2.9)—(2.12) since

1 3 1 .
v.(GE)zv.< ) weurlyp Hs )zV-Vx(l‘O“QClur}QDl%):()

o2 Curlap curly o3

o113
and

N L 3 1 ;

1 N
CU.I'IQD ew—chrl2DH3 o L3

Finally, note that with the ansatz (2.6), Equations (2.9) and (2.11) can be reformulated
as follows
. 1
- d1V2D(gngDH3) = pow”Hs
—laplaceyp E3 = uoew2E3,

or equivalently (for ds¢ = d3Hs = 03E3 = 0)

1
(2.13) =V (- VHg) = pow?Hs
(2.14) —AE3 = /L()GwQEg.

The TE mode can be determined by the solution of (2.13) while the TM mode can be
determined by the solution of (2.14).

2.3. Models for the electric permittivity. It has been mentioned in Section 2.1 that we
only consider nonmagnetic materials, i.e. the magnetic permeability in the whole system is
constant and is equal to that of vacuum, namely pg. The electric permittivity € however is
assumed to differ from one material to the other but to stay constant in space within a given
material. Mathematically this means that, if the crystal is composed of Nyt materials
and we denote by 2; the domain filled with the j-th material, the electric permittivity of
the crystal can be defined as follows

Nmat

e(z,w) = Z ej(w)xq, ()

j=1

where €;(w) are constant functions in space and xgq; is the indicator function of ;.

The functions €;(w) need to be approximated by empirical models. In the remainder
of this subsection, we introduced two of the most commonly used models. Note that we
only consider the dependency of the electric permittivity on the frequency and neglect the
influence of other factors, such as e.g. the temperature.

2.3.1. The frequency-independent model. The simplest model for €;(w) is to assume it to
be constant in frequency, i.e.
€(w) = eg)eo
where e&i) denotes the relative permittivity of the i-th material and €y the electric permit-
tivity of vacuum.
With this model, the EVPs (2.7), (2.8), (2.13), and (2.14) become linear in the eigenvalue
A= w2,
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2.3.2. The Drude-Lorentz model. We follow here the derivation of the Drude-Lorentz model
presented in [Jac99, p.309-312|. We consider an electron bound to a kernel in a crystal
and submitted to an electric field. We model the interaction between the electron and
the kernel with a spring of stiffness k and of damping constant . We make the following
approximations:

e The difference between the local and applied electric fields is neglectable, i.e. the
material has low density;

e Magnetic forces are neglectable;

e The amplitudes of electron oscillations are small enough to evaluate the field at a
constant average position T;

e The applied field F is assumed to vary harmonically in time.

We denote by ¢ = —e the charge of the electron and by z its position (with reference
point at the equilibrium point of the spring). Newton’s equation of motion writes in this
case

mx = —kx — vyt +qF
After defining wg := /k/m we obtain

2.15 m(x + l:z': + wiz) = —¢E.
m 0

Under the assumption that E is time-harmonic, i.e. with the ansatz F(z,t) = E(Z)e™!

for a certain w in C, the Fourier transformation of (2.15) yields to

_ 2meE(Z) 1
o om w2ty

F{z(t)}(v) d(w—vr)=Cw)d(w—v)

where C(w) = 2meE(z)(m(w? — w? + iwy))~! is constant in v. Therefore z(¢) is time
harmonic with (angular) frequency w as well and satifies
e 1

o) =~ ) T E )

It follows that the dipole moment p := gz equals

e? E
P= mwi — w? + iwy’
Let us now consider the dipole moment created by multiple electrons having possibly
different binding frequencies. We denote by N the number of molecules per unit volume
and by Z the number of electrons per molecule. We suppose that there are f; electrons per
molecule with binding frequency w; and damping constant -y;, and therefore that >, fi = Z.
We call p; the dipole moment created by the f; electrons corresponding to the binding

frequency w;. Given the relationships
€ A
—=14+Xxg
€0

and

N> fip = coxeE
.
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we deduce that

N
(2.16) fo1y Y J

€0 mey <~ wj — w? + iwy;
2 2 _ 2
e’N (wf —w?) , Wy
2.17 =1+ — L —i .
(2.17) meo ; ! [(w? —w?)2 4+ w2 (WP —w?)? + w2y?

The damping constant ~; are generally small compared to the binding frequencies wy,
therefore € is approximately real for almost all frequencies w. We notice that the j-th term
in the sum in (2.16) becomes purely imaginary when w = w;. Moreover, at this point, the
imaginary part becomes significantly larger in magnitude than at points away from the
resonance.

2.3.3. Physical properties of the electric permittivity. In the previous section, we have seen
that taking into account the damping from the crystal leads to a complex permittivity.
Since the damping is a non-conservative force dissipating kinetic energy into other types
of energy, e.g. heat or sound, a non-real permittivity corresponds to a dissipative system.

Actually, it will be discussed in subection 4.2 that the eigenvalue problems 2.8 and
2.7 are self-adjoint and have their spectrum (i.e. the possible values of w in the ansatz)
contained in R if and only if € is a real function.

Under the assumption that E varies harmonically in time, i.e.

E(z,t) = ?R(E(x)e’m) = %(E(m)ei(mw)ﬂg(w))t)
— E(x)e—%(w)té}?(eiﬂ?(w)t)’

the complex part of the frequency describes the decay of the eigenmode over time. In this
setting, in particular with this sign convention in the ansatz, w can only be located in the
upper half of the complex plane, since no energy source is present in the crystal.

3. THE FLOQUET TRANSFORMATION & BLOCH THEOREM

3.1. Some fundamentals concepts in crystallography. In this section we introduce
some important concepts in the theory of periodic structures. The reader can refer to the
standard textbook |Kit05] for a more extensive description of these concepts in a physical
context. A detailed presentation of these same concepts in a mathematical context can be
found in [Sim13].

An ideal crystal is formed of two or more components that are arranged in a periodic
manner, i.e. as an infinite repetition of an identical pattern. In this paper we consider
an ideal n-dimensional crystal composed of two different materials, with n=2 or n=3.
Mathematically, one uses the concept of lattice to represent such a periodic structure, and
multiple definitions of this concept can be found in the literature. We choose to use the
following one for its mathematical precision:

Definition 3.1. Let ay,...,a, € R™ be linearly independent. Then the set
n
G={geR"|g= Zl/@-ai for some v; € Z}.
i=1
is called a (Bravais) lattice and the vectors aq, . .., a, are called the primitive lattice vectors.

With this definition, it follows that any periodic structure can be expressed as a lattice
of repeating objects [Sim13]. This statement is illustrated informally in Figure 3.1.
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FIGURE 3.1. Decomposition of a periodic structure into a tiling of repeti-
tive units located on a lattice.

Any lattice G is the result of the tiling of R™ by infinitely many identical tiles called unit
cells, and a unit cell is called primitive if it contains exactly one lattice point. Equivalently,
a primitive unit cell can be thought of as a domain in R™ of smallest volume that can tile
G using only translations. In the remainder, we use a particular type of primitive unit cell,
namely the Wigner-Seitz cell defined as follows:

Definition 3.2. Let G be a lattice in R and g € G. The Wigner-Seitz cell of G at the
point g is

Qg :={reR"||r—g| <l|lr—gll forall g € G,3 # g},
where || - || is the standard Euclidean norm in R™. One may refer simply to the Wigner-
Seitz 2 of G without mentioning any point g in order to denote tacitly the Wigner-Seitz
cell centered around the origin (0 € G).

To any Bravais lattice G in R™ corresponds a reciprocal lattice G’ defined by
G' = {g € R" | for all g € G, there exists m € Z satisfying ¢ - g = 27m}.

It can be shown (see e.g. [Kit05]) that the primitive lattice vectors by,...,b, of G’ can
always be chosen in a such way that they satisfy the following constraints: For all j,1 =
1,....,n,

(3.1) bj cap = 27T(5jl,
where d;; denotes the Kronecker delta, and ay,...,a, denote the primitive lattice vectors
of G.

The Wigner-Seitz cell of G’ is called the Brillouin zone of G. In addition to the discrete
translational symmetries represented by the lattice vectors, a lattice G can be invariant
under other sorts of symmetries, such as e.g. rotational or axial symmetries. In such a
case, the Brillouin zone reduced by all the symmetries of the lattice is called the irreducible
Brillouin zone K of G (see Figure 3.2).

3.2. Learning from the electron in a crystal. In this susbsection we recall physical
results historically arising from the analysis of an electron in a perfect crystal.

3.2.1. Translational operators. For any Ax € R™ we denote by Th, : L*(R") — L?(R")
the translational operator shifting a function to the right by Az, i.e.

Tazv(x) =v(z — Ax)
for all v(x) € L?(R™). Its dual operator with respect to the inner product
(v, W) 2 gy = /v(x)w(w) dz for all v,w € L*(R")
R
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FiGure 3.2. Mlustrations of some fundamental concepts in crystallography.

is
Thy =T Az,
since for all v, w, € L?(R") it holds

(Tr,v,w) = (v,Tarw) = /U(ﬂ:)w(a: — Az)dz = /v(a? + Az)w(Z) dZ = (T-Azv, w).
Rn R"
Thus
TraeTrzv(z) = Tazv(z + Az) = v(x)
for all v € L?(R™) and therefore the translational operators is unitary. It follows in
particular that its spectrum is contained on the unit circle in the complex plane.

3.2.2. Bloch theorem.

Lemma 3.3. Given a n-dimensional lattice G with lattice vectors {aj}?zl, if a function
Y € L*(RY) is an eigenfunction of all translational operators {Tu;}}-1, then ¢ is a Bloch
wave, i.e., it is of the form

B(@) = *Tug(e)
for some periodic function uy(z) with periodicity vectors {a;}7_, and for some vector k in
the Brillouin zone €Y.
Proof. 1f ¢(z) is an eigenfunction of all translational operators {1y, }’_;, then for all j =

1,...,n there exists a real constant 0; € [—3, ) such that

U(x +aj) = E™ip(),
since Ty, is unitary. Let us denote by {b; }?:1 the lattice vectors of the reciprocal lattice
G’ satisfying Equation (3.1), and define

J
Note that k € Q' per construction. Then the function

u(z) = e~ *2y(z).
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satisfies
uk(:c + aj) — e—ikme—ik-ajw(x + aj) _ 6—ik~me—i27r9jei27r0j1/}(x) _ e—ik-xw(x) _ uk(x)
for all j =1,...,n, which terminates the proof. ]

Theorem 3.4 (Bloch theorem). The wavefunction describing the state of electron in a
crystal can be expressed in a basis formed of Bloch waves. Moreover, these Bloch waves are
energy eigenstates.

Proof. Due to the discrete symmetry of the problem, the Hamiltonian and the translation
operators commute with each others. Therefore they can be diagonalized in a common
basis. This basis is thus formed of functions that are energy eigenstates and have the
form of Bloch waves. The expansion of the wavefunction in this basis yields to a linear
combination of Bloch waves, which terminates the proof. O

3.3. Floquet transformation. The Bloch theorem is very well-known in solid state
physics. In the mathematics community, this result is more commonly known as a part
of the Floquet theory. Eventhough the Bloch and the Floquet theories are analogous,
their derivations differs a bit. In this subsection we recall the definition of the Floquet
transformation, as well as some of the main results related to it.

Definition 3.5. For any function u € L?(R"), we define the Floquet transform of u with
respect to the lattice G as the function

Flu}(k,z) = Z u(z — g)e *@=9),
geG

For the sake of brevity, we use the notation ug(x) = F{u}(x,k). Some important
properties follow directly from this definition:

e uy is G—periodic in z and quasi-G’-periodic in k, i.e.
ug(z + g) = ug(x) for all g € G,
Uptqg () = e 9"y (x) for all ¢ € &,
e given a G-periodic function €(z) such that eu € L?(R™), it holds
Fleu}(k, z) = e(x)ug(x),
o forj=1,...,n,
(3.2) F{0ju}(k, x) = [0; + ik;lup(x),
where 0; denotes the partial derivative with respect to the j-th component of x
and k; is the j-th component of k.
The following theorem ensures that the Floquet transformation is invertible when the
codomain is properly defined in terms of the irreducible Brillouin zone K of the lattice G.

Theorem 3.6 ([Kuc01]). Let us denote by T™ the n-dimensional torus corresponding to the
Wigner-Seitz cell @ of G with periodic boundary conditions. The Floquet transformation
with respect to G, considered as a mapping

F: L*(R™) — L*(K, L*(T"))
u— (k— uk()),

1s isometric and its inverse is given by

=5 Yu xzi up (z)e*®
u(z) = T ug} (@) m}!ku a.
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3.4. Link between Bloch waves and Floquet transformations. Similarly to the
state of an electron in a crystal, the state of a photon in a crystal, represented by the
electromagnetic field, can be expressed as a linear combination of Bloch waves. Indeed, let
u denote either the electric field E or the magnetic field H. Then

) 1 e [
u(w) = T HF{u}} (x) = K/ e ) = K/ k(e

k

where ¥ (2) == e?* %y is a Bloch wave.

3.5. The Floquet transformation applied to the Maxwell equations. In the re-
mainder, G C R" represents the lattice underlying the spatial distribution of €, i.e. e(z,w)
is G-periodic in x. In this subsection, we apply a Floquet transformation with respect to
G to the Maxwell EVPs for 3D and 2D crystals. In view of the property (3.2) we introduce
the notation V}, :== V + ik for any k € R? and Vy, == [0y, 02]T + ik for any k € R2.

3.5.1. 2D photonic crystals. Applying the Floquet transformation to (2.13) and (2.14) for
some k in the irreducible Brillouin zone K C R? gives
1
(3.3) ~Vi - (ZViHsg) = prow?Hs .
(3.4) ~V} - ViEsx = poew?Esg,

respectively, where (3.3) and (3.4) are now two equations on the Wigner-Seitz cell 2, with
periodic boundary conditions on the functions Hs i (), E3 (x) and €(x).

3.5.2. 8D photonic crystals. Similarly as in the 2D case, applying the Floquet transforma-
tion to (2.7) and (2.5) for some k in the irreducible Brillouin zone K C R? gives

1
He()) = pow?H
Vk X (6(1‘,&)) Vk X k(l’) How k(a:)
Vk X Vk X Ek(l‘) = ,uoe(x,w)WQEk(x).
respectively, which are now two equations on the Wigner-Seitz cell €2, with periodic bound-
ary conditions on the functions Hg (), Ex(z) and €(z).

4. FINITE ELEMENT FORMULATION OF THE EVP

In the remainder we focus our analysis on 2D photonic crystals. Equations (3.3) and (3.4)
are very similar and so are the methods to solve them as well. Therefore, we concentrate
the detailed analysis on (3.4) and keep in my mind that the analysis of (3.3) is analogous.
Moreover, from now on, we consider the easiest empirical model for the electric permittivity,
l.e. we assume that € = €(z) = >_,;_; 5€;Zo;, is independent of the (angular) frequency w.

In this case, (3.4) depends only quadratically on w, so we define the new variable \ := w?.

4.1. Weak and discrete formulations. We aim at solving the EVP (3.4) by means of
the finite element method. To do so, we first define the weak formulation of the EVP,
namely: For all k € I, find (u, ) € V' x C such that

(4.1) ar(u,v) = Abe(u, v) for allv € V,
where V' == Héer(Q) = H'(T?) for T? the 2-dimensional torus corresponding to the Wigner-
Seitz cell 2, and where a: V x V — C and b, : V x V — C are defined by

ag(u,v) = /Vku -Vivdr
Q
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and, respectively,
be(u,v) = /uoe(x)uvdfc.
Q

Remark 4.1. We have used the following integration by parts formula for functions in V:

/—V-Vkuvdx—/vku-Vvdm—/ (Vku-ﬁ)vdS—/Vku'de
Q Q o0 Q

where 7 denotes the the outward unit surface normal to 9Q and where [,,(Viu-n)vds =0
is to be understood in the sense of traces. This yields

/—Vk-Vkuvd:U:/Vku-W—ik-Vkuvd:v:/Vku-Vkvdx.
Q Q Q

With the aim of solving Problem (4.1) numerically, we define a subspace V}, C V of
dimension N < oo and N basis functions {¢;};=1,n such that

(4.2) Vi, = span{¢1, ... on}.

It follows that any vy, € Vj, can be expressed as a linear combination of the basis functions,
N

i.e. there exist scalars v1,...,vy such that v, = ) v;¢;. Thus we can define a discretized
j=1

problem corresponding to (4.1) as follows: For all k € K, find (A, up) € C x Vj, such that

(4.3) Agu = A\ppoBeu.

where u = [uy,...,un]T, and Ay, B. are defined by (Ay);; = ar(¢i, ¢;) and (B);; =

be(qbi,gf)j), for ’L',j = 1, ce ,N.
Before discussing about methods to solve Problem (4.1) and (4.3), let us analyze the
properties of the linear forms and the corresponding matrices defining the EVPs.

4.2. Properties of the EVPs. Let us start this subsection with some comments and
results concerning the considered vector spaces.

4.2.1. Vector spaces considerations. In the Hilbert spaces H := L*(Q) and V = H*(Q) C
H we consider the standard norms

lolly = / jo(@)|? de
Q
for all v € H and ;
1/2
-l = 1Dy = (19 13 +11- 13)

Remark 4.2. For any u € V, it holds Vu € (LQ(Q))2. Therefore the notation ||[Vul| 2 (q)

is a bit abusive. In fact, for any w,w’ € (LZ(Q))2 we use the conventional notation

(w,w')p2(q) = / w(z) - w'(x)de

Q

where - denotes the standard dot product, namely w(z) - w'(z) = > ,_; o wi(z)wj(x) for
all w(z),w(z) € C?. Additionally,

ool = (w0, w) 200 = /Q fw? da

1/2
where |w| = (Zi:m wiWi) denotes the standard norm in C2.
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When €(x) is a real-valued function, we can define another inner product in H that will
be more handy for the spectral analysis of the problem.

Lemma 4.3. Let €y, €5 be some positive contants and let e(z) be a real-valued function
satisfying 0 < €9 < €(x) < €xo for all x € Q. Then the sesqui-linear form b. defines an
inner product in H. Moreover, the norm || - ||, derived from this inner product is equivalent
to ||y in H.
Proof. The form b, possesses the following properties:
e Positivity: be(u,u) = [ e(z)|ul*dz > eollull3; > 0 and b(u,u) = 0 if and only if
u =0,
e Conjugate symmetry: be(u,v) = [,e(zx)uvdr = [,e(x)vudr = be(u,v) since
e(x) € R,
e Linearity in the first argument: b.(au,v) = abe(u,v) for all a € C.

Moreover, it holds that eso||u]|* > be(u,u) > €o|lu/|?, which shows the equivalence of the
norms. U

In the remainder, we assume €(z) to be a real-valued function satisfying 0 < ¢y < e(x) <
€00 for all z € . Hence, we can define the inclusion map Z.: V' — V* by means of the
Gelfand triple

Ve HXH" V"
ie, I. = tg+~v+jatv—g where jy: H — H* is the Riesz isomorphism with respect to
the inner product be, ty_ g is the embedding of V into H, and tg+_v+ = (ty—pg)". An
important property of this particular Gelfand triple is that the imbedding of V into H is
compact, see e.g. |[Engl0| and references therein. It follows that the embedding of H* into
V* is also compact [Hac92, Ch. 6].

4.2.2. Definition of the operator equation. In this subsection, we show that Problem (4.1)
can be reformulated as an equivalent problem in the dual space V*. e start with a lemma
proving Young’s inequality in the specific case of complex vectors.

Lemma 4.4 (Young’s inequality). Consider a,b € C2. Then, for every § > 0 we have an
estimate of the form

la-b+a-b|< % al®> + |b)?.
Proof. For any two vectors ¢,d € C2, the following estimates hold:
0<|c+d?=(c+d) (c+d)=|c/*+|d?+c-d+c-d,
0<|c—d’=(c—d) - (c—d)=Ic?+|d*-c-d—c-d.
As a result, we have |c-d+¢-d| < |c|>4|d|?. The claim then follows by setting ¢ = a/+/3,
and d = bv/6. O

By means of the Young inequality, we can now show the boundedness of ay:

Lemma 4.5. For all k € IC, the sesquilinear form ay(-,-) in (4.1) is bounded (or, equiva-
lently, continuous) in V, with constant Cyy = 2max(1,|k|?). Moreover, ay is Hermitian.

Proof. By means of the Cauchy-Schwarz inequality we obtain for all u,v € V that

lax(u,v)] < /Q V()| |Vio(a)| da

< ([ 19t az) - ([ 1wtor d:c)m
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Lemma 4.4 with § = 1 yields

/ \Viu(z))? de < / (Vu(x))? + [ku(z)]? + ’lkuVu(x) + ikuVu(x)| dz
Q Q

’2
< Il + Pl + (al + 19ul ).
It follows that
|ak(u, )| < Curllully llvlly

where Cy; = 2max(1, |k|?). Moreover, it is straightforward to see that ag(u,v) = ax(v,u),
which implies the Hermiticity of ag. U

Hence, we can define an operator A, mapping from the space V' to its dual V* by the
equality
(A Yy v = ak(u,-)
for all w € V. The EVP (4.1) can then be reformulated as an equation in V*:

(4.4) Akuk = /\Ieuk.

4.2.3. Properties of the resolvent. Instead of the eigenvalue problem (4.4) it is more con-
venient for the analysis to look at the equivalent shifted problem:

(Ag + oZ)u, = (A + o) Zeuy

where o > 0 is a fixed parameter. In this section we investigate the properties of the
resolvant (Ay + 0Z.)~! of Aj. To this end, we demonstrate that the form ag, = aj + b,
corresponding to the operator Ay , = Ay + 0Z. is an elliptic sesquilinear form.

Lemma 4.6. For any o > 0, the sesquilinear form ay , is elliptic with constant
min{1, oep}, if k=0,
min {2|k|37+000 %60} . ifk#0.

Proof. If k = 0, then ag o (u,u) = [ |Vul*+ oe(x)|u|? dz > min{1, aeo}HuH%/. Ifk#0, we
observe that aj o (u,u) = [ |(V + ik)u* + oe(z)|u|* dz € RT. Moreover,

Cn(o) =

ko (1, 1) > (nwﬁq +(oeo+ Pl [ fiku- Va+ i va dw)
Q
and thanks to Lemma 4.4 we obtain :
_ EI2]|ull?
/ ‘zk:u - Vu +iku - Vu| dz < |H(|SUHH + 0| Vul|3
9

for any § > 0. Therefore,

k 2
oo u,) 2 (1= 9Vl + (a2 + 142 = )
and choosing ¢ = & < 1 yields
—(1— |k[? Vull2 g 2 S ¢ 2
ak,o (U, u) = ( T ) IVullzy + Seo llully 2 Crm(o)ully
20 <~
e >0

with Cy(0') = min {mgifm %50}. O
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Corollary 4.7. For any o > 0, the operator Ay, = (Ap + 0Zc) is invertible and the
inverse is bounded with constant Cyn(0)™", ice. Apo~t € L(V*, V) satisfies
1

Aso Mo = sup || Apo tw|, < ——.
[Ako ™ Iy v Sup, [k wlly, o)

llwlly«=1
Proof. This follows directly from the Lax-Milgram lemma, see e.g. [Hac92, Lem. 6.98]. O

Corollary 4.8. For any o > 0, the sesquilinear form ay o defines an inner product in V

and the corresponding norm ||v||,, | 5 = Vag(v,v) + abe(v,v) is equivalent to the standard

norm |[v||y .

Proof. The positivity of aj , follows from Lemma 4.6, and the sesquilinearity as well as
the conjugate symmetry are easily verified. Moreover Lemma 4.5 yields

2 2 2
[0yt < \/Crtllol? + obe(v,0) < /Carllol + oenslvll%y < v/Cor + oeclvlly

and by Lemma 4.6
1]l ayt05, = VCm(@)[v]ly
forallv e V. O

Many important properties of the spectrum of Aj can now be proven by applying the
Riesz-Schauder therory on the resolvant R, : V — V, R = A,;iIe. These are gathered in
the following lemma.

Lemma 4.9. The spectrum of Ay consists in at most countably many real eigenvalues
with finite geometrical multiplicities, which can only accumulate at infinity. Moreover, all
eigenvalues are nonnegative.

Proof. From the Hermiticity of ai follows directly that Ay is Hemitian. Therefore all
eigenvalues A of A; must be real since

N\ = (Apu, w)y+ v _ (Apu,u)v+ v _ 3
<Zeua U>V*,V <I€u, U>V*,V ’

where u denotes the eigenvector corresponding to A. The rest of the proof follows from
[Hac92, Satz 6.108|. In particular,it is shown there that for all A € C one of the following
alternatives holds:

(1) ("4 - )‘Ie)il S ﬁ(V*a V)7

(2) A is an eigenvalue.
In Corollary 4.7 it was shown that (A—AZ,)~! exists and is bounded for all A\ = —o, where
o > 0. Hence, all eigenvalues must be nonnegative. O

Corollary 4.10. Let A and Bc be the matrices in the discretized problem (4.3). Then,
Ay is Hermitian positive semi-definite and B, as well as (Ax+ Be), are Hermitian positive

definite.

Proof. Tt is straightforward to see that (Ag)j; = ar(¢i, @) = ar(dj, ¢i) = (Ax)i; and
similarly for B.. Moreover, by Lemma 4.6 it holds for all ¢ > 0 and for all v = [vy, ..., vN]
with Vhp = va (o

v Apv = a(vy,vy) > Cp(0)||lvplly, — obe(vp,vp) = 0 as o — 0,

where the superscript * denotes the conjugate transpose of a vector or a matrix Since this
inequality holds for ¢ > 0 arbitrarily small, to follows that v*A,v > 0, and thus Ay is
positive semi-definite. The rest of the proof follows easily. U
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5. ERROR ESTIMATORS

We wish to approximate the solution of the discretize problem (4.3) by using an iterative
method. In the remainder, u denotes the exact eigenfunction of (4.1), u, denotes the
exact eigenfunction of the discretized problem (4.3), and u;, = Zfi 1 Wi¢p; denotes the
approximated eigenfunction computed by m steps of an iterative method (e.g. Lanczos
method or LOBPCG [GVL96, Kny01]).

In order to be able to evaluate the quality of the approximate solution u; we need
to construct an estimator for the error ||u —uy|y,. We start by applying the triangular
inequality

= inlly = lu — wn +un — Gnlly < = wnlly + lun — @nlly
and observe that the error can be separated into the discretization error |fu — upl,, and
the algebraic error ||up — up||y -

An estimator for the error introduced by the discretization of the linear EVP (3.4) to
obtain (4.3) has been developed in [GG12]. In that paper it is shown that an error estimator
Ndis, Which can be computed a posteriori, gives a reliable and efficient approxmation of the
error [[u — tpll,, ., Where o = 1. Since the norms || - ||y, and || - ||, ,,, are equivalent
(see Lemma 4.8), 14, is also a reliable and efficient estimator of the error measured in the
standard norm in V. However, the equivalence constants C, (o) and Cjs may be much
bigger or much smaller than 1, depending on the values of ¢ and k.

In order to enable the error balancing between the discretization and the algebraic errors,
we need an error estimator which can be compared to 74;s in a meaningful manner, i.e., an
estimator which measures the algebraic error in the norm defined by the sesquilinear form
ar,e on V. This is the subject of the next subsection.

5.1. Algebraic error. We aim at finding a bound for the algebraic errors |jup — sy
and |lup, — Upll,, 4 54, Which depend on the convergence of an iterative numerical method.
The convergence analysis of such methods is typically based on the concepts of angle
between vectors. While the definition of the angle between real vectors with respect to
a scalar product is clear, there exist multiple nonequivalent concepts of angle between
complex vectors. Each one of these angles has different interesting properties. We start
by introducing the Euclidean angle between complex vectors, which satisfies the law of
cosines:

Definition 5.1. Let v and w be two vectors in a complex Hilbert space V' and let (-,-)«
as well as || - ||, denote an inner product in V' and its corresponding norm, respectively.
The (real-valued) Fuclidean angle between v and w with respect to the %-inner-product is

defined as the quantity A;E) (v,w) € [0, 7] satisfying
§R((vv w)ﬁﬁ?)
o]l llw]l

The Fuclidean angle indeed satisfies the law of cosines since for all v, w € V it holds

A;E) (v,w) = acos

2 2 2
lv = wlfyy = (v —w,v = w)x = ol + lw]z = (v, w)s = (W, )«

2 2 2 2 E
— JJol% + w]? = 2R((v,w)s) = [o]% + Jw]|% = 2cos 28 (v, w) o]l ]

The Euclidean angle inherits other properties from the real case, e.g. the angle between
;E)(v,—v) = acos(—1) = 7. However,

the Euclidean angle is not invariant under scaling since, for a € C, A;E)(av, w) is generally

vectors pointing in opposite directions is m since /

not equal to L(*E) (v, w).
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On the other hand, one can define another angle between complex vectors which is
invariant under scaling:

Definition 5.2. Let v,w € V, (-,-)% and || - ||, be as in Definition 5.1. The Hermitian

angle between v and w with respect to the #-inner-product is defined as the quantity

A;H) (v,w) € [0, 5] satisfying:

(v, )|

/) (v, w) = acos ———"——.
" [l llwll

The link between both angles can be expressed as follows:

%(ew(v,w)ﬁ>

inf /B (vg,wp) = inf 4(E)(ei91v e2w) = acos sup
vo€span{v} - ’ or€fo,2m) ’ 0€[0,2n) [Vl llwlls
wy€Espan{w} 02€[0,27)

(5.1)

= acos (ww)i (v,w)ﬁ)

vl lwll (|(U7w)ﬁ
(v, w) ] _ 4;1{)(%10)'
vl llwll

Therefore, the Hermitian angle between v and w can be thought of as the Euclidean angle
between the subspaces spanned by v and w. Moreover, the Hermitian and Euclidean angles
between two vectors v, w are equal if the vectors have the same orientation in V, i.e. if
they satisfy the condition

= acCos

(v,w)yx € RT.

In the remainder, we consider the algebraic error |luj — ||, where the inner prod-
uct (-, )y represents either the standard inner product (-,-)y in V' or the inner product
(*,)ag+ob. linked to the weak form (4.1). Moreover, both vectors w;, and @y, are supposed
to be normalized and have the same orientation in V' (with respect to the considered inner
product), i.e.

% = 1 and (uh,ﬁh)ﬁ( eR".

|unlly = lltn

Under these conditions, the law of cosines combined with the following trigonometric iden-
tity

8 ~i2\? by i o
COS?(%) _ <W> _ % = S(cos(9) + 1), forall ¢ € [0,2m),

yields

1
up, — @n)|% = 2 — 2 cos A;E)(uh, up) = 4(1 - 5(605 A;E)(v, w) + 1))

/P ad A
=4(1- cos® =& ;v,w)) = 4sin® ;U’ w) = 4sin? —H 12 év, w)

Therefore, we can bound the algebraic error by a term proportionnal to the sinus of the
Hermitian angle:

4&5) (up, p)

(5.2) lun — iin < v2sin 2 (uy,, aip).

» = 2sin
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For small angles, the following expression based on Taylor expansions gives a more accurate
estimation of the error:

(H) ~ 00 , (H) ~ ‘
i o Lw (un, ) (—1)7 £ (up, Gp)\ 2041
o=l = 2sin === _2],2_0 (2j+1)!< 2 )

2j+1 1

(=1 o\ 2+
2 gyt ) (47 )

= sin Z;H)(uh, ap,) + (’)(Z;H)(uh, iiy)%) ~ sin L;H) (up, up).

o _1 ] ~
=3 gy (A )

Jj=0

5.1.1. Equivalence of continuous and discrete norms. In this subsection we establish equiv-
alences between the norms of functions wuy, vy, in the finite dimensional space V}, defined
in (4.2) and the corresponding vectors u,v € C" expressed in the basis formed by the
functions {¢;}& ;. In the remainder of this paper, we assume o > 0.

For any up, v, € Vj, it holds

N N
(un, vn)v = ZZU]'/QV@ Voj + ¢idpj dz u; = v¥@yu

i=1 j—=1
and
2
unlly = wp®yu = |ullg,

where (®v); ; = (&5, $i)v. Moreover,

N N B
(up, vp)p, = Z ZU]/Q e(x)pipj dr u; = v* Beu,

i=1 j=1

lupllp. = u*Beu = |u/3.
and

N N
(hs O )b, = D ZUJ/Q Vi¢i - Vigj + oepidj dr u; = v* (A + 0 Bo)u,

i=1 j=1

2 2
[unllz, +o0, = W (Ak + o B)u = [[ullis, 405,
Similarly, a discrete norm that is equivalent to a norm in V* can be found.

N
Lemma 5.3. For any r € V* such that r = Zcry, for some r, = Y rjp; € Vy, it holds

7j=1
Irlly- = HBEI‘H(AHaBer1 = ”rHBF(Ak-&-oBe)*lBe’

where

[flly- = sup  [f(v)|

VeV,

1ol 1o =1

for any f € V*, and where xr = [rq,...,7TN].
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Proof. For any v € V we denote by 7 (v) the orthogonal projection of v onto Vj, with
orthogonality in the inner product (-,-);.. Then it holds

Irlly~= " sap  |(rm,v)ol = sup  [(Th, v — T (V)b + (Ths Th (V)b |
VeV, veV,
oll(ay by =1 oll oy porne) =1
= sup  |(rp, (V)| = sup | (Ths v )b, |
veV, VR EVy,
Ilvll(ak+o'b5):1 ‘lvh“(ak+0b€>:1
= sup |r*Bev| = sup Ir*B.(Ay, + 0B) " (A + 0 Bo)v|.
veCh, veCh,
Miche s =L Mt s =1

For the sake of brevity, we introduce the notation Ay, := Ay + 0B, and b = A;}TBEI'.
Using the Cauchy-Schwarz inequality |Brell, Ch. 5.1] yields

[rlly« = sup [b"Apov|< sup  |[[bll4, [[VIl4,, = sup [[blls, . =1bll4, -
vecN, veCN, ’ ’ vech, ’ ’
Vil , =1 Vil , =1 IVlLa, =1

The upper bound is attained by setting v = W which satisfies the constraint [|v[|,, =
k,o 7
1. Therefore
Il =1l = 14gsBerll,, = IBerllyor = lIrllg, 4y som0-15. O

We show that the trigonometric functions of angles between vectors in V}, can also be
expressed in terms of the corresponding discrete vectors in CV.

N N
Theorem 5.4. Let vp,wp, € Vi C V with vy, = >, vidi, wp = Y, wi; and v =
i=1 i=1
[v1,...,o8], w = [wy,...,wn]T. Then
cos AE/H) (vp, wp) = cos Ag‘{/) (v,w)
and () ()
€08 £y "4 op (U, wp) = cos Ly g (V, W)
where WA
/) V, W) = acos w Y € [0, f]
i ) Vv MvvVw*Mw 2

for any matriz M.

Proof.
| 22 wi(95, di) vl
(H) _ NQwn,wn)v| i
cos £y, (vp, wp) = =
lonlly [lwnlly >_Ui(B5, ¢i) vy 2 Wil95, di)vw,
Z7j Z7j

_ (W Py v

VB vy W Ry w
and similarly for the inner product a; + ob. on V. g

Corollary 5.5. Let vy, wp,v,w as in Theorem 5.4. Then

sin ngH) (v, wp) = sin Ag{/)(v, w)

and

. H . H
sin AE%LUBE (vp, wyp) = sin ng}rabé (v, w).
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5.1.2. Sine theorems. In order to obtain a useful bound on the algebraic error, we need a

(H)( (H)

computable bound on sin Zg, (v, w) or sin £y °, p (v, w). First, we recall a result for the

(non-generalized) linear eigenvalue problem.

Theorem 5.6 (The sine theorem). Let M € CN*N be a Hermitian positive definite matriz
defining an inner product (vi,va)n such that

(v1,ve)y = vi*Mvy

for all vi,vi € CN. Let A € CN*N be a Hermitian matriz with respect to this inner
product. We denote by {\;}\, the eigenvalues of A and by {u(’)}fil the corresponding
normalized eigenvectors of A in the norm Il - |l induced by (-,-)pr. Given any vector

v € CN and any scalar X € C, we order the eigenpairs ()\z,u(’)) such that |\ — )\\ <
| A2 — )\| <. < AN - )\| and we define the residual v = AV — AV where V := av is the
scaled Uector whzch is normalized and lies in the same directions as uV), i.e.

¥l =1, (v,ulV)y € R

Then it holds

sin 240 (¥, u) < ‘r(L’M.
where § = [Ay — A|.
Proof. We follow the proof of Theorem 11.7.1 in [Par98] which proves the result for real
symmetric matrices and we extend it to the case of complex Hermitian matrices.

First recall that the eigenvectors of A form an orthogonal basis of C™ since A is Hermitian
(see the spectral theorem in [Par98, Ch. 1.4]). Therefore we can expand

N
T = Z(g’ u?
j=1
which implies

N
= (A= N, uM)yu® + (A -3) (Fu

j=2
= (A — N, uD)u® +Z)\—)\(vu())Mu()
j=2

Since the eigenvectors are orthogonal to each other in the inner product (-,-)ps, we can
apply the Pythagoreus theorem, which yields:

N
e[, = (A1 — APIF, a®)ar? + 371 = AR[(F, ul) 2
=2
E]Al—X]Qcoszég\?)( Wy 4 g — X2 Z|VU )l
= A= AP cos? 20 (@, u®) 4 2o — A2 <|rv|r — (% uM) )

= [A1 — A]? cos L%/(v, u®) + Ay — A2 sin? 45\5)(?, u)
> 6%sin? /D (v, u®). O
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In order to apply Theorem 5.6 to Problem (4.3) we need to reformulate the latter as a
standard (non-generalized) EVP. Since the matrix B in (4.3) is Hermitian positive definite,
it is also invertible and the EVP can be equivalently written as

B ' Apu = M.

Corollary 5.7. Let Ay, Be be the Hermitian matrices defining the EVP (4.3). We de-
note by {\;}\, the eigenvalues of the pencil (Ay, Be) and by {u® N | the correspond-
ing normalized eigenvectors of (A, Be) in the norm || ||, 4,5, where o > 0. Given
any vector v.€ CN and any scalar \ € C, we order the eigenpairs ()\i,u(i)) such that
A=A < da— A < ... < Ay — | and we define the residual v == ARV — AB~V where
V = av is the scaled vector which is normalized and lies in the same directions as u?),
i.e.

IVl 4B = 1 (v,uM) 4108, €RY.
Then it holds
-1
o ey - BTl yos, PB4 hoB B
(5.3) sin £y, o (¥, ul)) < 5 = ; .

where § = [Ag — A.
Proof. Observe that the matrix B! Ay is Hermitian in the inner product defined by Ay, +
o B. since for any vi,vsy € cN
(B Apvi,va) A, 1oB. = ViARB Y (Ap + 0B)ve = viALB  Apve 4 ovi Apva
= vi(Ag + 0B)B ' Apvy = (Vl,BE_lAkVQ)(AkJrO-Be).
Therefore Theorem 5.6 can be applied with A :== BZ1Ay, M := (A}, + 0 B,). O

Alternatively, one can follow [HLO06, Section 2| and solve the EVP (4.3) with a shift-
invert method. Recall that for any real positive shift ¢ > 0, the matrix (Ax + oB) is
invertible, see Corollary 4.7. Therefore (4.3) is equivalent to

(5.4) (A + 0B.) ' Bau = vu,
where the eigenvalues of both problems are related via the equation
1
v= :
A+o

The matrix (A + 0B:) !B, is Hermitian in the (A + oB)-inner product since for all

v1i,ve € CV it holds
((Ak + 0B.) ' B.vy, v2) = VviB (A 4+ 0B (A + 0B)vy = viBevy

= (v1, (A + 0Be) ' Bevy)

Ak +0Be

Ap+oB.
We can now apply Theorem 5.6 to (5.4).
Corollary 5.8. Let Ay, Be be the Hermitian matrices defining the EVP (4.3) and o > 0
be a real and positive scalar shift. We denote by {)\i}i]\il the eigenvalues of the Hermitian
pencil (Ag, Be) and by {uD}N | the corresponding normalized eigenvectors of (Ay, Be).
Given any vector v € CN and any scalar \ € C, we order the eigenpairs (\;, u(i)) such that

‘ 1 1 1 1 ‘ 1 1

S — <. < ],
Mto AN4o A+o N4 ANtOo N4
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and we define the residual v '= AV — ABcv, where vV := av is normalized and lies in the
same directions as u(l), 1.€.

IVl 4408 = 1, V,uM) 4,408 €RT.
Then it holds
. H ~ Ao+ 0
(5.5) sinzy! o (u®,9) < | | Il (A +oB0)-1-
A2 — Al

Proof. Applying Theorem 5.6 with A := (Ap+0B.) " 'Be, M = Ay +0B, and U := (X—l—a)_l
yields
I(Ax +0B) "' BV — V| Ay toBo)

sin 2\ (uM,¥) < —
2]

Ak +0Be

7]
]1/ va|

’)\2 —l—O"
|)\ | H)\B v — AV (Ap+oBe)~ 1 O
5 —

Remark 5.9. Observe that the norm of the residual r in the upper bound (5.5) can be
rewritten as

|77 BV — (Ag + 0BV (Ap+oBe)—1

el (A roBy-1 = IABO = Al (4, 1 o)1 = M0 — B ARl g 4, 1)1

Therefore, according to Lemma 5.3, ||r[[ 4, ;,5,)-1 can be seen as the norm of

N
(5.6) res(\, 1) == 7, (Z (B 'r), ¢i>

i=1
in the dual space V*, i.e
HPH (Ag+oB)—1 = ||res( )HV*
Note that (5.6) indeed defines a residual, since for all v, = ZZ]\L 1 Vi¢i € V}, it holds that

(res(\,a),vp)y=y = / E(ZL‘)Z (Be_lr)l.gbiﬁdm = Z (Be—lr)ivj/ e(x)pig; dz
& i=1 ij=1 L

N
= Z (B;lr)iVj(Be)j,i = Vv*B.B 'r = v'r = v* (A0 — XBeﬁ)
ij=1
= a (T, i) — Abe (T, v).
where uy, == Z;\le u;o;

Remark 5.10. Since (Ag + 0 Be) is Hermitian positive definite we can factorize it with help
of the Choleski decomposition (Ay+0B,) = LL* where L is invertible. Therefore the term
appearing on the right side of (5.3) can be rewritten as

1B A3 = M|y, = IL* BT AR LW = AW |
with L*v = w. Observe that the matrix L*B-'A,L~* is Hermitian since
(L*B7 YA, L) = L7'AB- 'L = LY AB7 Y (Ay + 0B)L™*L7L
=L YA +0B)B YA L™ = L*B7 YA, L™ .



24 M. FROIDEVAUX

Therefore, if w is the approximation of the eigenvector corresponding to the smallest
eigenvalue of L*BZ1A;L~* returned after m steps of an inverse Lanczos or LOBPCG

method, then || L* B71 A, L~*w — Aw|| is directly available as a by-product of each iteration,
see e.g. [GVL96, Thm. 9.1.2] and [Kny01].
Similarly the term on the right hand side of (5.5) can be rewritten as

INBeV — AV a4, 1opy1 = ILT AR L™"W — AL B.L™*W||

and can be obtained as a by-product of a LOBPCG iteration on the Hermitian pencil
(L7 A L=*, L7 B.L™%).

Remark 5.11. In Lanczos’ method and LOBPCG, the eigenvalue converges faster than the
eigenvector, therefore it is reasonable to approximate A =~ A and Ao = A9 to compute the
error bound.

All results of this section can be summarized in the following theorem:

Theorem 5.12. Let (Aj, Be) be the matriz pencil defining the discretized problem (4.3)
and let u be the eigenvector corresponding to the smallest eigenvalue of (A, Be). We write
L the triangular matriz satisfying the Choleski decompostion LL* = Ay + 0B, for some
shift 0 > 0. We denote by w =: L*u the approzimation of L*u obtained after m iterations
of the LOBPCG method applied to the pencil (L~ A L=*, L' B.L™*), and assume u and
u to be scaled in such a way that

Hu”AkJraBE Hu||Ak+UBE 1, (1~17U)Ak+aB€€R+-

Let \ and Xg be the approximations of the eigenvalue A closest to o and, respectively, of the
eigenvalue Ao second closest t o, of Problem (4.3) obtained from the LOBPCG iterations.
Then the distance between the functions uj, = 2;\7:1 u;p; € Vi and Uy, = Zﬁvﬂ u;p; € Vy
can be approximately bounded by

- -1 - — ~ ~
lun = @nlly < VCon@)  un = @l sop, = V/Con(o)  sin 28 (un,in) + 0L, (unyiin)?)
-1 - 1| A+ 0 ~
~ Cm(O') sin Zf(lkj’a'b ('U,h, Uh) S Y\ Cm(O') |)\2_||HAku — )\Bﬁu“(Ak+UBe)_l
|)\2 + U|

L Ayl "W — AL ' B.L*w||

~ m(a)

A2 — Al

when lgk—?—ab (up,up) is a small angle.

5.2. Numerical experiments. In this section, we compare the error estimator
/\2 + 0o
| | I
Ao — A
to the error ||Weijg — W =~ |lup — @nll,, 4, Where Weig is the approximated eigenvector

returned by the MATLAB function eig and is therefore assumed here to be a very good
approximation of the exact eigenvector w = L*u. We observe that 74, is composed of a

(5.7) Nalg = YALL™*W — AL"'B.L*W|

factor p = [A2 + o|/|A2 — A| depending only on the approximations of the eigenvalues, and
of a factor corresponding to the norm or the residual. In this section, we denote with a
superscript (™) a quantity computed with the approximations )\ )\g,w obtained after m
iterations.

We have tested the error estimator (5.7) on a problem of the form (4.3) with €(z,w) as in
subsection 2.3.1, € being a square cell of length lo = 500-10?m, Q; C € being a centered
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disc of radius 0.2lg, €1 (w) = € = 8.854187817-107% uF /m, €3 = 8.9¢g. We have set 0 = 1,
and Figures 5.1 and 5.2 correspond to k = [0.6888,6.2832]7 - 10 m~!. The problem was
discretized via the C** library Concepts [FL02| with quadratic Lagrange basis functions.
The dimension of the resulting matrices is 896 x 896. We solved the Hermitian generalized
EVP with the LOBPCG algorithm.

On Figure 5.1 we see that the error estimator does not give reliable estimation of the
error during the first dozen of iterations, i.e. when the iterative algorithm is far from con-
vergence. However, after approximately 25 iterations, the error estimator starts mimicking
the decrease of the error. We call this behavior asymptotic, as opposed to the transient
behavior happening in the first steps of the iterative process. We observe that there exists
a constant shift M between the graph of the error estimator and the one of the error in
the asymptotic regime, which corresponds to approximately M =13 iterations.

N T v I T T
Ld s A -0+ ||Weig — W]|
s ! === sin Z£(Weig, W)
L2 e, S V2sin Z(Weig, W)
NS - 8- a1y = plres|

m [nb of iterations]

FIGURE 5.1. Comparison of the error with the error estimator

On Figure 5.2 we see that the error, the error estimator, and the norm of the residual

indeed decrease at the same speed, and that the beginning of the asymptotic regime cor-
relates with the stabilization of the factor p at m ~. This correlation is made clearer in
Figure 5.3, where the rates of change of the factors p and ||res|| are plotted. Indeed, we see

. . (m) _ p(m=1)| | . (m)||— (m—1)
that the biggest m at which r,()m) = % is bigger than i) llires™ || —llres Il

res [[restm)]|

is also m = 20. In the range m > 20, Tgm) becomes significantly smaller than 1",(«2?.

Note that rﬁ(;m) and rﬁg) can be cheaply evaluated at each iteration step as a complement
of the error estimator 74,,. Comparing both rates of change gives a way to decide whether
the error estimator is reliable or not. The efficiency of the error estimator, however, depends
on the shift M, and it is for the moment not clear how to estimate this quantity.

We have made a qualitatively similar observations for other values of k£ on the boundary
of the irreducible Brillouin zone. However, the shift M observed between the error and the

error estimator in the asymptotic domain does not stay constant with k but varies within
the range 6 — 20 iterations.
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FIGURE 5.2. Evolution of the factors composing the error estimator
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FIGURE 5.3. Rates of change of the factors composing the error estimator

6. CONCLUSION

We have developed a residual-based estimator which approximates the algebraic error
resulting from the solution of the discrete generalized linear EVP by an iterative method.
The error estimator approximates the error in the norm arising from the sesquilinear forms
defining the EVP, and can therefore by combined in an error balancing procedure with

already

existing estimators of the discretization error. We have shown how to heuristically

determine whether enough iterations have been computed for the error estimator to be

reliable.
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