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Abstract

In this paper we present a residual-based a posteriori error estima-
tor for hp-adaptive discontinuous Galerkin (DG) methods for elliptic
eigenvalue problems. In particular we use as a model problem the
Laplace eigenvalue problem on bounded domains in R?, d = 2,3, with
homogeneous Dirichlet boundary conditions. Analogous error estima-
tors can be easily obtained for more complicated elliptic eigenvalue
problems. We prove the reliability and efficiency of the residual based
error estimator and use numerical experiments to show that, under
an hp-adaptation strategy driven by the error estimator, exponential
convergence can be achieved, even for non-smooth eigenfunctions.

1 Introduction

Eigenvalue problems appear naturally in many physical situations, for exam-
ple, when studying acoustics and vibration analysis, the Schrodinger equa-
tion, nuclear reactor criticality and the linear stability analysis of steady
solutions to nonlinear differential equations. A popular numerical method
for the solution of the eigenvalue problem is by a finite element method
(FEM), see Boffi [1] for an up to date review. As with any numerical ap-
proach, it is important to be able to quantify the error made by way of an a
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posteriori error estimate, which can then also be used to drive an adaptive
mesh /polynomial enrichment process. Although a posteriori error analysis
is a mature subject for source problems, for eigenvalues it is still very much
in its infancy; for the conforming FEM we refer the reader to [24, 25, 23]
in the case of residual based error estimates and to [21] for a goal oriented
approach; for the discontinuous Galerkin finite element method (DGFEM)
see [20] where the goal oriented approach is applied in the context of lin-
ear stability analysis for the incompressible Navier—Stokes equations. To
the authors’ knowledge, the work here represents a first attempt at residual
based a posteriori error estimation for a DGFEM applied to an eigenvalue
problem.

As ever, before we can tackle more difficult problems we must understand
how to deal with a simple model problem, in our case the Laplace eigenvalue
with homogeneous Dirichlet boundary conditions:

—Au=Xu inQcCRY
(1.1)

u=20 on I,

where d = 2,3. Here, € is a bounded polygonal domain with boundary I' =
0N
The standard weak formulation of (1.1) is to find u € H}(£2) such that

A(u,v)E/ Vu-Vvdw:)\/ uvdr = X b(u,v) Yo e H (), (1.2)
Q Q

where the space H}(f2) is the standard space of functions with gradient in
L?(Q) and with zero trace on T.

Discontinuous Galerkin methods offer advantages in the context of hp—
adaptivity over standard conforming FEMs. For example they provide in-
creased flexibility in mesh design (irregular grids are admissible) and the
freedom to choose the elemental polynomial degrees without the need to
enforce continuity between elements. In this article we develop a residual
based a posteriori error estimator for the hp—symmetric interior penalty dis-
continuous Galerkin method (SIPG) discretisation (see [2]) of the Laplace
eigenvalue problem (1.1). Following the techniques developed in [11, 8] for
source problems (which in turn are based on [10]), our approach enables
us to show reliability and efficiency of our error estimator. In essence, the
proofs require recasting the DGFEM in a non—consistent manner and de-
composing the DG solution into a suitable conforming and a nonconforming
part. The projection operator from DG space to conforming space and the
corresponding hp-stability estimates used are those in [8]. We show that the



error in both the eigenvalues and the eigenfunctions can be bounded above
and below in terms of a computable residual based term and an uncom-
putable term, however, we show that, at least for eigenfunctions u € H?(Q)
the uncomputable term is of higher order than the residual term and can
thus be ignored. In order to show the higher order nature of this term we
require hp— a priori error estimates for both the eigenvalue and eigenvector,
in both the energy norm and Lo norm. As such, we first extend the h— a
priori estimates from [7, 22] to the hp—setting. For eigenfunctions with lower
regularity we show by using numerical experiments that the uncomputable
term can also be regarded as higher order.

The paper is structured as follows. In the next section we introduce the
SIPG discretisation for the model problem after first defining some appro-
priate functions spaces and trace operators. We then prove a priori error
estimates in appropriately defined norms in Section 3. The a posteriori er-
ror estimator is stated in Section 4 and its reliability and efficiency shown,
up to higher order terms. In Section 5 we present a number of numerical
experiments to validate our theoretical results. The first experiment is on a
square domain, while the second is on an L—shaped domain with non-smooth
eigenfunctions; in both cases exponential rates of convergence are attained
under the hp-adaptation strategy.

2 Discontinuous Galerkin discretization

In this section, we introduce the hp-version SIPG finite element method for
the discretization of (1.1).

Throughout, we assume that the computational domain {2 can be par-
titioned into a shape-regular mesh 7, i.e. there exists a constant C,eg such
that for any element K

hi < Crog PK (23)

where hy 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
quadrilaterals or hexahedra. We store the elemental diameters in the mesh
size vector h = { h : K € T }. Let us also denote by h the maximum of all
hx in the mesh. In order to be able to deal with irregular meshes we need
to define the faces of a mesh 7. We refer to F' as an interior mesh face of 7
if ' = 0KNOK' for two neighboring elements K, K’ € 7 whose intersection
has a positive surface measure. The set of all interior mesh faces is denoted
by F7(7T). Analogously, if the intersection F' = 0K N T of the boundary
of an element K € 7 and I' is of positive surface measure, we refer to F'



as a boundary mesh face of 7. The set of all boundary mesh faces of 7°
is denoted by Fp(7) and we set F(7) = F;(7) U Fp(7). The diameter
of a face F' is denoted by hr. We allow for l-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 edge of
F.

Next, let us define the jumps and averages of piecewise smooth functions
across faces of the mesh 7. To that end, let the interior face F' € Fi(7)
be shared by two neighboring elements K and K¢ where the superscript e
stands for “exterior”. For a piecewise smooth function v, we denote by v|p
the trace on F' taken from inside K, and by v®|r the one taken from inside
K*¢. The average and jump of v across the face F' are then defined as

1
{vl = §(U‘F + %), [v] = v|F ng +0°|F nge.
Here, ny and nye denote the unit outward normal vectors on the boundary

of elements K and K¢, respectively. Similarly, if ¢ is piecewise smooth vector
field, its average and (normal) jump across F' are given by

(dr+¢°lr),  ld =dlr - ngx +¢|F - nge.

NN

fa} =

On a boundary face F' € Fp(7T), we accordingly set {¢} = ¢ and [v] = vn,
with n denoting the unit outward normal vector on I'. The other trace
operators will not be used on boundary faces and are thereby left undefined.

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

Qp(K)={v: K—R:voTx e QyK)}, (2.4)

with Qp(f( ) denoting the set of tensor product polynomials on the reference

~

element K of degree less than or equal to p in each coordinate direction on
K. In addition, if F € F &K ) is a face of K and F' the corresponding face
on the reference element K, we define

Q)F)={v: F—R:voTk|rc Q(F)}, (2.5)

where Qp(ﬁ ) denotes the set of tensor product polynomials on F of degree
less than or equal to p in each coordinate direction on F'. 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 € 7 }. We assume that p is of
bounded local variation, that is, there is a constant ¢ > 1, independent of
the mesh 7 sequence under consideration, such that

o' <px/pr <o (2.6)

for any pair of neighboring elements K, K’ € 7. For a mesh face F' € F(7T),
we introduce the face polynomial degree pgr by

max{pr, PKe}, if F=0KNoK®e Fi(T),
PR = (2.7)

PK, if F=0KNI' € Fp(T).

For a partition 7 of {2 and a polynomial degree vector p on 7, we define
the hp-version DG finite element space by

Sp(T) ={veL*Q) : v[g € Q(K), KT} (2.8)

Let us also denote by p the minimum of all pg in the mesh.

We need several norms in the analysis. The standard L? norm is denoted
by || - lo.o and the standard H'! norm is denoted by || - [|1,o. We shall also
need the following DG norms already used in [16, 17, 18]:

Definition 2.1 (DG norm) For any u € S(h) := Sp(T) + HY(Q)

|[|ul||% —/ (Vu)? da+ Z / ‘HnVu}2ds—|— Z ,YpF/[[u]]zds.

FeF(T) FeF(T)

Definition 2.2 (Energy norm) For any u € S(h)

2
P
lultr =D IVuldx+ > h—;ll[[u]]\lg,p- (2.9)

KeT FEF(T)

Finally, we denote with || - |[so the norm of the Sobolev space H*(),
with s > 1 and when we need to restrict a norm to a subpart B of the
domain Q, we will state this explicitly, for example by || - [[o.5, | - |l1.5, etc.

All the analysis in this work has been developed for the SIPG method
[2, 3] which is known to be a stable and consistent method for sufficiently
large values of v, see below. The SIPG discrete version of the eigenvalue
problem (1.2 ) is: find (App, upnp) € R x S,(7T) such that

Anp(tnp, Vnp) = Anp b(tnp, vip) Vg € 53(7)7 (2.10)

5



and with |[uppllo,0 = 1. The bilinear form Ay, (u, v) is given by

App(u,v) = Z/KVu-Vvdx— > )/F ({vu}.[[v]]+{vv}.[[u]]) ds

KeT FEF(T
2

b3 2 [ ) ol s

FeF(T) hi Jr

(2.11)

where the gradient operator V is defined elementwise and the parameter
~v > 0 is the interior penalty parameter.

To be able to carry out the a posteriori analysis, we must perform a
non-consistent reformulation of the DG discretization (2.10). To this end,
we introduce the following lifting operator already used in [13, 2]. For any
v belonging to S(h), we define £(v) € [S,(T)]% by

/Qﬁ(v) “Qppdr = Z /F[[v]] fanp}ds, Vap, € SB(T)d . (212)

FeF(T)

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

App(u,v) = Z/KVu-Vvdx— Z/Kﬁ(u)'Vv—i-/J(v)-Vudw

KeT KeT

T Z)'%/Fuuﬂ-[[vﬂds,

FeF(T

(2.13)

and the corresponding discrete problem is to find (App, unp) € R x Sp(7T)
such that N

flhp(uhp,vhp) = )\hpb(uhp,vhp), Vg, € SB(T)' (2.14)

Remark 2.3 It is clear that Apy(-,-) = App(-,-) on Sp(T) x Sp(T) and
App(, ) = A(+,+) on HE(Q) x HL(D).

It is straightforward to see that the energy norm related to problem (1.2)
and the standard norm of H}(Q) are equivalent, i.e.,

Fea, Co >0 ¢ llullia < A(u,u)Y? < C,llulliq, forall ue HI(Q),

which also implies that the bilinear form A(-,-) is coercive.



Remark 2.4 The coercivity of the bilinear form A(-,-) implies that the spec-
trum is positive, because for any eigenpair (\,u), with ||ullo.o =1, we have:

0 < cz Hu||%9 < A(u,u) = Xblu,u) = A

Another easy-to-prove property for both the bilinear forms A(-,-) and
b(-,-) is continuity, i.e.,

3C, >0 : A(u,v) < Cq|lulha llv)ig, foralu,ve Hol(Q) ,
3C, >0 : blu,v) < Gy lulloq [[v]oq, forall u,v e L?().

It has already been proved in [3, Theorem 3.3, Theorem 3.5] that the
bilinear form Ay, (-,-) is continuous in H*(7) = {v € L*Q) : jv|x €
H?*(K),VK € T} for v > 0, i.e.,

| Anp(u, )| < Calllulllz [[lolllz . for all u,v € HX(T)

with a constant Cy > 0 independent of h and p, and that it is also coercive
in Sp(7) for sufficiently large v, i.e.,

App(u,u) > calllul|>, forall u e Sp(T)

with a constant cy > 0 independent of h and p.
Similarly, it has been proved in [13, Lemma 4.3, Lemma 4.4] that the
bilinear form Ap,(-,-) is continuous on S(h), i.e.,

[ Anp(u,0)] < Cxlluller lvler (2.15)

with a constant C'; > 0 independent of h and p, and that it is also coercive
in HY(Q), i.e.,

i 2

App(u,u) = [lulg 7 -

3 A prior: analysis

In this section we present standard a priori results for the SIPG method
applied to eigenvalue problems. Throughout the section we assume that (2
is convex so all eigenfunctions of (1.1) are in H*(Q2), with s > 2.

We start with a very simple result that shows every computed eigenvalue
Anp is positive. It follows naturally that for any eigenfunction ||up,|lo.0 =1
we have

0< CA|||Uhp|||2T < App(tnp, tunp) = Anp b(tnp, Unp) = App



since the only v € S,(7) such that |||v|||7 = 0 is v = 0. Together with Re-
mark 2.4 we can conclude that all eigenvalues of (1.2) and all N = dim S, (7))
eigenvalues of (2.10) are positive and so we can order them as 0 < A\; < Ay ...
and 0 < A pp < Aapp .- < An,np, Where they have been counted with their
multiplicity. In view of Remark 2.3 we have that the discrete eigenvalues
from both (2.10) and (2.14) coincide.

3.1 Non-pollution and completeness results

The results of non-pollution and completeness of the spectrum for the hp—
case are simple extensions of the analogous results for the h-case only, which
are already present in the literature (see [7]). For brevity, we shall not
present the complete proofs, but just discuss how the results can be extended
to the hp—case.

Theorem 3.1 (Non-pollution of the spectrum) Let B C C be an open
set containing the spectrum of problem (1.2). Then, for sufficiently large
N =dim Sy(7T), B contains the spectrum of (2.10).

The result of non-pollution of the spectrum can be proved following the
same arguments as in the proof of [7, Theorem 4.1], with the only difference
that in the hp-case we have from [3, Theorem 4.1] the following estimate to
be used in [7, Lemma 4.3]: for all f € L?(12)

hmin{p+1,s}—1
H(T“—T%)fHEJ'§<?——z;:§ﬁr——HfHQQ, (3.16)

where T and T}, are respectively the continuous and the discrete solution
operators.

The next two results can be shown in the hp-case by simply extending
[7, Property 2] using [3, Theorem 4.1], i.e., for any f € L?(2), let us denote
with w € H?(Q2) the solution of —Aw = f on €, and with wp, its DG
approximated solution, then

hmin{p—i—l,s}—l
Hw—wMMISC—;;§74WMﬂ7

and also

li inf - =0 Ywe H*(Q).
Nl—H>1001Uhpelg£(TN) Hw wthE7TN v ( )



Theorem 3.2 (Completeness of the spectrum) For any eigenvalue A
of (1.2), there is an eigenvalue Ap, of (2.10) such that

lim A —Ap, =0
Nl—H>1c>o hp
Theorem 3.3 (Non-pollution and completeness of the eigenspaces)

When N — oo, the eigenspaces of (2.10) converge to the eigenspaces of
(1.2).

The distance of an approximate eigenfunction from the true eigenspace
is a crucial quantity in the convergence analysis for eigenvalue problems
especially in the case of non-simple eigenvalues.

Definition 3.4 Given a function v € L?(Q) and a finite dimensional sub-
space P C L?(2), we define:

dist(v, P)on = m€171g||v —wloq - (3.17)

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

dist(v,P)pr = IIIGI% |v—wlg7T - (3.18)

Now let A\; be any eigenvalue of problem (1.1) and let M ();) denote
the span of all corresponding eigenfunctions according to (1.1), moreover let
Mi(N\j) ={u € M(\)) : ||ullgr = 1}. Also let us denote for an eigenvalue
A; of multiplicity R the space Mp,(A;) spanned by all computed eigenfunc-
tions w44 hp, @ = 0,..., R — 1 such that A\jy;p, is an approximation of \;
for all 1.

In order to make further progress we need an assumption on the regu-
larity of solutions of elliptic problems defined by the bilinar form Ap,(-,-).

Assumption 3.5 We assume that there exists a constant Cgy > 0 with
the following property. For f € L*(Q), if v € HL(Q) solves the problem
App(v,w) = b(f,w) for all w € HF(Q), then

[vll2,0 < Cenll flloe 5 (3.19)

where v € H%(Q).

Similar assumptions can be found in [6, 7, 2].



3.2 Identity results

The focus of this subsection is Lemma 3.8 which links together the two
quantities of interest in our convergence analysis, namely the error in the
eigenvalues and the error in the eigenfunctions.

Definition 3.6 (Residual of a linear problem) Let define the residual
for a linear problem —Au = f, with f € L?(2), as

R(u,v) = App(u,v) —b(f,v) , (3.20)

where u € H*(Q), with s > 2, is the solution of the linear problem and
veSh).

We extend Definition 3.6 to the eigenvalue case allowing f = Aju;, so
for any eigenpair (\;,u;) of problem (1.1):

R(uj,v) = App(uj,v) — Ajb(u;,v) , (3.21)

where v € S(h).
Let us also recall a useful result for linear problems, which is analogous
to the result in [14, 15]; we omit the details of the proof for brevity.

Lemma 3.7 Let u € H*(Y), with s > 2, be the continuous solution of
App(u,v) = b(f,v), with f € L*(Q), then for all v € S(h) there ezists a
constant C > 0 independent of h and p such that

pmin{p+1,s—1}

R(u,v) < CTHUH&QH vler -

Lemma 3.8 (Identity result for the extended form) Let (\;,u;) be a
true eigenpair of problem (1.2) with |||l = 1 and let (Xj pp, wjnp) be a
computed eigenpair of problem (2.14) with |[u; nplloo = 1. Then we have:

App (ur =yt =5 1p) = Nillur =1 mplld o + Njrp— N4+ 2R (ur, uj — 1 pp).-

Proof. Using the linearity of the bilinear form /Nlhp(-, -) and using (1.2) ,
(2.14), we have

App (W= ppy =5 1p) = N+ N — 2Anp (1, 1)+ 2N (g, 1 ) —2X\0b (g, 15 1) -
(3.22)

Furthermore, by analogous arguments we obtain

s — winpllog = 2 — 2b(ur,ujpp)- (3.23)

10



Substituting (3.23) into (3.22) we obtain
Anp(ur=tjhpy wr=tj,hp) = Millur=winplld o + Njrp == 2Anp (ur, wp) +2Mb(ur, wjp) -

Finally, noticing that Ap,(u;,u;) = N\b(uy, u;) and using (3.21) we obtain
the result. m

3.3 Convergence results

The proof of the next lemma is analogous to the proof of Theorem 3.3 in
[14], so it is omitted for brevity.

Lemma 3.9 For all f € L*(Q), such that Tf € H*(Y), with s > 2, we have

that
min(p+1,s

h )
(T = Tn) flloo < Cqust,Q ~

Theorem 3.10 Suppose that ) is a convexr domain and suppose 1 < j <
dim S,(7T). Let A\ be an eigenvalue of (1.1) with corresponding eigenspace

M(X)) of dimension R > 1 and let (A\jnp,ujnp) be an eigenpair of (2.10).
Then, for a sufficiently rich DG finite element space

(1) _
) h2(m1n{p+1,s}—1)

[Aj = Ajmpl < CF 23 (3.24)

(i)
) hmin{p—i—l,s}—l

dlSt(UjJLp, Ml()\]))EJ' < ClW (325)

(iii)
) hmin{p—i—l,s}
dlSt(Uj7hp, Ml()\y))(LQ S 02193—71/2 (326)

The constants C1,Cs depend on the spectral information {(Ag,ug) : £ =
1,...,7}, the separation constant p, the constants Cey, Creg in Assump-
tion 3.5 and in (2.3), respectively.

Proof.
In order to prove (i) we recall equation (3.18) from [6], i.e.,

Aj = Al < OEHERW = Njrigpl S CORMN), Sp(T)))?

11



where

Op(M(XN;),S,(T)) := sup inf U — Unp BT -
(MO ST = s i |
[ wlle,r=1

Then the result comes from [3, Theorem 4.1].

In order to prove (ii) we use the arguments in [7]. In particular we have
that if \; is an eigenvalue of (1.1), then it is straightforward to see that
Wy = )\]-_1 is an eigenvalue of T. Let I' be a circle in the complex plane
centered at p; which does not enclose any other point of o(T"). As in [7,
Sections 5-6], using the spectral projections

1 1

EF=— 2 —T) 'dz E, = — 2 —T,) tdz
5t r( ) B =g r( h) ,
we have
dist(w; pp, Mi(Nj))pr < sup inf  ||v—upp|lET
3,hps j i ) VEMOL) p
lunp |, 7=1
= sup inf || Ev— Epupp ||le7 -
uppesp(T) VELA(Q) b
lunp I, 7=1
Then taking v = uy, we have
dist(ujnp, Mi(Aj))pr < sup || Bupp — Epuny 6,1
uhPESE(T)
| unp [le,7=1

< E = Enlleesym),s,m) < I1E = Enllez@),s,)) -
where the norm of an operator is defined as:

IPllcam) == sup [[Pv]p .
vEA
[lv]la=1

Using an argument similar to [6, Theorem 3.11], we have that
IE = Enllerz@),s,1)) < CIT = Thplle2(9),8,(1)) -

To conclude the proof we use (3.16).
In order to prove (iii), we use an argument similar to Lemma 3.5 in [30]:

dist(uj np, M1(A\j))o0 < llu—ujnplloe = |lu— Epulogq,

12



where v € M();) is the eigenvector such that wjp, = Epu. We know
that such a u exists because for a sufficiently rich finite element space E}, :
M(X\j) — Mpp(;) is one-to-one, see [4, 5].

Y dzH
z—pu  loa

1 _
Ju= Bvloa = I~ Biuloa = 5| [ -7 @~
Ly

< Csup [|(z = Ti) ™Ml ez, o) (T = Th)ullog
zel';
where ||(z — T) !l z(z2,12) is bounded because from standard DG analysis
|7 — Thll(z2,12) tends to zero. Then the result follows from Lemma 3.9.
[

4 Emnergy norm a posteriori error estimates

The main results in this section are reliability for eigenfunctions and eigen-
values (Theorem 4.5 and Theorem 4.6) and efficiency (Theorem 4.13) for
the residual error estimator introduced below. The reliability ensures that,
up to a constant and to asymptotic high order terms, the error estimator 7;
gives rise to an a posteriori upper bound for errors in both eigenvalues and
eigenfunctions, on the other hand, the efficiency ensures that, up to a con-
stant and to asymptotic high order terms, the true error bounds the error
estimator 7; from above. Together these two results ensures that the com-
putable quantity 7; is linearly proportional to the true error, up to higher
order terms. So it is safe to assume that the true error decays on a sequence
of meshes where the a posteriori error n; decays, too. The main results in
this section holds also for non convex domains 2. N

As in [11, 8], we shall make use of an auxiliary l-irregular mesh 7 of
affine quadrilaterals. We construct the auxiliary mesh 7 refining the mesh
T such that no-hanging nodes in 7 are hanging nodes in 7 as well.

We then introduce the following auxiliary DG finite element space on
the mesh 7

So(T)={ve L} Q) : v|zoTz € Q (K), KT},

where the auxiliary polynomial degree vector p is defined by pz = pk for

all children K € 7 of an element K € 7.
The next theorem, which comes from [11, 8], defines an averaging oper-
ator for the auxiliary mesh 7.

13



Theorem 4.1 There exists an averaging operator Ip, : Sy(7T) — Sg(’j'),

where N N
SS(T) = S3(T) N Hy(92) (4.27)
that satisfies
S IVE -T2z S Y PR e, (428)
KeT FeF(T)
Z ”U IhpUHLZ(K Z pF hF” ’U]]”LQ(F (429)
ReT FeF(T)

In the sequel, we shall use the symbols < and 2 to denote bounds that
are valid up to positive constants independent of h and p.

4.1 Residual-based error estimator

Let (Aj hp, uj np) be a computed eigenpair of (2.10). For each element K € T,
we introduce the following local error indicator 7; x which is given by the
sum of the three terms:

2 2 2 2
MK = MR + P + Mjage > (4.30)

where the first term 7; g, is the residual in the interior of the element K:

2 —272 2
j,Rx = Pk hKH)‘j,hpuj,hp + AujJLpHO,K )

the second term 7; ;. is the residual on the faces of K in the interior of the
domain 2

1 _
B =5 Y. PrhrlVumlle
FeFr(K)

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

1 ,.Y2p3 ,Y2p3
Boe=5 > prlbumlliert > S-Clllumlll e
FeFi(K) F FeFp(K) E

Summing (4.30) on all elements we obtain the global error estimator 7;:

n=> nk (4.31)

KeT

14



Remark 4.2 As already remarked in [9, 11] for the two-dimensional case
and in [8] for the three-dimensional case, the weight in the jump residual
0,75 5 of the different order pi’;h}l, which is suboptimal with respect to the
powers of pp when compared to the jump terms in the interior penalty form
App(u,v), which is of order p%h}l on each face. This suboptimality is due
to the possible presence of hanging nodes in the underlying mesh T. On
meshes without irreqular nodes, Theorem 4.5 holds true with the following
Jump residual:

~2 1 7219% 2 7217%“ 2
Be=g > ZwlBet Y TPl
FeF (k) T Ferp(k) T

with associated estimator 1):
~2 ~2 : ~2 2 2 ~2
M= Mk with 0 =1 g 0 m e (4.32)
KeT
In Section 5 we show that both n; and 7); lead to exponential convergence to
the true solution on the sequence of adaptively refined meshes.

4.2 Reliability

In order to prove the reliability, we decompose a computed eigenfunction
uj pp into a conforming part and a remainder:

_ ¢ r
Wjhp = Wj hp + Uj hp»

where u$, = Inpujnp € SIS)(’Z~') C H}(Q) is defined using the averaging

operator I, in Theorem 4.1 and the remainder u

T 3 3 T J—
" hp 18 given by urpy =

Wjhp — U5, € S5(T). 1t is straightforward to show that || u; —wjpy [, <
| wj —wjnp ||E,7~" therefore, since u; — uf,, € HE(Q),

luy —ujmpller < llwy = winp g7 < llug = ufnplls 7 + lufnplls 7

=y = uipplleT + U pllg 7 (4.33)

Then to prove reliability for eigenfunctions it is just necessary to bound both
terms in the right hand side of (4.33) using n;. The proof that

lunpllez < s (4.34)
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is equivalent to [8, Lemma 4.1] and we omit it for brevity.
On the other hand, to bound || u; — S, ||g,7 in (4.33), we split Apy(-,-) =
Dpp(-,-) + Kpp(-, ) where

Dpy(u,v) = Z/ Vu-Vodr + Z 7pF/[[u]] [v] d

¢
Jshp

KeT FeF(T)
Kpp(u,v) Z / {Vu} - [v]ds — Z / {Vo} - [u] ds.
FeF(T) FeF(T)

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

A(u,v) = Dpy(u,v) Vu,v € H} (), (4.35)
as well as
App(u,v) = Dpp(u,v) + Kpp(u,v) Vu,v € Sy(T). (4.36)

We also recall the standard hp-approximation results from [9, Lemma 3.7]:
for any v € H}(Q), there exists a function vy, € Sp(T') such that

pKh 2”” —UthOK ||VU||0 K>
IV (v = onp) I6,5c S 1V0115 ¢ (4.37)
prhi v — vmpllg ox < I1V0l5 &

for any element K € 7.

Lemma 4.3 For any v € H}(Q), for all (\j,u;) solving (1.2) and for all
(Aj hps Wjnp) solving (2.10), we have

/ Ajttj (V=vhp) dx— D (W, hipy V—=Vhp) +Enp (W hps Vip) S <77] _H/\ Uj— )‘j,hpuj,thO)HUHE,Ta
where, vy, € SE(T) is the hp-approximation of v satisfying (4.37).

Proof. For brevity, let us set

T= / Ajt; (v = Vhp) Az — Dpp(Wjhp, 0 — Vip) + Knp (W hps Vip)-
Q

16



Integrating the volume terms by parts we obtain

T = Z / (Ajuj + Aujpp) (v — vpp) d Z WpF / [wjnpl - [ — vnp] ds

KeT FeF(T)
/ Vusnlo = vmbds = 3 [ (0} il ds
FeFi( FEF(T)
= T1 +T2—|—T3—|—T4.

Using the Cauchy-Schwarz inequality and the approximation properties (4.37)
we have that

= Z / JhpWshp T AU pp) (v — vpp) d + Z / (Ajj = Ajaptijhp) (v — vpp) da

KeT KeT
3 h
2
< (3 ) Mol + 1w = Mgl v .-
KeT p

For term T5, we again exploit the Cauchy-Schwarz inequality to conclude
that

1 1
> wzthglm[uj,hpuuaF) (X pehEle - ollide) "
FeF(T FeF(T)
Thus, from (2.3), (2.6) and (4.37), we obtain the bound
7,5 (3 o) vl
KeT
Similarly, term 75 can be bounded by

1 1
< (> pEthelVunllde) (D pehEt e = o)

FeFi(T) FeF(T)

1
Z 2
5 ( 7732,FK> HUHE,T

KeT

In a similar way we use Cauchy-Schwarz inequality, (2.3) and (2.6) for term
Ty:

1 1
> b Mmllde)* (D pR2hc Vo lEor )™

FeF(T) KeT
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From the standard hp-version inverse trace inequality, see [29], we conclude

that . )
— 2 2
TSy (D ) (D0 IVomlid )

KeT KeT

furthermore, using the approximation properties in (4.37),

Yo IVullix S DIV —vmp)llix + D IVoldx S llvlfr
KeT KeT KeT

Hence

1
TSy (X ) v ler
KeT

The bounds for T4, Ts, T3, and T imply the assertion. [
We are now ready to bound [|u; — u$,,, [[g7 in (4.33).

Lemma 4.4 Let (\jpp,ujpp) be a computed eigenpair of (2.10) and let

(Aj,uj) be an eigenpair of (1.2). Then we have for 5, = Inp ujnp that:

h
| uj —ufpy BT S M5+ (1 + 5) A5 = Ajrptsnpllo-
Proof. Since uj —uf ), € H (), we have that

where v = u; —u§ . To bound the right-hand side of (4.38), we note that,
by (4.35),

A(uj — u;hp,v) = / Aju;vdr — A(u;hp,v) = / Ajuvde — th(u;hp,v).
Q Q
It is straightforward to see that Dy, (u$ ;,,, v) = Dap(ujnp, v) + R, with
R=- Z /~ V- Vode .
[
Furthermore, from (2.10) and (4.36), we have

/Q Aj,hp hpVhp AT = Dy (g nps Vnp) + Knp(Uj hps Vnp)

18



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

Al ~ ) = |

; (Ajtsj = Aj s p) O di + /Q Ajuj (v — vpp) da

—Dip(tj hps v = Vnp) + Knp (W hp, Vhp) — R
(4.39)
Using Poincaré’s inequality and (4.37) we have

h h
Iviplloe £ ZIVoloa +olos < (5 + Cp) I Vellos.

then from (4.39) we obtain:

h
At =15 30) < (24 Gy = Asswttsmploll vl + [ Ajug(o—viy) da

— D (g hp, 0 — Vnp) + Knp(j hp, Onp) — R

The estimate in Lemma 4.3 now yields
h
Afws =5 0) S (5 (Gt ) Igus = Agmpttgnpllo )10 7+ IR (4.40)

It remains to bound |R[; from the Cauchy-Schwarz inequality and (4.34),
we readily obtain

1Bl S Wi g7l v ller S njllvller (4.41)

The desired result now follows from (4.40) and (4.41). ]
The proof of Theorem 4.5 readily follows from (4.33), (4.34) and Lemma 4.4.

Theorem 4.5 (Reliability for eigenfunctions) Let (\; pp,ujnp) be a com-
puted eigenpair of (2.10) converging to the true eigenvalue \; of multiplicity
R > 1. Then we have that:

. h
dist (wj np, £1(Nj))E,T S M5+ (1 + ;) [Ajuj = Ajmptagppllo
where u; is the minimizer of (3.17).

Proof. From (4.33), (4.34) and Lemma 4.4 we have that:

dist(wjnp, B1(A))e, 1 < lwg = uGpplleT + W) ppllp 7

h
S+ (1 + 5) [Ajug = Ajnptignpllo -
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Theorem 4.6 (Reliability for eigenvalues) Let (\jpnp, ujpnp) be a com-
puted eigenpair of (2.10) and converging to A; of multiplicity R > 1. Then
we have that:

|/\j_>\hp| N 7732'+G7

where

h\2 9 h A
G = (1+5> HAjuj—Aj,hpuj,hplloJr?m(HE)HAjuj—Aj,hpuj,thoJr?\R(Uj7uj—uj,hp)h
where w; is the minimizer of (3.17) and ; is the minimizer of (3.18).

Proof. Applying (2.15) to Lemma 3.8 and also noticing that \; ”aj_ujthH%,Q >
0 we have

INj = Njhpl S dist () np, B1(\) i + 2|R (i, g — wjpp)| -

Applying Theorem 4.5

h 2 A
[Aj = Ajmpl S (ﬂj + (1 + 5) [Ajus — Aj,hpuj,thO) + 2|R(th, 45 — ujpp)l-

]
The next two corollaries identify the higher order terms in the results of
Theorem 4.5 and Theorem 4.6.

Corollary 4.7 Under the same assumptions as in Theorem 4.5 and with
the extra condition that Ey(\;) C H*(Q2), with s > 2, we have that the term

(1 + %) | Xjuj — Anpujnpllo is asymptotically higher in order compared to n;.
Proof. By the triangle inequality we have
1Aj5 =g mpugnpllo < A us=Agugnpllo+1 A0 = A5 mptgnpllo = Ajlluj—ugmnpllo+ A=A mpl -

In view of Theorem 3.10 we have that

) pmin{p+1,s}—1 pmin{p+1,s}
dist(tj,np, B ()7 = O (77— ).

o372 ) A u = A pgnpllo = O(w
leaving the only possibility that 7; is the leading term. [

Corollary 4.8 Under the same assumptions as in Theorem 4.6 and with
the extra condition that Ey(\;) C H*(Q2), with s > 2, we have that the term
G is asymptotically higher in order compared to 77]2-.
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Proof. From the Corollary 4.7 and from Theorem 3.10(ii) we already know
that both 72 and |\ — App| are of order O(M

p2373
to be proved is that all the terms in G are higher in order. From simple
applications of Theorem 3.10 and Corollary 4.7

. So what remains

h2(min{p+1,s}) h2 min{;zz—l—l,s}—l>

I =Nimpus il = O )+ millu=Aialo = O(

p2s—1 p2s—2

Then, applying Lemma 3.7 we have
pmin{p+1,s—1}

IR (4,45 — wjnp)| < THUHs,ﬂH dj — wjhp BT

Using [3, Theorem 4.1]) we obtain

hmin{p—l—1,s—1}+min{p+1,s}—1
(R(thj, j — wjnp)| S 252

It is possible that for some values of p and s, min{p+ 1,s — 1} = min{p +
1,s} — 1, making the term |R(t;,4; — wu;np)| of the same order in h as 77]2-.
However in general we have that

min{p+ 1,5} — 1 = min{p,s — 1} <min{p+1,s — 1},

making |R(dj,0; — ujpp)| of order equal or higher. Moreover in p the term
|R(tj,7; — ujpp)| is definitely higher order compared to 77j2-- ]

4.3 Efficiency

In this section we prove the efficiency of the error estimator ;. Unfortu-
nately a proof of efficiency robust in both h and p is not available, so we
present a proof robust only in A as in many other works [8, 11, 12].

In the proof we exploit bubble functions, which are in general smooth
and positive real valued functions with compact supports and bounded by
1 in the L*° norm. Also, these functions have local support, so it is possible
to define a bubble function on each element and on each edge in the mesh.
Furthermore, it is possible to prove inverse estimates for bubble functions of
standard results involving norms, thanks to their regularity. These estimates
are collected in the next proposition. We define for any element K a real-
valued bubble function ¢k with support in K which vanishes on the edge
of K and for any edge F' in the interior of the domain we need a real-
valued bubble function ¥ that vanishes outside the closure of K;E UKpg.
In [12, Lemma 3.3], such bubble functions v, 1) are constructed using
polynomials. Moreover, it is proven that 1), 1 satisfy the following lemma:
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Lemma 4.9 We have

lollox S N ollo,ie (4.42)
v lex S hEtvllox, (4.43)
and on an interior edge F
lwllo.r S 94> wlor, (4.44)
1/2

105 wlorezons S P lwlo,e, (4.45)

—1/2
197 wllg ron= S brlwlor, (4.46)

hold for all T € Ty, all F € Fi(T), for all polynomials v and w and where
K}' and K. are the two elements sharing F'.

In the following we bound each single term forming 7; with the energy
norm of the error plus, where necessary, high order terms.

Lemma 4.10 Let (X} pp, ujpp) be a computed eigenpair of (2.10) converging
to \j of multiplicity R > 1. Then we have that:

12
( > T]JZJK) S dist(ujnp, E1(Aj))B.T -
KeTk
Proof. Let uj be the minimizer of (3.18). Since [u;] = 0 then for any K

2 1 7217% 2 ’sz?fr 2
Tk =3 ) T Mujmp — wllGr + D o 1[wj,np — uilllo,F
reri(k) T FeFp(K) L

2
S S g, — wllR e < Mg — wjn
~ h j,hp 2010, F = 7 3,hp | B,wg >
FeF(K)

where the set wg contains K and its neighbours. The result follows by
summing the contribution from all elements. [

Lemma 4.11 Let (Aj np, ujnp) be a computed eigenpair of (2.10) converging
to eigenvalue \; of multiplicity R > 1. Then we have that:

1/2 . h
(3 mne) " S dist(ing B )eT + = Ximptting — AstisloT,
KeTg p

where u; be the minimizer of (3.18).
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Proof. For each element K let W|x = h%(p;f()\j,hpujﬁp + Au; pp)k, then
using (4.42)

h2

2 2

0 Ry = p—f 1A hpt b + At ppllo i S /K (Ajhptt hp + D)W da
K

Since A\ju 4+ Au; = 0 is satisfied at least weakly, we then have:
77]2',RK S /K()‘jvhpujvhp — Ajttj + Aujpp —w))Wdz .

Then using the fact that Wlgx = 0, we have by integration by parts and
using (4.43):

TR S /K (ANjhpUjhp — Njug )W — NV (ujpp —u) - VW dx
<lu —ujnp g5l W e x + [N pptsnp — Ajusllox W o,k

_ h3
S <hK1 lwj = wjnp e,k + [ npttsnp — A IIO,K) pTK 1.t p + At hpllo, e -
K

Dividing both sides by hxpg | A aptjnp + At npllo.rc we end up with

_ K
Mk < Ph Il — wipp lex + ];\\Aj,hpuj,hp — Ajugllor

which leads to the result by summing the contributions from all elements
and noticing that p;l <1. [

Lemma 4.12 Let (X} pp, ujpp) be a computed eigenpair of (2.10) converging
to \j of multiplicity R > 1. Then we have that:

o \1/2 B1/2
< > ”ijK> S dist(ujnp, E1(N))e,1 + 75 [ Aj15 = Ajnpte hpllos
KeTk p

where w; is the minimizer of (3.18).

Proof.  For each element K let W = > pcr (1 hepe [V npltr, then
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using (4.44), [Vu;] = 0 on interior edges and integration by parts

ZHJZ,FK ~ Z /[[VUjhp]]WdS— Z /[[Vujhp Vuj]]st

KeTy, FeF(T) FeF(T)

= > /K . (A pp — Auj)W + (Vujpp — Vug) - VIV dz
Fer (1) KEY

= Z /K - (AU hp + N ptjhp) W + (Vujnp — Vuy) - VIV da
FeF(T)

+ Z /7L 7()\jUj—)\j7hpu]'7hp)de .
FeF (1) KrVE

Using Lemma 4.11 and (4.45) we have

Z / B (AU hp + Nj hptj np) W dx
rer (1) KiVKE

h 2
S (s = g s + = Wimpteing = Njusllor ) (D2 EAIWIE KfUKR )
p FeF(T)

h 1/2
S (H wj = Wi [lo.7 & 1A npttinp Ajua’HovT) ( ) ”JZ,FK) :
KeTy,

Then, using the continuity and (4.46),

1/2
> / (Vg = V) VWde Sy —wipller (D0 IWIR e )
K UKL

FeF( FeF(T)
1/2
2
S Il —uj,thE,T( > ”j,FK) :
KeT,,
Finally,
) 1/2
Z / Oty = At )W de S s = Agmttgmploa( D HWHQK;UK;)
Fer (1) KrVUKE FeF(T)
hl/ ) 1/2
el [Aju; — Aj,hzu’uy',tho,ﬂ( >, ”j,FK> :
KeT,,
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]
The proof of the efficiency result Theorem 4.13 follows in a straightfor-
ward manner from Lemmas 4.10-4.12.

Theorem 4.13 Let (A} np, ujnp) be a computed eigenpair of (2.10) converg-
ing to the true eigenvalue \; of multiplicity R > 1. Let also n; be the error
estimator for (Xj hp, Wjnp), then we have the bound

1/2
% st Ex))eT + Zr 1At = Astsllog

5 Numerical results

In this section we have collected numerical results regarding our a posteriori
error estimator with the clear aim to show the reliability of the error esti-
mator and the exponential converge of the error on the sequence of adapted
meshes.

All the numerics in this section have been carried out using the AptoFEM
package (www.aptofem.com) on a single processor desktop machine. In par-
ticular we used ARPACK [26] to compute the eigenvalues and MUMPS [27]
to solve the linear systems.

The adaptive algorithm that we use is very simple: initially we choose
the index j of the eigenvalue that we want to follow, then starting from a
conforming coarse mesh we compute the eigenpair (\; p,, %; np) and the error
estimator 7;. After this we mark elements for refinement using a simple
fixed-fraction strategy based on values 7, i; the choice between refining
the marked elements in h or p is made by testing the local analyticity of
the computed eigenfunction on the marked elements using the technique
developed in [28]. Finally, a refined mesh is generated and the process
restarted from the computation of (\;pp,;np) on this refined mesh. The
process is halted only when the value of 7; is smaller than a prescribed
tolerance or when a maximum number of iterations have been carried out.

5.1 Unit square

The first example that we present, is problem (1.1) on the unit square [0, 1]2.
The initial mesh is a conforming structured mesh of 16 elements and the
initial order of polynomials is 2. In Figure 1 we plot the true error for
the first four eigenvalues against the number of degrees of freedom (DOFs).
The solid lines represent the simulations using the error estimator 7; and the
dotted lines represent the same simulations, but using the error estimator 7;.
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Figure 1: Convergence for the first eigenvalues on the unit square.
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Figure 2: Values of the constant C), for the first four eigenvalues.
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As can be seen, both error estimators give very similar results and in both
cases the plots are (roughly) straight on a linear-log scale, which indicates
that exponential convergence is attained for this smooth problem.

Moreover, in Figure 2 we plot the computed values of the hidden constant
C, in Theorem 4.6, i.e., Cp = [Aj — Ap, /77]2 The solid lines represent the
values of C), for n; and the dotted lines represent the values of C;, for 7;.
The fact that all the values of (), are in a very small range, support the
fact that both the error estimators 7; and 7); are reliable and efficient and
that all the extra terms in the bound in Theorem 4.6 really are higher order
terms. Also, the range of values for C), seems independent of both the error
estimator used and the index of the eigenvalue that has been considered.
Just for comparison we plot in Figure 3 the convergence lines for the first
eigenvalue using 7; either with h-adaptivity or hp-adaptivity. In Figure 4
we show the mesh generated by the hp-adaptivity using the error estimator
n; for the first eigenvalue and after 11 iterations of mesh refinements.

10
i ——h
10 ¢ i
\S\{)
o 10_6 r 1
<
f|<-—.
<1070 | |
10—107 |
-12
10 ‘ ‘ ‘ ‘
0 20 40 60 80 100
DOFs?

Figure 3: Comparison between h and hp adaptivity for the first eigenvalue
on the unit square.
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Figure 4: hp-adapted mesh obtained for the first eigenvalue on the unit
square.

5.2 L-shaped domain

The second example is problem (1.1) on the L-shaped domain Q = [0, 1]%/([0.5, 1] x
[0,0.5]). This problem is of particular interest because it is not smooth due
to the reentrant corner. The initial mesh is a conforming structured mesh
of 12 elements and the initial order of polynomials is 2. In Figure 5 we plot
the true error for the first four eigenvalues against the number of degrees
of freedom. As before, the solid lines represent the simulations using the
error estimator 7; and the dotted lines represent the same simulations, but
using the error estimator 7);. As can be seen, both error estimators give
very similar results and in both cases the plots are (roughly) straight on a
linear-log scale, which indicates that exponential convergence is attained for
this non—smooth problem.

Moreover, in Figure 6 we plot the computed values of the hidden con-
stant C, in Theorem 4.6, in the same way as in the previous example. From
the plots it is clear that we can also draw the same conclusions as previously.
Just for comparison we plot in Figure 7 the convergence lines for the first
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Figure 5: Convergence for the first eigenvalues on the L-shaped domain.
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Figure 6: Values of the constant C), for the first four eigenvalues.
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eigenvalue using n; either with h-adaptivity or hp-adaptivity. In Figure 8
we show the mesh generated by the hp-adaptivity using the error estimator
n; for the first eigenvalue and after 21 iterations of mesh refinements. Un-
surprisingly the elements are very small around the reentrant corner, where
the singularity sits and the orders of polynomials increase moving away from
the singularity.

107" ‘ ‘ ‘ ‘
0 50 100 150 200 250

DOFs?

Figure 7: Comparison between h and hp adaptivity for the first eigenvalue
on the L-shaped domain.
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Figure 8: hp-adapted mesh obtained for the first eigenvalue on the L-shaped

domain.
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