An a posteriori error estimator for
hp-adaptive discontinuous Galerkin
methods for computing band gaps in
photonic crystals

S. Giani *

Abstract

In this paper we propose and analyze a hp-adaptive discontinuous finite element
method for computing the band structure of 2D periodic photonic crystals. The
problem can be reduced to the computation of the discrete spectrum of each mem-
ber in a family of periodic Hermitian eigenvalue problems on the primitive cell,
parametrised by a two-dimensional parameter - the quasimomentum. We propose
a residual-based error estimator and show that it is reliable and efficient for all
eigenvalue problems in the family. In particular we prove that if the error estima-
tor converges to zero then the distance of the computed eigenfunction from the
true eigenspace also converges to zero and the computed eigenvalue converges to a
true eigenvalue. The results hold for eigenvalues of any multiplicity. We illustrate
the benefits of the resulting hp-adaptive method in practice, both for fully periodic
crystals and also for the computation of eigenvalues in the band gaps of crystals
with defects.

1 Introduction

Photonic crystals (PCs) are constructed by assembling portions of periodic
media composed of dielectric materials and they are designed to exhibit in-
teresting properties in the propagation of electromagnetic waves, such as
spectral band gaps - i.e., monochromatic electromagnetic waves of certain
frequencies may not propagate inside them. Media with band gaps have
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many potential applications, for example, in optical communications, filters,
lasers, switches and optical transistors; see [22, 28, 23, 8] for an introduction.
In this paper we consider only 2D PCs, whose structure is periodic in the
plane determined by two orthogonal directions and is constant in the direc-
tion normal to that plane. The behavior of light in these kind of devices can
be predicted solving a family of problems of the form: seek eigenpairs of the
form (\,u) € C x HX(Q), with u appropriately normalized, such that

/Q(A(Vjtm)u) ((V+irk)) = )\/QBuﬂ in Q, for all v € HX(Q), (1.1)

where 2 is the primitive cell of the photonic crystal and H!(f2) is the space
all functions of H'(Q) satisfying periodic boundary conditions on 9. The
scalar functions A and B in (1.1) are real and bounded above and below by
positive constants for all x € €0, i.e.

0 < a < A(x)

IN

a forall z e, (1.2)
0 <b< Bx) <b forall xe. (1.3)

In this paper we will assume (as it is generally the case in applications), that
A and B are both piecewise constant on ) and we will also assume that any
jumps in A and B are aligned with the meshes used in this work.

A very popular practical numerical method for PCs is the Fourier spectral
method (also called the “plane-wave expansion method”) [27, 22, 13, 25, 26].
This method exploits the periodicity in the PC and uses modern highly tuned
FFT algorithms to obtain fast implementations. However the overall rate
of convergence of approximate spectra to true spectra is slow because the
jumps in the dielectric permittivity destroy the exponential accuracy which
is achieved by Fourier spectral methods on smooth problems.

In recent years papers on finite element methods (FEMs) for PC prob-
lems have started to appear, especially on low order FEMs [10, 12, 14, 15].
Even more recently there has been considerable interest in h-adaptive and
hp-adaptive FEMs. Examples of the former technology applied to PCs can
be found in [21, 20]. In this paper we are going to focus in the latter technol-
ogy which could achieve an exponential convergence rate. The are already
examples of a priori hp-adaptive methods in [29, 30], but as far as we know
a derivation for this problem of a reliable and efficient a posteriori error es-
timator with hp-adaptivity is still missing. Also in contrast to the majority
of works mentioned above we are not using a continuous Galerkin method,
but instead a discontinuous Galerkin (DG) method.

One of the main reasons why DG methods are widely used is because they
offer advantages in the context of hp—adaptivity over standard conforming
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FEMs. For example they provide increased flexibility in mesh design (irregu-
lar grids are admissible) and the freedom to choose the elemental polynomial
degrees, without the need to enforce continuity between elements, make the
realization of numerical codes simpler. It is already possible to find a DG
method for PCs in [16]. However in that paper there is no a posteriori error
analysis and also the DG method is different from the one presented here
because it is non-Hermitian.

The paper is structured as follows. In the next section we derive the
family of eigenvalue problems for photonic crystals. We then introduce the
symmetric interior penalty discretisation for the model problem after first
defining some appropriate function spaces and trace operators. The a pos-
teriori error estimator is stated in Section 4 and its reliability and efficiency
shown, up to higher order terms. In Section 5 we describe in details our
numerical method and how we use it. Then we present two numerical exper-
iments to validate our theoretical results. The first experiment is on periodic
structure, while the second one is on a photonic crystal with a defect.

2 Photonic crystal eigenvalue problem

The mathematical development (see e.g. [23]) begins with the Maxwell’s
equations for a monochromatic electromagnetic wave of frequency w:

VxE,=-%H, V- uH,=0,

V x H, = 2¢E, , V-¢cE,=0. (24)

where E,, is the electric field, H,, is the magnetic field, € and p are, respec-
tively, the dielectric permittivity and magnetic permeability tensors, and ¢
is the speed of light in a vacuum. We assume the medium is periodic in the
(x,y) plane and is constant in the third (z) direction and that the material is
non-magnetic (so g = 1). The problem (2.4) splits naturally into two inde-
pendent problems, called transverse magnetic (TM) and transverse electric
(TE) modes, as explained in [23]. On the assumption that the medium is
isotropic (so ¢ is scalar-valued), the problems are
2

Au,, + w—2€uw =0 (TM case) , (2.5)
c
and
1 w?
V. =(Vu,) + —u, =0, (TE case) . (2.6)
£ ¢

Both problems (2.5) and (2.6) may be written in the abstract form as that
of seeking (A, u) with u # 0 such that

V- (AVu)+ ABu = 0. (2.7)
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So far (2.7) is posed over R? with periodic coefficients.

A 2D periodic medium can be described using a lattice L := {R =
niTy + nety , My, mg € Z} , where {r, 1y} is a basis for R, The (Wigner-
Seitz) primitive cell for L is the set Q of all points in R?* which are closer
to 0 than to any other point in L - see [9]. When Q is translated through
all R € L, we obtain a covering of R? with overlap of measure 0. The
reciprocal lattice for L is the lattice L generated by a basis {kj, ky}, chosen
so that r; - k; = 2mé;; , 1,7 = 1,2, where §;; is the Kronecker delta and
the primitive cell for the reciprocal lattice is called the first Brillouin zone,
which we denote here by K [9)].

For example, if L is the square lattice generated by {e;, ez} (where e;
are the standard basis functions in R?), then Q = [—0.5,0.5], L is generated
by {2me;,2mes} and the first Brillouin zone is K = [, —i—7r] . Such square
lattices are used in all numerical experiments in Section 5.

The Floquet transform - see, e.g. [23] - may them be used to show the
equivalence of the problem (2.7) to a family of problems on the primitive cell
(2 parametrized by quasimomentum x € . This is the family

(V+ir) - AV+ir)u+ABu = 0 on{, keK, (2.8)

where 4 is the Floquet transform of u and ) is the corresponding eigenvalue
which now depends on x. This equation should again be understood in the
weak form - a rigorous derivation can be found for example in [11]. In order
to recover the spectrum of the problem (2.7), it is sufficient to compute the
union of all the spectra of the problems in the family (2.8) for all x € K, and
these problems have discrete spectra [23]. Writing (2.8) in weak form gives
precisely (1.1).

Throughout L?(€2) denotes the usual space of square integrable complex
valued functions equipped with the weighted norm

1flos = b N2, b(f.g): / Bfg. (2.9)

H'(Q) denotes the usual space of functions in L*(2) with square integrable
gradient, with H'-norm denoted | f];, and H!(Q) denotes the subspace of
functions in f € H(Q2) which satisfy periodic boundary conditions on 0.
We will also need the fractional order spaces H!™5(Q), s € [0,1]. When we
want to restrict these norms to a measurable subset S C €2, we write || f||o.5.5.

[ fll.s, ete,
Problem (1.1) can be rewritten as: seek eigenpairs of the form (\;,u;) €

R x HYX(Q) such that
a(uj,v) = X buj,v), forall veHLQ) }

2.10
lullos = 1, (2.10)
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where
a(u,v) = /Q(A(V +ir)u) - (V+ik)v), blu,v) = /QBuE :

It is easy to see that a, is a Hermitian form on H!(f2), which is bounded on
H'(Q) independently of x € K.

3 Discontinuous Galerkin discretization

In this section, we introduce the hp-version of the symmetric interior penalty
(SIP) finite element method for the discretization of (2.10). Our formulation
differs from the formulation in [16] because it is Hermitian and due to the
design of the penalty parameter, it is suitable for hp-adaptivity.

Throughout, we assume that the computational domain €2 can be parti-
tioned into a shape-regular triangulation 7, i.e. there exists a constant Cleg
such that for any element K

hK S Creg PK (311)

where hg is the diameter of the element and pg is the diameter of the biggest
ball inscribed in K. Also we assume that the elements are affine triangles. We
store the elemental diameters in the mesh size vector h = { hy : K € T }.
Let us also denote by h the maximum of all hg in the mesh. We refer
to F' as an interior mesh face of 7 if FF = 0K N 0K’ for two neighboring
elements K, K’ € 7 whose intersection has a positive surface measure. For
PC problems we do not have any boundary faces because problem (2.10) is
subject to periodic boundary conditions, therefore all faces of the mesh along
0f) are actually interior faces, too. For this reason we don’t need to treat
the faces on 0N differently from any other face in the interior of the mesh.
The set of all interior mesh faces is denoted by F(7), the diameter of a face
F is denoted by hr. We allow for 1-irregularly refined meshes 7 defined as
follows. Let K be an element of 7 and F' an elemental face in F(K), then
F may contain at most one hanging node located in the center of F' and at
most one hanging node in the middle of each elemental face of F'.

In order to define the hp-version finite element space on 7, we begin by
introducing polynomial spaces on elements and faces. To that end, let K € T
be an element, we set P,(K) to be the set of polynomials on the element K
of total degree less than or equal to p. Similarly for any face F' € F(K) we
define P,(F) to be he set of polynomials on F' of total degree less than or
equal to p. Then, we assign a polynomial degree px > 1 with each element
K of the mesh 7. We then introduce the degree vector p = {px : K € T }.
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We assume that p is of bounded local variation, that is, there is a constant
0 > 1, independent of the mesh 7 sequence under consideration, such that

o' <pr/p <o (3.12)

for any pair of neighboring elements K, K’ € 7. For a mesh face F' € F(7),
we introduce the face polynomial degree pr by

pr = max{pg, px-}, if F=0KNoK*®e F(T). (3.13)

Let us also denote by p the minimum of all px in the mesh.
For a partition 7" of 2 and a polynomial degree vector p on 7, we define
the hp-version DG finite element spaces by

Sp(T) ={v e L*(Q) : v|g € Py (K), KeT}. (3.14)

Y,(T) ={ve[L*()]? : v|g € [P (K)?, KT}, (3.15)

Next, we define some trace operators that are required for the DG meth-
ods. Let K™ and K~ be two adjacent elements of 7, and F € F(7T) given
by F' = 0K T NOK~. Furthermore, let v be a complex scalar-valued function
and let 7 be a complex vector-valued function, that are smooth inside each
element K*. By v* and 7%, we denote the traces of v and 7 on F taken
from within the interior of K*, respectively. Then, since we are dealing with

jumping coefficients we need to use the definition of the weighted average of
the diffusive flux A7, for any 7 € ¥,(7), along F' € F(7) introduced in [34]

{AT} = w (A7) +wt(AT)T,
where
nt A ng-
nt A ng- +nf, Atng.’

W — nl}(+A+nK+ w
n'._ A ng- +nf Afngs

+:

where we denote by ny+ the unit outward normal vector of 9K, respectively.
Similarly, for a scalar function v € S,(7) we have the following weighted
average

fo} =w vt +wtv .
Then, the jump of v and 7 across F' € F(7) is given by
[v] = v ng+ + v ng-, [A7T] = (A7)" -ng+ + (A7) -ng-.

The derivation of the SIP method for the operator in (2.10) follows the
argument in [1]. First we write the problem —(V +ix) - (A(V +ik)u) = fB,
for all fin L?*(2), as a first order system with periodic boundary conditions:

o=AV+ik)u, —(V+ir)-c=fB inQ, (3.16)
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which should be intended in weak form. Then we consider the following
general discrete problem of the variational formulation of (3.16): Find uy, €
Sp(T) such that for all K € T we have

/Uhp~7dx = —/uhp(v+i/<a)~(.,4?)dx
K K

+/ ik A -ngeds Vr € 5,(T) | (3.17)
oK -

/ahp-(VjLi/i)vdx = /Bf@dx
K K
+/ Ok -ngvds Yve S,(T), (3.18)
oK -

where the numerical fluxes & = (ux)xer and 0 = (0 ) ger are approxima-
tions of u and o, which are defined as

U:HYT)—T(), &:HXT)x[HYT)?— [T,

where the space H*(T) C L*(f2) contains all the functions whose restriction
to each element K belongs to H*(K) and where T(T') := Igc7L*(0K).
Summing (3.17) and (3.18) over all elements K we obtain

/Uhp~7dx:—/uhp(V—i-if-c)-(A7)dm+Z/ U AT - ng ds
Q Q oK

KeT

[ow Fimpar= [ Broars Y [ wngvas.
. @ oK

KeT

and then using the identity

Z /aK qrAr Oy - e ds = /F[[q]] JAY + {q}[AP] ds

KeT

we obtain taking v = up
/Qahp-?dz = —/Quhpm-(fl?)dx

+ /F @] - { A7) + (@) [AT] ds (3.19)

/Qahp-mda? _ /stmx+/r[[@]]-{{a}»}+{{@}[[a]]ds (3.20)

Using the following identity on (3.19)

—/Qv(Ver)-(A?) dg::/QA(V%—Z'/{)U-?da:—/F[[v]]-{{A?}}+{{v}[[A?]] ds
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we obtain

[ owmide = [ AVtinju, T dos [ -un] {ATY+ (- u, b AT ds.
0 0 r

(3.21)
Recalling that (V + ir)S,(7) C £,(7) and defining the lifting operators:
r:[LA()]? — 2,(7) and [ : L*(T') — %,(7T) by

/Qr(go)-A?dx:—/ng-{{A?}}ds, /Ql(q)-A?dx:—/Fq[[Aﬂ]ds

we may rewrite (3.21) as
onp = ANV +ir)up, — A r([u —upy)) — A UU — upp}}) (3.22)
Then substituting (3.22) in (3.20) we obtain

/Q.A(V +ik)upy - (V + ik)vde + /F[[ﬂ — upp] - LAV +ik)v} ds
+ /F{{ﬁ — upp JLAV + ir)v] — {7} - [7] — [o]{v} ds
:/Bﬁm.@%)
0

Finally defining the numerical fluxes as u = {{up,}} and 0 = {A(V +
ik)unp } — Yp%/hruny] and choosing f = Apyup, we obtain the SIP method
of (2.10): Find (App, unp) € R x S,(T) such that

ahp,n(uhp, Uhp) = )\hp b(uhp, ’Uhp) V’Uhp c SB(T)’ (324)
and with [[uz,llo = 1, where

App (U, V) Z/ AV +ik)u- (V +ik)vde

KeT

Z/ {ANV +ir)u} - [[]]+{{A(V+i/€)v}}-[[u]])ds

FeF(T)

+ZW9F/

FeF(T)
(3.25)

where the parameter v > 0 is the interior penalty parameter.
We need another norm in the analysis, the following norm is the modifi-
cation for PC problems of the DG norm already used in [6, 35]:
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Definition 3.1 (Energy norm): For any u € S(h) := S,(T) + H'(Q)

VPi
lullfr =D lullfx+ D FII 15, (3.26)

KeT FeF(T)

To be able to carry on the a posteriori analysis, we must perform a non-
consistent reformulation of the DG discretization (3.24). To this end, we
introduce the following lifting operator already used in [5, 1]. For any v
belonging to S(h), we define L(v) € ¥,(7) by L(v) := —r([v]). Now the
following extended bilinear form dy,, .(u,v) can be introduced:

pp (U, V) Z/ AV +ir)u - (V +ik)vde

KeT

— Z / AL(u) - (V + i) + ALD) - (V + ir)udz (3.27)
KeT

+ Z WjF/ U] ds = A /uBde.
FeF(T) “

Remark 3.2: Tt is clear that Gppx(-,") = anps(:,+) on Sp(T) x Sy(7) and
anpr(+, ) =a(-,-) on HY(Q) x HX(Q).

It is easy to see that both ay, , and ay, . are Hermitian forms and by the
positiveness of A assumed in (1.2), we have

app.r(u,u) > g/ (V +ik)u|> >0, foralluec HLQ). (3.28)
Q

Since app(u, w) is not always strictly positive (for u # 0), since if K =
(0,0) then dapy,,.(1,1) = 0. Thus we introduce the shifted Hermitian form:
Ahpe.s(Uy V) 7= App (1, v)+5 b(u, v) with the fixed shift s := max,cx |x|*a/b +
1. Similarly we introduce also the shifted Hermitian form ap, . s(u,v) =
app i (u, v)+5 b(u, v). These shifted forms are never used in the computations,
only in the analysis.

So the shifted versions of problems (2.10), (3.24), (3.27) are: Seek eigen-
pairs of the form (0;,u;) € R x HX(Q) such that

aps(uj,v) = 8; b(uj,v), foral oveHLQ) }

3.29
lulls = 1 (329)

Seek eigenpairs of the form (9;np, ujnp) € R X Sp(T) such that

Ahp,re,s(UWjhps Vhp) = O hp D(Ujnp, Unp)  Vupy € Sp(T), } (3.30)
4 npllo,5 =1
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Seek eigenpairs of the form (0;,u;) € R x S(h) such that

Qnp,rs(uj,v) = 0 b(uj,v), forall veS(h) } (3.31)

w05 =1

The presence of the value s shifts the spectrum by a length s, keeping the
eigenfunctions the same. So for example if (A, ujpnp) is an eigenpair of
(3.24), then (0, p, ujpp) is an eigenpair of (3.30) with A; 4, = 0,4, — 5.

It is possible to prove, reworking the proofs in [5, Lemma 4.3, Lemma 4.4],
that the bilinear form @, . s(-, -) is continuous on S(h), i.e.,

|anp,m,s(u, 0)] < Cglluller |vller (3.32)

with a constant C'; > 0 independent of h and p, and that it is also coercive
in H}i(Q), i.e.,
[l 7 S s (1, w) -
The distance of an approximate eigenfunction from the true eigenspace

is a crucial quantity in the convergence analysis for eigenvalue problems es-
pecially in the case of non-simple eigenvalues.

Definition 3.3: Given a function v € L?*(€2) and a finite dimensional subspace
P C L*(Q), we define:

dist(v, P)y = mig |lv —wl|o - (3.33)
we

Similarly, given a function v € S,(7) and a finite dimensional subspace
P C HYQ), we define:

dist(v, P)pr = m617131 v —w|g7r - (3.34)

Lemma 3.5 links together the two quantities of interest in the convergence
analysis, namely the error in the eigenvalues and the error in the eigenfunc-
tions.

Definition 3.4 (Residual of the eigenvalue problem): Let define the residual of
(3.31)
R(uj,v) = Apprs(uj,v) —d;b(uj,v) , (3.35)

where u € H*(Q), with s > 2, is the solution of the linear problem and
v e Sh).
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Lemma 3.5 (Identity result for the extended form): Let (A, u;) be a true eigen-
pair of problem (2.10) with ||wlo = 1 and let (\; 4, ujnp) be a computed
eigenpair of problem (3.24) with ||u;sp|lo = 1. Then we have:

e, (Ut — W ppy W — Ujp) = Oillr = ujmplle + mp — 61 4 2R (s, tj — ).

Proof. Using the linearity of the bilinear form dap, (-, -) and using (3.29) ,
(3.24); we have

Ahp re,s (W —Uj hpy Wi—Uj.pp) = Op + O hp — 20np .5 (W5 W) pp) +2010(0g, W) ) —200(1y, Wj ) -

(3.36)
Furthermore, by analogous arguments we obtain
lur = wimplls = 2 = 2b(wr, wjng)- (3.37)
Substituting (3.37) into (3.36) we obtain
~ . 2 ~
Anp,ss,s (U= hps Wi—Uj pp) = Ol = pllg + O mp—01—2np e, (Wi, U pp) +2610(ug, 1) -

Finally noticing that apny . s(w, u;) = §b(w;, v;) and using (3.35) we obtain
the result. -

Remark 3.6: Since problems (3.30), (3.31) are Hermitian, all the missing
proofs of continuity and coercivity for the the bilinear forms and consequently
the proof of a priori convergence for such problems can be reworked form the
proofs in [33].

4 Residual-based error estimator

In this section we write A < B when A/B is bounded by a constant which
may depend on the functions A in (1.2) and B in (1.3), on a, @, b and b, on
Chreg in (3.11), o in (3.12), v in (3.25), the size of K and on the shift s. The
hidden constant never depends on h or p.

Let (Ajnp, ujnp) be a computed eigenpair of (3.24). For each element
K € T, we introduce the following local error indicator n; x which is given
by the sum of the three terms:

7732',K = 77J2',RK + 77;2',FK + 7732',JK ) (4.38)
where the first term 7); g, is the residual in the interior of the element K:

M ke = Pic Wil A Bitgng + (V + k) - AV +ik)uin 6 -
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the second term 7); g, is the residual on the faces of K:
2 -1 : 2
Nj,Fy = Z pF he||[A(V + m)uj,hp]]HQF )
Fe]—'

and finally the residual 7; ;, measures the jumps on the faces of K of the
approximate solution w;

1 Vpi
UJZ,JK =9 Z A . H[[“j,hp]]HaF-
rer(k) T

Summing (4.38) on all elements we obtain the global error estimator 7;:

= (4.39)

KeT

Remark 4.1: In the definition of residual-based error estimators in other works,
e.g. [33], the faces on the boundary of the domain € and the faces in the
interior contribute differently to the error estimator. Instead, in (4.39) all
faces contribute in the same way due to the periodic boundary condition
imposed on 0f2.

We recall the standard hp-approximation results from [3, Lemma 3.7]:
For any v € H (), there exists a function vy, € S,(T) such that

pichi v = v llg i S NVOIG K
IV —omp) 51 S 1VIIG & (4.40)
prhi v = vmllg oxc S 1VOIG K

for any element K € 7.
In order to prove the reliability, we decompose a computed eigenfunction
Uj pp into a conforming part and a remainder:

Ujhp = + u] hp>

where u$, = Inujn, € Sy(T) C H}F(Q) is defined using the averaging

operator I, in [5, Lemma 46] for which the following results holds:

D IVEe =I5k S D th I, £ (4.41)

KeT FeF(T

Yo llo—Dpllie S pEQhFII [115. - (4.42)

KeT FeF(T
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Then the remainder u},, is given by uf,, = w;np — g, € Sp (7).
luj = winp e < lJuj = ufpller + ujpller - (4.43)

Then to prove reliability for eigenfunctions it is just necessary to bound both
terms in the right hand side of (4.43) using n;. The proof that

[ubpller < ), (4.44)

uses (4.41), (4.42) and it is equivalent to [5] or to [4, Lemma 4.1] and we
omit it for brevity.

On the other hand, to bound [| u; — u§,, (5.7 in (4.43), we split app . s(-, ) =
Dpy(+,+) 4+ Chp(+, -) where

Dy, (u,v) = Z/ A(V +ir)u - (V +ik)v + suBodz + Z WDF/ v] ds,

KeT FeF(T)

Chp(u,v) = Z /{{Av—i—mu}} Jds — Z /{{Av—i—m)v}} [u] ds

FeF(T FeF(T

The form Dj,(u,v) is well-defined for u,v € S(h), whereas Ch,(u,v) is only
well-defined for discrete functions u,v € S,(7). Furthermore, we have

s (U, V) = Dpp(u, v) Yu,v € HX(Q), (4.45)
as well as
Ahpr.s(U, V) = Dpy(u, v) + Chyp(u, v) Vu,v € Sp(T). (4.46)

Lemma 4.2: For any v € H1(Q), we have

/ 5)’“]'8( Uhp) dr— th(u] hp, V— Uhp)"‘chp(uy hps Uhp) (UJ"‘Ehp) | v HE T,
Q

where

h
By = 2115 = Aspttimllo + Zslltts = wsmpllo -
Here, vy, € S,(7) is the hp-approximation of v satisfying (4.40).

Proof. For brevity, let us set

T= / 05 B(v — vnp) d — Dip(ujnp, v = Vnp) + Chp(thj hps Vnp)-
Q
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Integrating the volume terms by parts we obtain

T = Z / (0;u; B+ (V +ir) - AV 4+ ik)u;pp — sujppB) (0 — vpy) do

VPF
W) npl — Upp] ds
R
— > | TANY +ir)up] o= vnp} ds — TANY +ir)ony} - [ujpy] ds
FEF(T)/F FeF(T) /

= T1+T2+T3—|—T4.

Using the Cauchy-Schwarz inequality and the approximation properties (4.40)
and recalling that 0; — s = A; and that 0;4, — s = \; 5, we have that

T, = Z / (AjnpBujnp + (V +ik) - AV +ik)ujpp) (v — vpyp) da

KeT

£y / (st — Aty ) BT Tg) + 5(tt; — tt3p) B0 — 0py)

KeT

h
S (X ) Noler +2 ||Auy Mgt plloll v 17 + = sllts = wsmlloll v 7
KeT p

For term T;, we again exploit the Cauchy-Schwarz inequality to conclude
that

> Vb s IIOF) (X pehi ||v—vhp]]||0F) |

FeF(T) FeF(T)
Thus, from (3.11), (3.12) and (4.40), we obtain the bound
s (D nis) Ivlsr
KeT

Similarly, term T3 can be bounded by

1

T hlEr)”

[NIES

> phelllAN + ihuwlBe) (D pehp =

FeFi(T) FeF(T)

E
S (X e vl

KeT
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In a similar way we use Cauchy-Schwarz inequality, (3.11) and (3.12) also for
the term T}:

1

S i sz ) (3 pihe |AT F iRunglonc)

FeF(T) KeT

From the standard hp-version inverse trace inequality, see [7], we conclude

that ) .
_ 2 2
TSy (D n2a) (X Ivwlin)
KeT KeT
furthermore, using the approximation properties in (4.40),

Do lomllfie S D0 o —ompliie + D lllE ke S N ollsr

KeT KeT KeT
where we have assumed safely that hg /px < 1. Hence
1
B 2
Ty S 1( Z 77]2;JK> vl
KeT

The bounds for T3, T, T3, and T imply the assertion. [ ]
We are now ready to bound || u; — u,, g7 in (4.43).

Lemma 4.3: Let (A np, ujnp) be a computed eigenpair of (3.24) and let (\;, u;)

be an eigenpair of (1.1). Then we have for u§, = Iy, u;s, that:

lw; = wGpp ez S 15+ A5 = Ajmpttsmpllo + slluj = 1w npllo-
Proof. Since u; — u$,,, € H1(Q), we have from [21, Lemma 2.1] that
|| Uj — u;,hp H]%],T 5 ahpﬁ,s(uj - u;,hpv U)? (447>

where v = u; — uf, . To bound the right-hand side of (4.47), we note that,
by (4.45),

App s, s (U — jhp,v):/ @Buﬁdm—ahp,m(u;hp,v):/ @Buﬁd:ﬁ—th(u;hp,v).
Q Q

It is straightforward to see that Dy (u$,, v) = Dap(tjnp, v) + R, with

Z/ AV +ir)uly,, - (V +ik)vdr .

KeT
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Furthermore, from (3.30) and (4.46), we have

/ 0 npBUj ppUny dx = th(uj,hpv Uhp) + Chp(uj,hpv Uhp)a
Q

where vy, € Sp(7) is the hp-approximation of v. Combining these results,
we thus arrive at

(it — Uy, ¥) = /

(0;Buj — 0; ppBu; pyp)Onp dx + / 0;Bu;(v — vpyp) da
Q

Q

—Dip(t hp 0 = Vnp) + Chp (s Unp) — R .
(4.48)
Using (4.40) we have

[onpllo S [Vllo + llvllo S llollve
then from (4.48) we obtain:

Ahpor,s(Uj — UG 4 0) < |0jus — 85 mpttjmplloll v |le.r +/ 0 Buj(v — vpy) d
Q

—Dhp(tjnp, v = Vnp) + Chyp(W hpy Vrp) — R
(4.49)
The estimate from Lemma 4.2 and the fact that

[005 — 85 mptijmpllo < [[Aju; — Ajnptjmpllo + sllws — wjmpllo

now yield

s (Uj — UG gy V) S (77]' + [ Ajug = Ajnptjpllo + sllu; — Ujvhp||0> | vler+|R].

(4.50)
It remains to bound | R|; from the Cauchy-Schwarz inequality and (4.44), we
readily obtain

1Bl S Nl ezl ol S nyll o ller (4.51)
The desired result now follows from (4.50) and (4.51). n
The proof of Theorem 4.4 readily follows from (4.43), (4.44) and Lemma 4.3.

Theorem 4.4 (Reliability for eigenfunctions): Let (Ajpp, ujn,) be a computed
eigenpair of (3.24) converging to the true eigenvalue \; of multiplicity R+1 >
0. Then we have that:
dist (wjnp, £1(Aj))er S 0 + G
where
G = [Xjuj = Ajnptumpllo + sllu; — wjnpllo

and where u; is the minimizer of (3.33).
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Proof. From (4.43), (4.44) and Lemma 4.3 we have that:

dist(wjnp, L1(N\j))er < luj — u§ppller + ||u)pller

Sy + Iy — Ajnpttgapllo + sllw; — wjmpllo -

Theorem 4.5 (Reliability for eigenvalues): Let (\; 4y, ujnp) be a computed eigen-
pair of (3.30) and converging to A; of multiplicity R + 1 > 0. Then we have
that:

|>‘j — Al S 7732""(;/ )

where

2
G = <||>\juj — NjhpUjhpllo + sllu; — Uj,tho) + 2n); <H>‘j“j — AjhpUjhpllo + sllu; — Uj,hp||o)

F2[R(4;, 45 — wjinp)l;
where u; is the minimizer of (3.33) and «; is the minimizer of (3.34).

Proof. Applying (3.32) to Lemma 3.5 and also noticing that &;||t; —w; ppl|2 >
0 we have

IXj = Njwpl = 105 = 8np] S dist(wjpp, By(A) e + 2R (G, @5 — wjpgp)| -

Applying Theorem 4.4

2
A =Nyl S (ﬁﬁ||>\juj—Aj,hpuj,thmLSHUj—Uj,hp||0) +2| Ry, Uy —wujpp)|-
[ |

Remark 4.6: The terms G and G’ are not computed since they are higher
order terms [33].

The proof for the efficiency of the error estimator 7; follows standard
arguments involving bubble functions ([32, Lemma 3.3]), that have been
already presented in [33, 32] and in other papers, so for sake of brevity we
are omitting the proofs of the following lemmas. As already mentioned in
other paper, i.e. [2, 4], the efficiency result is robust only in h.

Lemma 4.7: Let (A pp, ujnp) be a computed eigenpair of (3.24) and converg-
ing to \; of multiplicity R +1 > 0. Then we have that:

(3 )" 5 distonp. B0y

KeTg
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Lemma 4.8: Let (A; np, ujnp) be a computed eigenpair of (3.24) converging to
eigenvalue \; of multiplicity R +1 > 0. Then we have that:

1/2 ‘ h h
( > 77]2',RK> S dist(ugnp, E1(A))m 1+ 1A mpts np— Mg o+ — s uj—ujnpllo,
KeTk p p

where u; be the minimizer of (3.34).

Lemma 4.9: Let (Ajnp, ujnp) be a computed eigenpair of (3.24) and converg-
ing to A; of multiplicity R +1 > 0. Then we have that:

1/2 _ h h
( > 77]2‘,FK> S dist(w)np, E1(A7)) e 1+ =1\ = A npttsnpllo+— 5[t —wjnpl o,
KeTk p p

where u; is the minimizer of (3.34).

The proof of the efficiency result Theorem 4.10 follows in a straightfor-
ward manner from Lemmas 4.7-4.9.

Theorem 4.10: Let u; be an eigenvalue of (2.10) and s, € S,(7) be its
DG approximation obtained by (3.24) with ~ sufficiently large. Let the error
estimator 7; be defined by (4.39). Then we have the bound

. h h
n; S dist(ujng, B1(N))e 1 + ;H)\j,hpuj,hp — Ajugllo + ESHUJ'JLP — o -

5 Numerical methods and numerical results

First of all we would like to illustrate with an example and presenting plots
and pictures the way to proceed in order to compute the spectrum of a PC.
The spectra of photonic crystals typically contain band gaps, but, for many
applications, the identification of band gaps is not enough. Commonly it is
necessary to create eigenvalues inside the gaps in the spectra of the media.
The importance of these eigenvalues is due to the fact that electromagnetic
waves, which have frequencies corresponding to these eigenvalues, may re-
main trapped inside the crystal [17, 19]. The common way to create such
eigenvalues is by introducing a localized defect in the periodic structures —
see [19] and [18, Theorem 2]. Such localized defects do not change the bands
of the essential spectrum [18, Theorem 1]. For sake of brevity we are going
to consider only the TE case in this example. In this case A is piecewise
constant, B = 1 and there are typically localized singularities in the gradi-
ent of the eigenfunctions at corner points of the interface in the dielectric ¢,
leading to a strong need for adaptivity.
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The first step in order to analyze a PC is to compute the band structure
of the periodic structure of the crystal. In this example we consider a square
unit cell with a square inclusion of side 0.5 centered inside it. We choose
A to take the value 1 outside the inclusion and the value 0.05 inside it,
see Figure 1. This is a realistic example, since expected jumps in dielectric
permittivity of real photonic crystals are of this order.

Fig. 1. Structure of the primitive cell.

In order to produce accurately the band structure of the crystal it is
just necessary to compute the eigenvalues of (1.1) for the values of x in the
reduced Brillouin zone, see Figure 2, instead of using the entire first Brillouin
zone.

0.6

0.4

0.2

Fig. 2. The dark triangle is the reduced Brillouin zone for the primitive cell
in Figure 1.
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Each eigenvalue of (1.1) can be seen as a function of the quasimomentum
A;(k), in this way we can obtain the plot in Figure 3, where we have plotted
just the first four bands and for sake of clarity we just considered the values of
x on the border of the reduced Brillouin zone. As can be seen the minimum
and the maximum of each function A\;(x) delimit a band of the spectrum and
between bands sometimes gaps can be found. In this example there is a gap
between the first and the second band. The frequencies of light corresponding

to points in the gap are not allowed to travel across the periodic structure of
the PC.

Fig. 3: Band structure of the spectrum for the periodic crystal. The gap
between the first two bands has been highlighted in yellow.

Now considering as a primitive cell a bigger portion of the periodic struc-
ture, like in Figure 4, has no impact on the presence or positions of gaps in
the spectrum, see Figure 5. On the other hand the structure of the bands
changed in the way that each band split in a multitude of smaller bands.
Now the gap is between the 25th and the 26th band.
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Fig. 4: Structure of the bigger primitive cell.

Fig. 5: Band structure of the spectrum for the periodic crystal with primitive
cell as in Figure 4. The first gap has been highlighted in yellow.

Finally, as predicted by the theory [23], the presence of a compact defect
in the periodic structure can consequently create localized eigenvalues in
the gaps that correspond to trapped modes. These modes can travel the
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all length of the PC with almost no losses. The best way to search for
these trapped mode is to consider the supercell framework [31], in which
the considered primitive cell (called supercell) is a portion of the periodic
structure including the defect. Since of the periodic boundary conditions,
the defect is not any more compact because it is repeated in each supercell,
see Figure 6. So the introduction of the defect in the supercell will not lead
to the creation of eigenvalues in the gaps but it could create narrow new
bands in the gaps which shrink exponentially fast to eigenvalues when the
number of layers of periodic structure around the defect in the supercell is
increased [21, Table 7]. Computing the band structure of the supercell we
obtain Figure 7 where a new narrow band of index 7 = 25 is now present in
the first gap.

Fig. 6: Structure of the supercell with a defect in the center.
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0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fig. 7: Band structure of the spectrum for the supecell in Figure 6. The first
gap has been highlighted in yellow and the newly created trapped
band in red.

So the best way to numerically discover these trapped mode is first to
compute the position of the gaps in the spectrum of the periodic structure
with no defects and then check for the presence of any band for the supercell
problem in span of the already computed gaps for the periodic structure.

This way to proceed, that could seem rather complicated, is numerically
efficient because the localization of the gaps is done on the single cell problem,
that is a small problem to solve. Then on the supercell with the defect, only
the eigenvalues in the gaps are computed. That could be easily done using
the shift and invert spectral transformation in ARPACK [24] and setting the
shift value to be the middle point of a gap.

The algorithm used to compute all numerical results in this section is
presented in Algorithm 1, which takes as input: an initial mesh 7, an initial
DG space S, the index j of the eigenpair to approximate, a real value 0 < ¢ <
1 to tune the fixed-fraction marking strategy and finally a real and positive
value tol which prescribes the required tolerance. The algorithm has a very
simple structure that consists of a repeat-until loop. During each iteration of
the loop a new approximation of the eigenpair of interest is computed, then

the error estimator is calculated and, if the estimated error (3 oy n K)l/ ?
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is smaller than the prescribed tolerance tol the algorithm stops; otherwise
the mesh 7" and the space S, are refined and another iteration follows. The
function Refine applies a simple fixed-fraction strategy to mark a minimal
subset of elements containing a portion of the error proportional to . Then
the choice for each marked element between splitting the element into smaller
elements (h-refinement) or increasing the polynomial order (p-refinement) is
made by testing the local analyticity of the solution in the interior of the
element as described in [36]. In the case that we are only interested to use
h-refinement the local analyticity test can be avoided.

Algorithm 1 hp-adaptive algorithm
(Ajhps Winp) = AdaptDG(T, S,(7), 7,6, tol)
repeat -
Compute the j-th eigenpair (X, u;,) on 7T
Compute n; x for all K € T
if (Xxern’x)” < tol then
exit
else
Refine(7, S,(7).6,n;)
end if -

until

5.1 TE case problem on periodic medium

We first consider the TE problem for a periodic medium with primitive cell
as in Figure 1 and with the same choice for A as above.

Starting with a structured mesh of 162 triangular elements and with order
of polynomials equal to 2 everywhere, we use Algorithm 1 with either hA- or
hp-adaptivity. To make the test more complete, we compare the two adap-
tive strategies for different values of the quasimomentum. Figures (8)-(10)
contain the convergence plots for the second eigenvalue for the all considered
different values of quasimomentum. It is possible to see that in all cases with
the hp-adaptivity the convergence is much faster than with only h-adaptivity.
The fact that the curves for the hp-adaptivity approximate a straight line in
semi-log scale, suggests a convergence rate close to be exponential. In con-
trast h-adaptivity delivers only a polynomial rate of convergence, as comes
from the theory.
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Fig. 8: Convergence plots for quasimomentum x = (0, 0)
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Fig. 9: Convergence plots for quasimomentum x = (7, 0)
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0 100 200 300 400 500 600
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Fig. 10: Convergence plots for quasimomentum x = (7, )

In Figure 11 we depict the mesh coming from the twelfth iteration of
Algorithm 1 using hp-adaptivity. The colors indicate the order of polynomials
in each elements, as can be seen in the four corners of the inclusion the
elements are very small, sign of possible singularities in the gradient of the
eigenfunction. In Figure 12 we depict the eigenfunction corresponding to
the eigenvalue in the second band of the problem with quasimomentum s =
(0,0).
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Fig. 11: A refined mesh coming from the hp-adaptive method for x = (0, 0).

5.2 TE mode problem on supercell

Now we are interested in approximating the trapped band discovered in Fig-
ure 7, in order to do that we are now considering as domain of the problem
the supercell in Figure 6. Since now the domain is [—2.5,2.5]%, it comes that
the first Brillouin zone is smaller: [—7/5,7/5]?. As before we compared h-
with hp-adaptivity for different values of the quasimomentum.

Figures (13)-(15) contain the convergence plots for the eigenvalue on
the trapped band for the all considered different values of quasimomentum.
Again it is possible to see that in all cases with the hp-adaptivity the con-
vergence is much faster than with only h-adaptivity.
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Fig. 12: The eigenfunction of the eigenvalue in the second band of the TE
mode problem with quasimomentum x = (0, 0).
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Fig. 13: Convergence plots for quasimomentum x = (0, 0)
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Fig. 15: Convergence plots for quasimomentum x = (7/5,7/5)
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In Figure 16 we depict the mesh coming from the fifth iteration of Al-
gorithm 1, as can be seen there is a lot of refinement around the defect,
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especially around the corners of the inclusions. Away enough from the de-
fect the corners of the inclusions are not much refined anymore. Since the
trapped mode has a fast decay away from the defect, this prevent any strong
singularity to appear in the corners of the inclusions far enough from the de-
fect. This is the reason why the refinement is so concentrated near the defect
and why the corners of the inclusions away from the defect seem not to show
important singularities. In Figure 17 we depict the eigenfunction correspond-
ing to the eigenvalue in the second band of the problem with quasimomentum
k= (0,0).
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Fig. 16: An adapted mesh for a trapped eigenvalue of the TE case problem
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on a supercell with quasimomentum « = (0, 0).
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Fig. 17: A picture of the eigenfunction trapped in the defect of the TE case

problem on a supercell with quasimomentum x = (0, 0).
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