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Recently a new class of discontinuous finite elements, referred to as Dis-
continuous Galerkin Composite Finite Element Methods (DGCFEMs), have
been developed for the numerical solution of partial differential equations,
which are particularly suited to problems characterized by small details in
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Abstract

In this paper we develop the a posteriori error estimation of hp-
adaptive discontinuous Galerkin composite finite element methods
(DGFEMs) for the discretization of second-order elliptic eigenvalue
problems. DGFEMSs allow for the approximation of problems posed
on computational domains which may contain local geometric features.
The dimension of the underlying composite finite element space is in-
dependent of the number of geometric features. This is in contrast
with standard finite element methods, as the minimal number of el-
ements needed to represent the underlying domain can be very large
and so the dimension of the finite element space. Computable upper
bounds on the error for both eigenvalues and eigenfunctions are de-
rived. Numerical experiments highlighting the practical application of
the proposed estimators within an automatic hp-adaptive refinement
procedure will be presented.

Introduction

the computational domain or micro-structures [1, 2J.
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DGCFEM is an extension of a previous continuous Galerkin multilevel
method called Composite Finite Elements (CFEs) [3, 4, 5]. The key idea
of DGCFEMs is to exploit in the discontinuous setting general shaped ele-
ments constructed aggregating standard smaller elements. Compared to the
continuous setting used in CFE methods, the discontinuous setting simplifies
the construction of the basis functions on the coarse aggregated mesh since
no continuity has to be imposed across the edges (faces) of the coarse mesh
and allowing for more general boundary conditions on the micro-structure.
The hp—version of DGCFEMs for source problems has been presented in our
recent article [1]. Moreover, an hp-adaptive algorithm for DGCFEMs for
source problems has been presented in [2]. In this article, we extend the
work presented in [2] to consider eigenvalue problems. In particular, we shall
derive computable upper bounds on the errors for the eigenvalues and the
eigenfunctions which are explicit in terms of the dependence on h and p.
These upper bounds are based on the general techniques developed in the
articles [6, 7, 8, 9]. Numerical experiments highlighting the performance of
the proposed estimator within an hp-adaptive mesh refinement algorithm will
also be presented.

Eigenvalue problems on domains with micro-structures or small geomet-
rical features arise quite naturally in many applications like for example in
response modes of composite materials and porous media and in the study
of band-gap materials like photonic and phononic crystals. One of the most
popular methods to solve problems with periodic micro-structures is homoge-
nization [10, 11, 12, 13]. Homogenization describes the asymptotic behaviour
of the eigenvalues and the eigenfunctions, as the scale of the micro-structure
approaches zero. However, in many engineering problems the small scale is
not such small to justify the use of homogenization or the micro-structure is
not periodic at all, like in random media. A different approach that can deal
with non-periodic structures is based on the variational multiscale approach
in which the variational space is decomposed into coarse scale and fine scale
[14, 15, 16]. As for the variational multiscale methods also our approach is not
limited to problems with periodic micro-structures and the solutions on the
coarse grid are approximated reconstructing relevant information from the
small scale. In contrast with a standard finite element method that ‘stores’
geometrical information in the mesh, DGCFEM ‘stores’ on the coarse grid
level the geometrical information from the fine scale in the basis functions.
Moreover, within this framework, Ap-adaptivity can be easily implemented to
efficiently construct a sequence of adapted meshes and finite element spaces



where the error for the target eigenpair decays very fast. This could be defi-
nitely an advantage in applications where only a small number of eigenpairs
are important and should be calculated with good accuracy.

In this article we consider the following model problem: find the eigen-
pairs (A, u) such that

—Au = M\u in €,

(1)
u =0 on 0f).

Here, © is a bounded, connected polyhedral domain in R% d > 1, with
boundary 0€2; in particular, it is assumed that ) is a ‘complicated’ domain,
in the sense that it contains small details or micro-structures. The standard
weak formulation of (1) is to find u € H}(Q) such that

B(u,v)z/ Vu-Vvdx:)\/uvdXEA(u,v) Vo e Hy(Q), (2)
Q 0

where the space H}(f2) is the standard space of functions with gradient in
L*(Q2) and with zero trace on 9.

The outline of the paper is as follows. In Section 2 we describe how
the composite finite element space is constructed for a domain with small
geometric features. In Section 3 we introduce the discrete version of problem
(1) and the discontinuous Galerkin method. In the following Section 4 the a
posteriori analysis and the bounds on the errors are presented and in Section 5
the numerical results are presented. Finally in Section 6 some concluding
remarks are collected.

2 Construction of the composite finite ele-
ment spaces

In this section, we outline the construction of the underlying composite space.
Such construction is a simplified version of the one used in [1].

2.1 Finite element meshes

In this section we briefly outline a general strategy to generate a hierarchy
of reference and physical finite element meshes. To make the presentation
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simpler, we have simplified the construction of the meshes removing the step
where the nodes are moved to fit better the domain. This simplification
make superfluous the introduction of the sequence of logical meshes as in
[1]. Furthermore we also assume that d = 2, though the general approach
naturally generalizes to higher—dimensional domains.

First, we need to construct a sequence of reference meshes 72., 1=1,...,¢.
We assume that the reference meshes are nested. Formally, we write this as
follows: given k; € ’77%, for some 7, where 2 < ¢ < /¢, the parent element
ki1 € 721._1 such that k; C k;_1 is given by the mapping

Fi_1(Ri) = Rio1

Thereby, the mapping §¢ = §: "' 0§ o...0Fi_,, provides the link between
the parent elements on the reference mesh ’7711,, i =1,...,0 — 1, with its
children on the finest reference mesh '7A7Lé. More precisely, given an element
ke € 77%, the parent element k; € 72, 1 =1,...,¢—1, which satisfies Ky C k;
is given by:
i (Re) = R

In order to ensure that on the constructed sequence of meshes, we proceed as
follows: we define a coarse conforming shape-regular mesh T = {k}, con-
sisting of standard quadrilaterals/triangles in two dimensions (d = 2) and
tetrahedra/hexahedra when d = 3. We assume that T is a non-boundary
fitting mesh is the sense that it does not resolve the boundary of the com-
putational domain €2, but rather contains the domain €2 of the underlying
problem:

Qcop=|J# and  R°NQ#0 Vi € Ty,
ReTH
where, for a closed set D C R?, D° denotes the interior of D. The granularity

of the finite element mesh 77 can be too coarse to actually represent the
underlying geometry 2.



Algorithm 2.1 Refine Mesh

1. Set 7:7L1 = T, and the mesh counter ¢ = 1.
2: Set 771“1 = 0.
3: Forall k € Tp, do

1. If & C Q then T, = Tn,., U{#}:

2. Otherwise refine & = |}, &; here, n; will depend on both
the type of element to be refined, and the type of refinement
(isotropic/anisotropic) undertaken; for the standard red refinement
of a triangular element &, we have that n; = 4. Forvt=1,..., ng, if

ki N Q # 0 then set 7A7W+1 = 771“1 U{#:}

4: If the reference mesh 7A7”Z is sufficiently fine, in the sense that it provides
a good representation of the boundary of €2, then STOP. Otherwise, set
¢ =/(+1, and GOTO 2.

Given 7A’H, we now construct a sequence of successively refined nested
computational meshes using Algorithm 2.1.

We now proceed to define the sequence of physical meshes 7,, i =1,...,¢.
To this end, we define the finest physical mesh 7, to be equal to the finest
reference mesh 72@, ie, Tp, = 771@. The newly created finest physical mesh
Th, is a standard mesh upon which standard finite element methods may
be applied. We may now naturally create a hierarchy of physical meshes
{Tn,}:_, by simply coarsening Tj,. To this end, we define

T

7

= {k:k=U~ky, k¢ € Tp,, which share a common parent from mesh level i, i.e.,

T(k¢) is identical for all members of this set},

for i =1,...,0 — 1. We refer to the coarsest level physical mesh 7j, as the
composite finite element (CFE) mesh. In particular, we denote this by 7eee,
ie.,, Tere = Tn,- We stress that the elements k € Tere consist of general
polygons. We assume that the geometry is complicated in the sense that 7y,
is too fine to undertake computations. Instead, we wish to preform numerical
simulations on the coarse composite finite element mesh Tepg.

2.2 Finite element spaces

Given the meshes {7}, }£_,, we define the corresponding sequences of physical
discontinuous Galerkin finite element spaces V(Ty,,p) and V(T,,p), ¢ =
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1,..., ¢, respectively, consisting of piecewise discontinuous polynomials.
The CFE spaces are constructed based on employing the polynomial de-
gree vector p = {p,}. Thereby,

V(Th,,p) ={ueL*Q):ul. € Py (k) V& € T, },

i = 1,2,...,0. Thereby, noting that the meshes {7, }{_, are nested, we
deduce that V(Tp,,p) € V(Th,,p) C ... C V(Th,,p). We now refer to
V(Th,, p) as the composite finite element space V(7eex, P), i-e., V(Ter, P) =
V(Th, D).

Similarly we define
V(Thi D) = {u € LX) : uls € Py, (k) V& € Tr,},
fori=1,2,...,¢.

3 Composite discontinuous Galerkin finite el-
ement method

In this section, we introduce the hp-version of the symmetric interior penalty
DGCFEM for the numerical approximation of (1). To this end, we first
introduce the following notation, which is the same as in [1]. We denote
by F&g the set of all interior faces of the partition Tgee of Q, and by F&g
the set of all boundary faces of Teeg. Furthermore, we define F = }"éE U
FB.. We emphasize that the term ‘faces’, of a given composite element
k € Terg, consists of straight/coplanar (d — 1)-dimensional segments of the
polygonal /polyhedral domain k. The boundary 0k of an element x and
the sets Ok \ 002 and Ok N O will be identified in a natural way with the
corresponding subsets of F. Let x™ and s~ be two adjacent elements of
Tere, and x an arbitrary point on the interior face F' € F&y given by F =
OrkT N Ok~ . Furthermore, let v and q be scalar- and vector-valued functions,
respectively, that are smooth inside each element x*. By (vF, qF), we denote
the traces of (v,q) on F taken from within the interior of k¥, respectively.
Then, the averages of v and q at x € F' are given by

fh =50 o), fah =4 +a),

respectively. Similarly, the jumps of v and q at x € F' are given by

+

[[UH:U+II;€+ +U N, [[ql]:q N+ +q Ny,



respectively, where we denote by n,.+ the unit outward normal vector of dx™,
respectively. On a boundary face F' € F5., we set {v} = v, {q} = q, and
[v] = vn, with n denoting the unit outward normal vector on the boundary
oN.

With this notation, we make the following key assumptions introduced in

[1]:

(A1) For all elements x € Tepg, we define
C,=card{F € F: F C 0x}.

In the following we assume that there exists a positive constant Cp
such that

max C, < Cp,
KETcrE

uniformly with respect to the mesh size.

(A2) Inverse inequality. Given a face F' € F of an element k € Tepg, there
exists a positive constant Cj,,, independent of the local mesh size and
local polynomial order, such that

2
Py
||U||%2(F) < Oinvh/_F”/U“%Q(H)

for all v € V(T¢ee, p), where hp is a representative length scale associ-
ated to the face F' C Ok.

(A3) We assume that the polynomial degree vector p is of bounded local
variation, that is, there is a constant p > 1 such that

p_l S pn/prc’ S P,
whenever k and x’ share a common face ((d — 1)-dimensional facet).

The Assumption (A2) differs from the one in [1], but it is straightforward
to see that it implies the one in [1] since Vv € [V (T, P)]?.

With this notation, we consider the (symmetric) interior penalty hp—
DGCFEM for the numerical approximation of (1): find (s, ujn) € R X
V (Tere, p) such that

Boe(ujn, v) = Ajn(tjn, v) (3)



for all v € V(Tepe, p), where

Bpe(u, v) Z /Vu Vvdx—Z/ {[th}} u] + {Vhu} - [[]])

kE€Tere ¥ I FeF

+Y [ ol

FeF

(u,v):/guvdx.

Here, V}, denotes the elementwise gradient operator. Furthermore, the func-
tion o € L*°(F) is the discontinuity stabilization function that is chosen as
follows: we define the function p € L*°(F) by

o) = Jx(Prpw)s X EF € Fogg, F =000
e x e FeFB,, FcCoxknow,
and set
olp =p"hE, (4)

with a parameter v > 0 that is independent of hr and p.
We conclude this section by equipping the composite finite element space
V (Tere, p) with the DG energy norm ||| - |||p¢ defined by

llolle= D IVolltae + > lo[o]lZe

KETcrE FeF

The stability and a priori error analysis of the hp-DGCFEM has been proven
in [1] for linear problems; as for the standard symmetric interior penalty
method, the discrete problem is well-posed only if v is chosen to be suffi-
ciently large.

4 A posteriori error analysis

In this section, we develop the a posteriori error analysis of the hp-DGCFEM
defined by (3). The analysis has been inspired by [2] and [17]. The main
difference between the a posteriori analysis for linear problems in [2] and the
present a posteriori analysis for eigenvalue problems is the treatment of the
higher order terms in the reliability results Theorem 4.2 and Corollary 4.6.
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To this end, we define the distance of an approximate eigenfunction from the
true eigenspace, which is a crucial quantity in the convergence analysis for
eigenvalue problems especially in the case of non-simple eigenvalues.

Definition 4.1. Given a function v € L*(Q) and a finite dimensional sub-
space P C L*(Q), we define:

dist(v, P)r2) = 31617131 lv —w|| L2 - (5)

Similarly, given a function v € SE(T) and a finite dimensional subspace
P C H}(Q), we define:

diSt(U,P)DG = {UHEI’ZIDI’HU—U]H‘DG . (6)

Now let A; be any eigenvalue of problem (1) and let M (};) denote the span
of all corresponding eigenfunctions, moreover let M;(\;) = {u € M(\)) :

[ullL2() = 1}
The proof of the next result, which is one of the main results of this work,
is postponed to the end of the present section.

Theorem 4.2 (Reliability for eigenfunctions). Let () pp, wjnp) be a computed
eigenpair of (3) converging to the true eigenvalue \; of multiplicity R > 1.
Then we have that:

2
dist(wjn, Mi(Aj))oe < C ( > 773) + Auy = Ajnwgnllzze), — (7)

KETcrE

where the local error indicators 1., k € Tere, are defined by

M = hip 2N nuin + Aujsl e

+ > B NIV Al ey + 2R el [ ] 12 o) - (8)
FCOR\ON

Here, C' > 0 is a constant that is independent of discretization parameters,
and only depends on the shape-reqularity of the mesh and the constants Cp,
Cinv, and p from Assumptions (A1), (A2), and (A3), respectively.

The reliability for eigenvalues, Corollary 4.6, is based on the reliability
for eigenfunctions, Theorem 4.2. However in the DG case the result is not as

9



straightforward as in the continuous Galerkin case [18]. The difficulty raises
from the fact that the identity result in Lemma 4.5 holds for the extended
form of the operator. To be able to introduce such form, we introduce the
following lifting operator already used in [8, 19]. For any v belonging to
V (Tere, p) + HY (), we define L(v) € [V (Tere, p)]? by

Z/z( “qde = Z/ fa}ds. YqeV(Tamp). (9)

kE€Tere ¥ I FeF(T

Now, the following extended bilinear form Bhp(u, v) can be introduced:

Bog(u,v) = Z Vu-Vvdx — Z / L(u)-Vv+ L(v) - Vudx

kE€Tcre ¥ 7 kETere ¥ 1

+Y [ ol

FeF

(10)

and the corresponding discrete problem is to find (A4, w;n) € R X V(Tcre, P)
such that 3
Broc(wjn, v) = Njn b(ujn, v), Vv €V (Ter, p)- (11)

Rem~ark 4.3. It is clear that BDG(-, ) = Bpe(+, ) on V(Tere, ) X V(Tcre, P)
and Byg(-,-) = B(+,-) on Hy(Q) x Hy(Q).

It is possible to prove using [8, Lemma 4.3] and Assumption (A2) that
the bilinear form Bpg(+,-) is continuous on V(Teeg, p) + HY(Q), i.e.,

| Bos (1, v)| < Cll| wlloe 1] 0[]oc , (12)

with a constant C'z > 0 independent of ~ and p.

Definition 4.4 (Residual of a linear problem). Let define the residual for a
linear problem —Au = f, with f € L*(Q), as

R(u,v) = BDG(U,U) —(f,v), (13)

where w € H*(QY), with s > 2, is the solution of the linear problem and
v € V(Terw, p) + H' ().
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We extend Definition 4.4 to the eigenvalue case allowing f = Aju;, so for
any eigenpair (A;,u;) of problem (1):

R(uj,v) = BDG(uj,v) — Aj(uj,v) (14)
where v € V (T, p) + H (Q).

Lemma 4.5 (Identity result for the extended form). Let (A, u;) be a true
eigenpair of problem (2) with ||wi|| 2@ = 1 and let (Aj,u;p) be a computed
eigenpair of problem (11) with ||u;p| 2y = 1. Then we have:

BD(;(ul — Ujp, Uy — u]‘7h) = )\lHul - Ujﬁ”%;(ﬂ) + )\jﬁ - /\l + 2R(Ul, U; — uj,h)~

Proof. Using the linearity of the bilinear form Bpg(-,-) and using (2) and
(11), we have

BD(;('LL[—U]"}L, ul—u]-,h) = >\l + )\j,h — ZBD(;(Ul, uj,h)+2)\l(ul, uj7h)—2)\l(ul, u]”h) .
(15)
Furthermore, by analogous arguments we obtain

lur — ujnllfo@) = 2 — 2(ur,usn). (16)
Substituting (16) into (15) we obtain
Boo(w—tjp, w—usp) = Allu—w;nll 22 ) + Ajh—N—2DBoc (w, ) +2N (w, wsp) -

Finally, noticing that Bpg(u;,u;) = A\(u, u;) and using (14) we obtain the
result. O

Corollary 4.6 (Reliability for eigenvalues). Under the same assumptions of
Theorem 4.2, the following hp—version a posteriori error bound holds:

N= Al <C DY ni+ G (17)

KETcre

where

h 2 3 h o
G= <1+];> ||>\juj—>\j,huj,h“%2(m+2( > ﬁi) <1+]—9>HAjuj—Aj,huj,h\|Lz(Q)+2|R(uj,uj—uj7h)|,

KETcrE

where u; is the minimizer of (5) and @, is the minimizer of (6).
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Proof. Applying (12) to Lemma 4.5 and also noticing that ;||t; —u; g o >
0 we have

IA; = Nyl S dist(wjpp, Mi(Aj))pe + 2|R(45, 45 — ujp)] -

Applying Theorem 4.2

A= | < 22 1 E Mo — N 1 U ? R T — s
A =Ajnl S Z ne) + +p [Ajus=Ajntgnllz@) ) +2[R(4;, G5—ujn)l.

KETcrE

]

4.1 Proof of Theorem 4.2

In this section we present the proof of the upper bound stated in Theorem
4.2. The proceeding proof is based on employing an hp—version decomposi-
tion result for the finest (reference) finite element space V(7y,, p), the same
approach is used in [2] for linear problems. For simplicity, we assume that the
finest reference mesh 7A7LZ is conforming, i.e., it does not contain any hanging
nodes. However, meshes containing hanging nodes can be admitted, based
on exploiting the hierarchical construction studied in [9, 20, 21]. Writing
F(Tp,) to denote the set of all faces of the partition 75, of Q, we define the
discontinuity stabilization function ¢ on F (7?2) by

A

6=vp°h "t

Here, p € L>(F (ﬁw)) is defined in an analogous fashion to p; indeed,

p(x) :=

max(pz, Par), x € F=0kNOR&,
Dis x € F C OkN oS
Similarly, h € L>(F(Ty,)) is given by

£x) - min(hg, ha), x € F=0kNOK,
| by, x € F C 0knNoN.

Furthermore, on 7y, we define the norm

ol =D IVollfay + > 167 T0llZem.

k€T, FEF(Th,)
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We write V(Th,, ») = V(Th,, ®) N HL(Q). The orthogonal complement
of V(Ty,,p) in V(Th,,p) with respect to the norm ||| -|||zz is denoted by
V+(Th,, p), such that

V(Thes ) = V(Thps ) €V (Ta D).
With this notation in mind, we recall the following four results published in
[2].
Proposition 4.7. There is an approximant A : V(ﬁe,ﬁ) — Vc(’ﬁ%,ﬁ) that
satisfies

IVa(v = Av)l[fa < C Y p’h ! |[v][Pds,  veV(Th, D)

FeF(Tn,)

with a constant C > 0 that is independent of the mesh size and polynomial
degrees.

Since V (Tere, P) C V(ﬁl,ﬁ), the DG-solution u;j € V(7cre, p) obtained
by (3) may be split accordingly,

wjp = u;h + uj%h, (18)

where uf, € Ve(Tr,,p) and uj, € V+(Tp,,p). Furthermore, we define the
error of the hp-DGCFEM by

ep = Uj — Ujp = €], — uj%h, (19)

where
ey = uj — u;h € H&(Q). (20)

Proposition 4.8. With uj;, and ej, defined by (18) and (19), respectively,
the following bounds hold:

1/2

IVl <C [ . p’hip'[[v]?ds | Vel < Clllen]|loe,
FeF(Tcre) F

where C' is a positive constant which is independent of the discretization
parameters.
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For the next result we use the notation, given x € Tgpg, We write & € 7711
to denote the element in the reference mesh 7, such that x C &.

Lemma 4.9. Given v|, € H' (&), for & € 7711, there exists Tv in Pp. (R),
pe=1,2,..., such that

h:'pallv —jUHL?(&) + V(v —jU)HL%%) < OVl ez,

where C' 1s a positive constant, which is independent of the local mesh size
hz and the local polynomial degree py.

Then we introduce the projection operator Z on by the relation
Tv = I(Ev)|,, (21)
where & denotes the extension operator defined in [2, Theorem 2.1].

Lemma 4.10. Given k € Tgeg, let F C Ok denote one of its faces. For a
function v € H'(k), the following bound holds

h pellv — Zo| 12e) + IV (0 = Z0)|| 120y + B 2B Y ? 0 — Zol| 2y < CVED| 1205,

where p, > 1 and C s a positive constant, independent of v and the dis-
cretization parameters.

The first step in the proof of Theorem 4.2 is to exploit the decomposition
(19):

llealllie = > IVenliapy+ > llo”lealllzcr

KETcrE FeF(Tcre)

= Z/Veh Vegdx — Z/V@h Vu,dx + Z /U| len][Pds

K

KETcrE kE€Tere ¥ T FeF(Tcre)

= T1—|—T2—|—T3.

Next, the three terms Ty, Ty, and T3 are bounded individually.

14
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Term T; Applying integration by parts we have

T, = — Z /Au]ehdx— Z /Vujh Ve;dx

KETcrE KETcrE
= Z /)\ u]ehdx— Vu;yp - Veydx
kE€Tcre ¥ 7 KkETcee ¥
— Z /()\ wj — Ajpjp) endx + Z/ AU p €ndx — Z /Vujh Vejdx.
KETcrE KETcrE KETcrE

Denoting with Ze§ € V(Tere, p) the element-wise interpolant of ef defined
by (21) and exploiting both (3) and integrating by parts elementwise, we get

Z /)\uj Nintin) (e — Zej)dx + Z /)\uj Ajptj ) Lej,dx

KETcrE KETcrE
+ E / intin (€5 — Lep)dx — Z /Vu]h e; — ey )dx
KkETcre ¥ 7 kE€Tcre ¥ 7

N Z / ({{vhu%h}} [Zer] + {VaZen} [[ujﬁ]]) ds

FeF(Tcre) F

+ Z / o [ujn] - [Zey] ds

FeF(Tcre) F

Z /)\uj Nintin) (€5, — Zej)dx + Z /)\uj Ajpi ) Lej,dx

k€Tere ¥ 7 kE€Tere ¥ 7
8u h
7
+ E/ Njntin + Aujp) (e, — Ley)d Z/ n e, — Lej,)ds
kETere ¥ 1 kE€Tcre ¥ OF ®

- Z / ({vhu%h}} ) [[Ieﬁ]] + {vhzezﬂ’ : [[Uj,h]]) ds

FeF(Tcre) F

+ ) / o [ujn] - [Ze5] ds.

FeF(Tcre) F

We now treat the first two terms; applying Lemma 4.10 we obtain from
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the first term:

1/2
>, /()\juj Ajnttn) (€,—ZLep)dx < C ( > A, - Aj,huj,hﬂiz(n)) IVEe; | 2an) -
kE€Tere ¥ I KETcrE
(23)
To treat the second term we use the following auxiliary result which comes
straightforwardly from Lemma 4.10 and the Poincaré inequality:

maX.e7e:
Zes| r2 gC& Veée 2 + |le 2
el < OB e g,y + e

< O'([IVEe |2 n) + IVEe, | 2() < C7|[VEei Iz )
Such result leads to:

1/2
Z / (Ajuj—Ajnujn) Lepdx < C" ( Z [Aju; — Ajwuy, h”LQ(n > IVE&eh |l L2 -

kE€Tere ¥ 7 KETcrE
(24)

Putting together (23) and (24) we obtain:

Z /)\uj Ninwin) (ef — Tej)dx  + Z /)\u] i) Lejdx

kE€Tcre ¥ 7 KkETcre ¥

1/2
<C ( D I - /\j,huj,hHQLa(ﬁ)) IVEeillr2(y) -

KETcrE
(25)

We now recall the following result from [22] used to transfer between element-
based and face-based integrations:

> [ G-z = ¥ [ -zl

KETcrE FeF(Tcre)

+ D / [Viusn]{ef, — Zej, } d26)

FE}—I(%FE) F

Recalling that ¢ € H (), it follows that [ef]r = 0 for all F' € F(Tepe).
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Thereby,

Z (Ajntjn + Aujp) (€], — Lep )dx — Z / [Vu;n]{e, —Zep } ds

KkE€Tere ¥ FeFI(Tcre) F
Z / {{theh}} uj h dS + Z / U] h Ieh]] ds
FeF(Tcre) FeF(Tere)
= Tll + T12 + T13 =+ T14. (27)

Employing the Cauchy—Schwarz inequality, together with the approximation
result stated in Lemma 4.10 gives

1/2 1/2
T < (z K22t 1 At @) (zhfpz||ez—zez||z2m)

KETcrE KETcrE
1/2
< ( Z hnp;vbQ”)‘J nujn + Aug h”L?(n ) ||v®62||L2(QH)' (28)
KETcre

The terms Tis, T3 and Ty are bounded in the same way as in [2]. For
brevity we report only the final results

1/2

T < C Y > b v IVuallizer | 1VEE ]2, (29)

KkETcre FCOR\OQ

1/2
Tis<C( D olllwnllizm | (V€ + Ve llz@), (30)
FG}—(%FE)
1/2
Ty < C h2hg2pl|[un]ll? V&e; 31
14 < > ol hplluinlllize | IVEe @y (31)
FG}—(%FE)

Substituting the bounds (25) and (28)—(31) into (27) and exploiting the ex-
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tension operator [2, Theorem 2.1], we deduce that

1/2
( > PN ngn + Augp) |7, )

K€ Tcre
1/2
+{ Do D mRE Vel
KkETcre FCOk\OQ
1/2
+ Z ahZh | [uj 72y
FeF(Tcre)
1/2
+ ( > - Aj,huj,hH%Z(n)) IVerllzz )
K€ TcrE

Thereby, employing the Cauchy—Schwarz inequality and Proposition 4.8,
gives

1/2
T, < C <Z 772) + 1A = Ajpwgpllizze) | [l enllloe-  (32)

KETcre

Term Ty As above, employing the Cauchy—Schwarz inequality, together
with Proposition 4.8, we get

1/2
Ty < [[Venll 2| Vujpllzzo) < © ( > 772) [ e |l[pe- (33)
KETcrE
Term T3 Noting that u; € Hg () gives

1/2
Ts= Y. olen] - [ujn]ds < (Z m) 1] en []oe- (34)

FeF(Tcre) F K€ TcrE

Inserting the bounds (32), (33), and (34) into (22) and dividing both sides
by ||| en |||p¢ completes the proof of Theorem 4.2.

18



5 Numerical experiments

In this section we present a series of computational examples to highlight
the practical performance of the a posteriori error bounds derived in Theo-
rem 4.2 and Corollary 4.6 for problems where the underlying computational
domain contains micro-structures. Throughout this section the DGCFEM
eigenpair (A;,u;,) defined by (3) is computed with the constant v appear-
ing in the discontinuity stabilization function o equal to 10. All the numerical
examples presented in this section have been computed using the AptoFEM
package (www.aptofem.com) and the resulting generalised eigenvalue problem
is solved employing ARPACK [23] and the Multifrontal Massively Parallel
Solver (MUMPS) [24, 25, 26].
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Algorithm 5.1 Adaptive Refinement Algorithm

1:

=~

10:

11:
12:

13:
14:

15:

16:
17:

Input parameters: refinement fraction #,; termination tolerance tol; max-
imum number of refinement steps kpax.

: Initial step: Input initial composite finite element mesh Tepg and refer-

ence mesh 7A7Lé, cf. Algorithm 2.1, and select initial polynomial degree
distribution p in order to construct the composite and reference finite
element spaces V (7¢re, p) and V (74,, D), respectively.

: Set V(Tere,, P1) = V(Tere, p) and the mesh counter k = 1.
: while k£ < k. do

Compute (Ajp, wjn) € R x V(Terg,, Pr), cf. (3).
Evaluate the error indicators 7,, defined by (8), for all k € Ty

1/2
if C (ZKE%FE]C 77,%) < tol then

Exit.
else
Mark elements for refinement employing the fixed fraction refine-
ment strategy with refinement fraction 6,.
if Element x is marked for refinement then
Perform hp-refinement based on testing the smoothness of the
computed eigenfunction u;; see, e.g., [27, 28].
end if
Set k = k+1 and generate the new composite finite element space
V(%FEk7pk)'
hp—Refine the reference finite element space V(ﬁz,ﬁ) (if neces-
sary), to ensure that the inclusion V(Tgrg, , pr) € V (Th,, p) holds.
end if
end while

Algorithm 5.1 outlines the general adaptive algorithm employed within

this section. In particular, we point out that the elements are marked for
refinement, according to the size of the local error indicators 7., based on
employing the fixed fraction refinement strategy; here, we set the refinement
fraction 6,, equal to 15%. Once an element x € Ty has been marked for
refinement, we employ the hp—adaptive strategy developed in [27] to decide
whether h— or p-refinement should be performed on x; for related work, we
refer to [28, 29], for example, and the review article [30]. Finally, we remark
that to ensure that the inclusion V(7Teeg, , pr) € V (75, P) remains valid as the
adaptive algorithm proceeds, subsequent refinement of the (finest) reference
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finite element space V(ﬁlz, p) may need to be undertaken. Indeed, additional
refinement is performed to ensure that the following two conditions hold:

1. Given any element k € Tcpg, we may write s = UKy, Ky € S.., where S,
denotes a subset of elements which belong to 7y, .

2. Given Kk € Tge and the corresponding set S, = {k € ’77” © R C K}
consisting of fine level reference elements which form x, we require that
the polynomial degree p; defined for each & € S, is set equal to the
polynomial degree p, of the composite element k, i.e., pz = p, for all
k€ 5.

5.1 Example 1: Few holes

In this first example, we consider a unit square domain with four small square
holes of size 1/32, see Figure 1. The initial coarse mesh contains only 8
triangles and the initial value of p = 2 for all elements.
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Y-Axis

Max: 2.000
Min: 2.000

0.2

Figure 1: Example 1: Initial coarse mesh for the domain with four small holes.
The color scheme indicate the order of polynomials used in each element.

In Figure 2, we present the decay of the error for the first two distinct
eigenvalues and the corresponding error estimators. As can be seen the con-
vergence for all eigenvalues look asymptotically exponential and the error
estimator ) n? follows well the error. In Figure 3, we reported the
values of the efficiency index Y7, .. n2/|\; — Ajn| for all the considered
eigenvalues.
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Figure 2: Example 1: (a) Convergence of the error for the first eigenvalue
and of the corresponding error estimator. (b) Convergence of the error for
the second eigenvalue and of the corresponding error estimator.
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Figure 3: Example 1: (a) Efficiency index for the first eigenvalue. (b) Effi-
ciency index for the second eigenvalue.

To have an idea of the shape of the eigenfunctions for this problem, in
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Figure 4 we reported the pictures of eigenfunctions corresponding to the first

two eigenvalues.
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—1.087

-6.014e-10

-1.087y-axis

(b)

Figure 4: Example 1: (a) Eigenfunction corresponding to the first eigenvalue.
(b) Eigenfunction corresponding to the second eigenvalue.

In order to assess the quality of the computed DGCFEM solution on
adaptively refined composite meshes, in Figure 5 we present the hp-adapted
meshes for the first eigenvalue after 13 and after 25 iterations of the algo-
rithm. As can you see after 13 iterations, the mesh is still quite coarse, even
if the error is already quite small, and the method has not started yet to
refine around the holes. On the other hand, after 25 iterations, the mesh
very refined around the holes, especially around the corners of the holes,
suggesting that we are in presence of lack of regularity in those regions. As
suspected, in order to obtain very accurate approximation of the eigenvalue,
at some point the method reach the scale of the small details.
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(a) (b)

Figure 5: Example 1: (a) hp-adapted mesh after 13 iterations of the adaptive
procedure for the first eigenvalue. (b) hp-adapted mesh after 25 iterations of
the adaptive procedure for the same eigenvalue. The color scheme indicate
the order of polynomials used in each element.

In Figure 6 we present the hp-adapted meshes for the second eigenvalue
after 17 and after 21 iterations of the algorithm respectively for the second
and third eigenvalue. At closer inspection, the mesh in Figure 6(a) is not
refined equally around all the corners of the small square holes. The method
seems to be able to distinguish between those corners where singularities in
the gradient arise due to the shape of the correspondent eigenfunctions, from
those that do not play any active role for such eigenfunction.
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Figure 6: Example 1: (a) hp-adapted mesh after 17 iterations of the adaptive
procedure for the second eigenvalue. (b) hp-adapted mesh after 21 iterations
of the adaptive procedure for the third eigenvalue. The color scheme indicate
the order of polynomials used in each element.

5.2 Example 2: Random holes

In this second example, we consider a unit square domain with a series of
square holes of size 1/32 placed randomly, see Figure 7. Our interest in
this case is due to the fact that this kind of configuration is not covered by
other methods like homogenization. The initial coarse mesh contains only 8
triangles and the initial value of p = 2 for all elements.
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Y-Axis

Max: 2.000
Min: 2.000

Figure 7: Example 2: Initial coarse mesh for the domain with randomly
placed holes. The color scheme indicate the order of polynomials used in
each element.

In Figures 8 and 9, we present the decay of the error for the first four
eigenvalues and the corresponding error estimators. As can be seen, also in
this case, the convergence for all eigenvalues look asymptotically exponen-
tial and the error estimator ), 7 72 follows well the error. In Figures 10
and 11, we reported the values of the efficiency index for all the considered
eigenvalues.
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Figure 8: Example 2: (a) Convergence of the error for the first eigenvalue
and of the corresponding error estimator. (b) Convergence of the error for
the second eigenvalue and of the corresponding error estimator.
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Figure 9: Example 2: (a) Convergence of the error for the third eigenvalue
and of the corresponding error estimator. (b) Convergence of the error for
the fourth eigenvalue and of the corresponding error estimator.
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Figure 10: Example 2: (a) Efficiency index for the first eigenvalue.
Efficiency index for the second eigenvalue.
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Figure 11: Example 2: (a) Efficiency index for the third eigenvalue. (b)
Efficiency index for the fourth eigenvalue.

To have an idea of the shape of the eigenfunctions for this problem, in
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Figures 12 and 13 we reported the pictures of eigenfunctions corresponding

to the first four eigenvalues.
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Figure 12: Example 2: (a) Eigenfunction corresponding to the
value. (b) Eigenfunction corresponding to the second eigenvalue.
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Figure 13: Example 2: (a) Eigenfunction corresponding to the third eigen-
value. (b) Eigenfunction corresponding to the fourth eigenvalue.

In order to assess the quality of the computed DGCFEM solution on



adaptively refined composite meshes, in Figure 14 we present the hp-adapted
meshes for the first eigenvalue after 17 and after 26 iterations of the algorithm.
As before, the first mesh is still quite coarse, even if the error is already quite
small, and in particular the method has not started yet to refine around the
holes. On the other hand, after 26 iterations, the mesh very refined around
the holes, especially around the corners of the holes, suggesting that we are
in presence of lack of regularity in those regions.
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Figure 14: Example 2: (a) hp-adapted mesh after 17 iterations of the adaptive
procedure for the first eigenvalue. (b) hp-adapted mesh after 26 iterations of
the adaptive procedure for the same eigenvalue. The color scheme indicate
the order of polynomials used in each element.

The same conclusions can also been drawn from Figures 15, 16 and 17.
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Figure 15: Example 2: (a) hp-adapted mesh after 17 iterations of the adaptive
procedure for the second eigenvalue. (b) hp-adapted mesh after 24 iterations
of the adaptive procedure for the same eigenvalue. The color scheme indicate
the order of polynomials used in each element.
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Figure 16: Example 2: (a) hp-adapted mesh after 17 iterations of the adaptive
procedure for the third eigenvalue. (b) hp-adapted mesh after 26 iterations
of the adaptive procedure for the same eigenvalue. The color scheme indicate
the order of polynomials used in each element.
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(a) (b)

Figure 17: Example 2: (a) hp-adapted mesh after 17 iterations of the adaptive
procedure for the fourth eigenvalue. (b) hp-adapted mesh after 26 iterations
of the adaptive procedure for the same eigenvalue. The color scheme indicate
the order of polynomials used in each element.

6 Concluding remarks

In this article we have derived an energy norm hp—a posteriori error bound for
the composite version of the discontinuous Galerkin discretization of second—
order elliptic eigenvalue problems. This class of schemes naturally allows for
the approximation of problems posed on so-called complicated domains using
relatively coarse finite element spaces. Also this class of scheme is suitable
for problems with non-periodic distributions of small features, which are not
covered by other methods. The error estimator seems to be robust and the
eigenvalues can approximated with very high accuracy for all configurations.
From a practical point of view, the method is capable to deliver engineering
accuracy on meshes too coarse to describe all the features of the domains and
with a number of DOF's independent from the number of holes. Future work
will be devoted to the consideration of more complex eigenvalue problems.
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