AN ADAPTIVE FINITE ELEMENT EIGENVALUE SOLVER
OF QUASI-OPTIMAL COMPUTATIONAL COMPLEXITY”

CARSTEN CARSTENSEN AND JOSCHA GEDICKE

ABSTRACT. This paper presents a combined adaptive finite element
method with an iterative algebraic eigenvalue solver for the Laplace
eigenvalue problem of quasi-optimal computational complexity. The
analysis is based on a direct approach for eigenvalue problems and al-
lows the use of higher order conforming finite element spaces with fixed
polynomial degree k£ > 0. The optimal adaptive finite element eigen-
value solver (AFEMES) involves a proper termination criterion for the
algebraic eigenvalue solver and does not need any coarsening. Numerical
evidence illustrates the optimal computational complexity.
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1. INTRODUCTION

The eigenvalue problems for second order elliptic boundary value prob-
lems involve the discretisation error of some adaptive finite element method
as well as the error left from some iterative solver for the algebraic eigen-
value problem. This paper presents the first adaptive finite element eigen-
value solver (AFEMES) of overall quasi-optimal complexity shown in the
pseudocode below.

AFEMES
Input: Coarse triangulation 7p, initial guess (g, wo),
parameter 0 <60 <1, 0 <w.

do = 2y/wno(po,wo);

for £ = 0,1,...
while ( &y > +/wne(pe, we) )
O == 0¢/2;
[/’Lf7w€] C= LAES(%HU'&U)&(SK);
end
%—i—l ‘= Refine(’]},Mark(Tg,H,m(ug,wg)));
Oor1 = 2¢/wne(fe, we); fregr = fos Wep1 = wp;
end

Output: Sequence of triangulations 7; and
inexact discrete eigenpairs (ug,wy).
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The adaptive mesh refinement via subroutines Mark and Refine is well-
established in the finite element community [D6r96, BDD04, Ste07, BS08,
CKNSO08] while LAES represents any state-of-the-art iterative eigensolver
well-established in the numerical linear algebra community. The pseudocode
gives one possible error balance of the two error sources of quasi-optimal
complexity. The works on convergence [GG09, Sau07, GMZ08, CGO08] as
well as on quasi-optimal convergence [DXZ08] of adaptive mesh refinement
for the eigenvalue problem do assume unrealistically the exact knowledge of
algebraic eigenpairs. While a second optimality result for linear symmetric
operator eigenvalue problems [DRSZ08] is based on coarsening. Assuming
a saturation assumption, [Ney02, MMO09] present combined adaptive finite
element and linear algebra algorithms.

As a simple model problem for a symmetric, elliptic eigenvalue problem
consider the following eigenvalue problem of the Laplace operator: Seek a
non-trivial eigenpair (A, u) € R x H3(;R) N HZ (Q;R) such that

(1.1) —Au=Au in Q and u=0 on 0%,

for an open bounded Lipschitz domain # # Q C R”, n = 2,3. It is well
known, that problem (1.1) has countable infinite many solutions with posi-
tive eigenvalues

D<A < <A<,

For simplicity this paper restricts to the case, that the eigenvalue of interest
) is a simple eigenvalue, hence its algebraic and geometric multiplicity equals
one.

The weak problem seeks for a non-trivial eigenpair (A\,u) € R x V :=
R x H} (4 R) with b(u,u) = 1 and

a(u,v) = Ab(u,v) for all v € V.
The bilinear forms af(.,.) and b(.,.) are defined by

a(u,v) :z/Vu-VUd:U and b(u,v) ::/uvdaz
Q Q

and induce the norms ||| := |.|g1(q) on V and || := ||.lr2() on L*().
The conforming finite element space of order k£ € N for the triangulation 7,
is defined by

Pr(Tp) == {v € H'(Q) : VT € Ty, vris polynomial of degree < k}

Let Vy := Pr(7y) NV denote the finite-dimensional subspace of fixed order
k > 0. The corresponding discrete eigenvalue problem reads: Seek a non-
trivial eigenpair (Ag, ug) € R x V; with b(ug, ug) = 1 and

a(ug,vg) = Ab(ug,vg) for all vy € V.

In this paper the quasi-optimal convergence for the model problem (1.1)
is first shown for exact algebraic eigenvalue solutions without using the inner
node property: Suppose that (Ag, uy) is a discrete eigenpair to the continuous
eigenpair (A, u). Let u € As, Ay denotes an approximation space, and (7y),
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be a sequence of nested regular triangulations. Then (g, ug) converges quasi-
optimal,

llu = uel® + A = Aol S (17e] — |Tol) 7.

Throughout this paper, standard notations on Sobolev and Lebesgue spaces
are used. The notation a < b abbreviates the inequality ¢ < Cb with
a constant C' > 0 which does not depend on the mesh-size. Finally, |7|
denotes the cardinality of 7y. In contrast to [DXZ08] the proofs are based on
the eigenvalue formulation and not on a relation to its corresponding source
problem. Hence, no additional oscillations arising from the corresponding
source problem have to be treated. In a second step this result is extended
to the case of inexact algebraic eigenvalue solutions: Suppose (A, u) with
u € A is an exact eigenpair and (Ag,ug) and (Apy1,usq1) corresponding
discrete eigenpairs on level ¢ and £ + 1. Let the iterative approximations
(e, we) on Ty and (prps1, wes1) on Tpyq satisfy

luwess — weﬂ’”z + | Aot — pega] < W?zg(l% we),

llue — well® + [Ae = pe| < wnj (pe, we),

for sufficiently small w > 0. Then, the iterative solutions u, and wy converge
optimally up to positive constants,

llw — well® + [ — el < (1Tl = | To]) 2.

Finally, this result leads to an optimal combined adaptive finite element
and numerical linear algebra algorithm (AFEMES) which does not need
any coarsening or saturation assumption.

The outline of this paper is as follows. Section 2 concerns the basic struc-
ture of the standard adaptive finite element method (AFEM) for eigenvalue
problems. Section 3 presents some algebraic and analytic properties for
the model problem (1.1). The discrete reliability of a residual type error
estimator is shown in Section 4 together with the standard reliability and
efficiency. In Section 5 a contraction property for the quasi-error up to
higher-order terms leads to quasi-optimal convergence for the AFEM under
the usual assumption that the mesh-size is sufficiently small and that the
algebraic sub-problems are solved exactly. Relaxing this last assumption
in Section 6, the results for quasi-optimal convergence are extended to the
case of inexact algebraic eigenvalue solutions. These relaxed results are in
Section 7 combined with an quasi-optimal iterative eigenvalue solver and
thus lead to the combined AFEM and iterative algebraic eigenvalue solver
AFEMES with quasi-optimal computational complexity. The numerical ex-
periments of Section 8 show empirical optimal convergence rates for the case
of exact algebraic eigenvalue solvers and higher-order finite element meth-
ods. An implementation of the proposed optimal AFEMES for linear finite
elements shows numerically quasi-optimal complexity for sufficiently small
bulk parameters.
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2. ADAPTIVE FINITE ELEMENT EIGENVALUE SOLVER

The adaptive finite element method computes a sequence of discrete sub-
spaces

WEVigWhc...oVicV

using local refinement of the underlying mesh of the domain 2. The corre-
sponding sequence of meshes 7y, 71,75, ... consists of nested regular trian-
gulations. The AFEM consists of the following loop

Solve — Estimate — Mark — Refine.

Solve. Given a mesh 7, on level £ the step Solve computes the stiffness ma-
trix Ay and the mass matrix B, and solves the finite-dimensional generalised
algebraic eigenvalue problem

Apxy = M Bz
with
dim (V)
we= > zoe,  Ve=span{p1,..., Paimy}-
k=1

Practically, these discrete eigenvalue problems are solved inexact using iter-
ative algebraic eigenvalue solvers. In this paper the linear algebraic eigen-
value solver (LAES), used as a ’black box’ iterative solver in the optimal
algorithm AFEMES, is assumed to be any iterative eigenvalue solver of op-
timal complexity. E.g., for any given tolerance £ > 0, the LAES computes
some eigenpair (ftgm,we ) of the generalised algebraic eigenvalue problem
from a close enough initial guess (1,0, we,) such that

lue = wemll? + [Xe = prom| < €
in at most, up to a multiplicative constant,
max {1,log(e ™ [lue — weoll) } 17l

arithmetic operations. For example, the preconditioned inverse iteration
(PINVIT), for computing the smallest eigenpair, is known to be of optimal
complexity, as soon as the preconditioner is close enough to the exact inverse
[KNO09].

Estimate. The error in the eigenfunction or eigenvalue of interest is esti-
mated based on the solution (A, us) of the underlying algebraic eigenvalue
problem

m o) == e us TV + Y me(Ae,us B)?
TeTy Ee&,

Mark. Based on the refinement indicators, edges and elements are marked
for refinement in a bulk criterion [D6r96] such that M, C 7, U & is an
(almost) minimal set of marked edges with

Ong (Ao, ue) < mp (Ao, ug; M),

mOous M) == Y ifnusT)+ > 1Ay ug E)
TeMNT, EeMinE,
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for a bulk parameter 0 < 6§ < 1. This is done in a greedy algorithm which
marks edges and elements with larger contributions.

Refine. In this step of the AFEM loop, the mesh is refined locally corre-
sponding to the set My of marked edges and elements. Once an element is
selected for refinement, all of it’s edges will be refined. In order to preserve
the quality of the mesh, i.e., the maximal angel condition or its equivalents,
additionally edges have to be marked by the closure algorithm before refine-
ment. For each triangle let one edge be the uniquely defined reference edge
E(T). The closure algorithm computes a superset M, D M, such that

{E(T):TeT, with EDNMi#0 or TNMy#0} C M,

In other words, once a edge of a triangle or itself is marked for refinement,
its reference edge E(T') is among them. A similar refinement algorithm for

n = 3 based on bisection and the concept of reference edges can be found in
[AMPOO].

Proposition 2.1 (Boundedness of Closure, [BDDO04, Ste08]). Let 7,4 be
a refinement of Ty, obtained using the refinement algorithm and closure.
Suppose 1y is the initial coarse triangulation, then it holds

L—1
72] = 1Tl S Y _IMe|. O
=0
After the closure algorithm is applied one of the following refinement rules

is applicable, namely no refinement, green refinement, blue left or blue right
refinement and bisec3 refinement depicted in Figure 2.1.

Proposition 2.2 (Overlay, [Ste07, CKNSO08]). For the smallest common
refinement 1. ® Ty of 1. and Ty it holds

. T — |T)| < |Te| — |To|. O
3. ALGEBRAIC PROPERTIES

This section summarises some known and some new algebraic properties
of the model problem (1.1), such as the relation between the eigenvalue error

bisec3 green
news news / \
1 v 2 1 .
newi newi
3 3
blue left blue Tight
news \ / newsy
1 2 1 ———— 2
new new

1
FiGURE 2.1. Refinement rules: Sub-triangles with corre-
sponding reference edges depicted with a second edge.
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and the error with respect to the norms ||.| and ||.|| [SF73]
(3.1) lu — well® = Ml = uel|? + Xe = X

Suppose that (A, up) € R x Vy and (Apym, erm) € R X Vg, are discrete
eigenpairs approximating the continuous eigenpair (A\,u) € R x V on the
levels £ and ¢ + m.

Lemma 3.1 (Quasi-orthogonality). Let Tpi,, be a refinement of the tri-
angulation Ty for some level £ such that Vo C Vpiy, or even in the limit
Viem =V such that upyy, = v and Ay = A. Then, for ey := u — uy and
€0pm ‘= U — Uptm, the quasi-orthogonality holds

lem — well® = lleel? = leermll* — Alec|?
+ AMlecrml® + Aermlluesm — uel?.
Proof. Since Ty, is a refinement of 7y, (3.1) implies
ltterm — well® = Aegm l|tesm — well® + Ao — Ao
Hence,
e — well® = Arymllterm — wel® + 2o = A = Aegm — A)
= lleel’® — llecrmll® — Alleel® + Allemll?
+ Aeem |t m — uel|. O
Let the residual Res;, € V* be defined by
Resy(v) := Agb(ug,v) — a(ug,v) for all v € V.
Notice that V; C ker(Resy).

Lemma 3.2. Let Tp1,y, be a refinement of 7, such that Vy C Vo C V,
then it holds

S (Mg + o) g — ug]?
rm 2 Nwerm — el

lwesm — uell < || Resel

Proof. Elementary algebraic manipulations, together with the assumption
that V, C Viyp, show
ey — well® = Xeb(ug, werm — we) — altg, wpym — )
+ a(Wetms Wem — Ue) — Aeb(tg, Wepm — up)
= Resp(worm — we) + Mopm + Ae) (1 — b(wppm, ue))

()\e+m + )\z)
2
The remaining part of this section is devoted to show that the second
term on the right hand side in Lemma 3.2 is of higher-order, namely

> €5y Uprm — Ug||” -
< [[Res] | [

Vi lteqm — el +

[wesm — well S hell 7 o0y lltbesm — well-

Here and throughout this paper, hy € Py(7;) is the piecewise constant mesh-
size function with hy|p := diam(T) for T' € 7, and 0 < r < 1 depends on
the regularity of the solution of the corresponding boundary value problem.
The first part follows the argumentation as in [SF73] for the case wgi, = u.
The second part exploits regularity of the corresponding boundary value
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problem together with the Aubin-Nitsche technique. Let Gfm Veam = Vi
denote the Galerkin projection onto V; such that

a(Uppm — G§+mw+m,w) =0 forall vy €V,

Note that the case V = Vy,, with Galerkin projection Gy : V. — V; is
included. Suppose the k-th eigenvalue A = ) is simple. Let the initial
mesh-size || ho|| (o) be sufficiently small such that there exist two separation
constants p and pgy.,, which satisfy
Ak
Ao — Ak
Atm ke
At — Mamok

<p forall j#k 1< j<dim(Vp),

< prem forall j # k1< j < dim(Vp).
In the case of a multiple eigenvalue A there still exists such separation
constants for sufficiently small ||ho ||z (q)-

Lemma 3.3. Let Ty1yy, be a refinement of Ty such that Vo C Viip,, then for
the Galerkin projections G§+m Virm — Ve and Gy : V. — Vit holds

[term — el < 201+ prgm) [uerm — G5 tgpmll,
Ju — || <2(1+ p)llu — Geul|.

Proof. Note that for the Galerkin projection it holds

(Mg — Ao ) DG ™ g o e ) = Newm kb (Ui g — G ™ g 1oy g 5)

Since ug 1, ..., ue,n,, for Ny = dim Vp, forms an orthogonal basis for V, the
Galerkin projection of w4, can be written as
Ny
G ™ gt = Z (G5 ™ Uy s Up )t
=1
Let 0 = b(G§+ng+m,k,Ug,k) be the coefficient for j = k in the previ-

ous formula. Because of the orthogonality of the discrete eigenfunctions
Ug 1, -, U N,, it holds

N,
IGE uesm = Buell® = WG uesmp ue)’

J;}g
J
_ +m, l+ 2
= § <)\ 3 ) b(wptm — Gy " Upm ks Ue,5)
= \Arj = At
Jj#k
Ny
2 o+ 2
< Pitm § b(wegm ke — Gy " gy ks Ue,j)
Jj=1
Tk

< P ymllteemp — Gy g pm k.

The triangle inequality shows that

et il = [term e — Bue k]l < |Buek| < Ntwegmll + | esm e — Buel]-
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Since the eigenfunctions are normalized to one this implies
18 = 1] < lluermp — Buekll
Hence,
letem e = ekl < tsesm ke — Buuepl] + 1108 = Due ]
< 2||wesm g — Buk-
Thus,
gk = el < 2lermk — GF wepm gl + 20| GE ek — Buek]
< 21+ o) termp — Gy ™ s pll.
The second inequality follows analogously since V, C V. O
Remark 3.4. Lemma 3.3 implies
lectmll < 2(1 + p)llu — Geymul|
<201+ p)llu — Geull < 2(1 4 p)llecll.
With (3.1) and the min-max principle, it follows
lecrmll < leell and = A < Ay < Ap.

Lemma 3.5. Let Ty1q, be a refinement of Ty such that Vo C Vipp C V.
Suppose the corresponding boundary value problem to (1.1) is H'*"-regular,
i€, Uppm € HTT(Q)NV. Then it holds

[tgrm — wel| < o (hg) [ tiesm — wel|
with
o (he) :=2(1 + potm) Cregllhel| o0 () 1A 14+ ()
for some 0 <r < 1.

Proof. Since up,,, € H*" () NV, the following convergence estimate holds
for the Galerkin projection Gfm and any solution 2y, of the corresponding
dual boundary value problem

letem = G ™2t mll 1) < Crogllell ooy Nl 14+ e

for some 0 < r < 1 [BS08, Theorem 14.3.3]. Under the assumption, that
the problem is H'*"-regular, the Aubin-Nitzsche duality technique leads to

ltesm — GE ™l < Cregllhel o oy IVl 15 (@) i om — G ™l
< Cregllhell 7o (o I Aull e @) lttem — we]-
Lemma 3.3 finishes the proof for both cases Vy1,,, CV and Vpy,, =V. O

Lemma 3.6. Let Tp1,, be a refinement of Ty such that Vy C Vipyy, C V. For
sufficiently small initial mesh-size ||ho|| () there exists a constant Cy > 0
depending only on Ty such that 1 < k(hy) < Cy with

Ittt — wel| < fi(hg)WResA”VZ:_m and lim k(he) = 1.
el oo (2)—0
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Proof. Suppose that |||z (q) is sufficiently small such that

8¢ := 205051 M| F4r () e + M) (14 prym) | hel| 7o ) < 1.
Then Lemma 3.2, Lemma 3.3 together with Lemma 3.5 lead to

e m — uel < (1= 80) " [ Resellvy, -

Notice that x(hy) := (1 —6&,)~! — 1 as the maximal mesh-size tends to zero
and Cy := (1 — 50)_1. |

4. A POSTERIORI ERROR ESTIMATOR

This section establishes the discrete reliability and recalls the reliabil-
ity and efficiency of the standard residual-based error estimator [DPRO3,
DXZ08, GG09, GMZ08]. Let py := Vuy denote the discrete gradient and &
the set of inner edges of 7,. For E € & let Ty, T_ € Ty be the two neigh-
bouring triangles such that £ =T, N7T_. The jump of the discrete gradient
pe along an inner edge £ € & in normal direction vg, pointing from Ty to
T_, is defined by [p¢]-vg := (pg|T+ —p4|T_) - vg. Then the residual error
estimator is defined by

m e ue) =Y meAeu T+ > ne(Ae, ug; E)?
TeT, Eec&

with n = 2,3 and
e, ue; T)? o= | T ™ | Mg + div(pe) [ 727y
ne(Ae,ug; B)? = | EIY D [p -vpll2 g

Note that the Scott-Zhang quasi-interpolation operator J : V — V; is a
projection .J(vg) = vy for all vy € V. In addition, it is locally a L2-projection
onto (n-1)-dimensional edges or faces. Therefore each node is assigned any
edge or face which contains it. Edge-basis functions are interpolated on
their edge and element-basis functions are interpolated over the interior of
their element. The element and edge patches Qp and Qg are displayed in
Figure 4.1. In the following, the Scott-Zhang quasi-interpolation operator is
restricted to V., for a refined triangulation 7y, ,, of 7. If it is possible, each
nodal-basis function is assigned an edge of the boundary or an edge which
is not refined. Thus the homogeneous boundary values are preserved. Let
vp denote the Scott-Zhang interpolant of vyy,, in Vy. Then for all elements
T € 7; and all edges E € & that are not refined it holds vy, |r= vi|r
and vy, |E= v¢|p. Since the finite overlay of the patches Qp and Qg the
approximation property holds

ST M vesm = vell 2yt 1EITYC 2 g — vill 2y S lvesmll
TeTy Ec&

Lemma 4.1 (Discrete Reliability). For sufficiently small ||ho| e (q) let
(A, up) be a discrete eigenpair on level £ and My C T, U & be any set of
edges and elements. Suppose the refinement algorithm of Section 2 computes
the refined mesh Ty, then it holds

IResellvy < me(Ae, ue; My).

4+m "
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Qr Qg

FIGURE 4.1. Patches for the Scott-Zhang interpolation operator.

Proof. Let vy denote the Scott-Zhang interpolant of vy, € Vi, in V4. For
all common elements T' € 7y N 7y, and all common edges E € &N Epppy, it
holds vy = vprm|r and ve|p = veym|E. Hence,

Res¢(vepm) = Resp(vepm — ve) = Aeb(we, Vogm — ve) — a(tg, Vogm — vp)

S Y TIYMIdivpe) + Meuell 2y 11" (0o — ve)ll 2y

Teﬂ\ﬂ«‘ﬁm
+ Z |EIYCr =2 g v 2 ey 1B (0em — ve)ll 2wy
E€&EN\Er1m
S 1e(Aes wes Mo)l[veml-
For sufficiently small ||ho|| (), Lemma 3.6 finishes the proof. O

Lemma 4.2. For sufficiently small [|hol| L (q) it holds
| Resel

ve S (A ue) S el

Proof. The first inequality can be proven as Lemma 4.1. For the second
inequality, Durdn et al. [DPRO3] showed the local lower bound for piecewise
linear finite element functions using the bubble-function technique. In the
case of higher-order finite elements the arguments of the proof remain the
same as in the linear case except that div(py) can be non-zero. Thus the
local discrete inverse inequality ]wE\l/”Hdiv(pg)HLz(wE) S Vel 2wy has
to be applied additionally. Therefore it holds the local lower bound
wil "™ Aewe + div(pe) | 2wy + 1EIY @2 [pd -vEll 12(m)

SIVerl 2wy + lws V" Ihu = Mgl 20
for the edge patch wg (= T4 UT_, for Ty € Ty with F = T, NT_. The
global version reads

M ey ue) S lleell? + el 7 oo oy 1M = Agu*.

As shown in [CGO8], some elementary algebra in the spirit of Lemma 3.1
shows

IAu — )\g’LLgH2 = (N — )\)2 + /\)\gHegHQ.

Equation (3.1) yields (A — A\)2 < [le¢||* and AXe|lec||? < Aeflec]|?. Since A is
bounded by Ag it holds

ne(Aeysue) S e
1.

even for larger mesh-sizes ||kl o) S
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Remark 4.3. Lemma 3.6, Lemma 4.1 and Lemma 4.2 show that there exist
two constants 0 < Cp¢ and 0 < Cug such that

Ne(Ae, )/ Cer < flec] < Crene(Ae, ug),
lwetm — wel] < Creime(Ae, ue; My).

5. QUASI-OPTIMAL CONVERGENCE

This section is devoted to the quasi-optimal convergence analysis of the
adaptive eigenvalue computation based on exact solutions of the algebraic
eigenvalue problems. At first the approximation class Ag is defined and its
properties are described. Lemma 5.2 shows an estimator reduction which is
used in the proof of the contraction property in Lemma 5.3. The contraction
property and the bulk criterion are key arguments in the proof of the quasi-
optimality in Theorem 5.4.

Definition 5.1 (Approximation class). For an initial triangulation Ty and
for s > 0 let the approximation class be defined by

Ag = {u € H3(Q) : |ula, :=supe  inf (|72 —|7T0])® < oo} .
>0 Tetflu—ucf<e
The infimum is taken over all refinements 1. of Ty computed by the refine-
ment algorithm of Section 2 with ||u — uc| < e.

Notice that A5 contains all eigenfunctions that can be approximated
within pre-described tolerance ¢ > 0, [lu — u|| < e, on a triangulation

T. with |TZ| — |To| < eV S|u|}4/j For uniform refinement classical a priori
estimates show that for 0 < r < 1, H'*"(Q) NV C A, ,, but the class

obtains much more functions which motivates the use of adaptivity. Due to
[Ste07] an equivalent formulation, similar to that of [CKNSO08], reads

A, = due HNQ) : sup N® inf U — Ul <oop.
’ { 0() NeN e Ll }

In the following the marking strategy of Section 2 is a key argument in
the proofs.

Lemma 5.2. Let (Mg, up) and (Apr1,upr1) be discrete eigenpairs on the levels
¢ and £+ 1 to the continuous eigenpair (X, u), then there exist some A > 0,
such that, for all levels £ > 0 and 0 < 0 < 1, it holds

Ne+1(Ae1, Uerr) < \/(1 —0(1— 2_1/("_1)))775()\4716@) + Aflugyr — el

Proof. As in the proof of [CGO08, Lemma 5.3|, Young’s inequality, some
discrete inverse inequalities and the bulk criterion of Section 2 lead to

M7 (et o) < (146)(1 =01 =27 D)nZ (A, ue)
+ A2 (1 +1/0) flugyr — uell?

for any 0 < ¢ from Young’s inequality, 0 < # < 1 bulk parameter and 0 < A
from application of various discrete inverse inequalities. Thereby the factor
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271/ (n=1) regults from at least one bisection of refined elements or edges.
The choice
Afluess — uel
V(= 0(1 =27 0=D))n (Mg, up)
proves the assertion. O

5:

Lemma 5.3 (Contraction property). Let (Ag,ug) and (A1, uprq) be dis-
crete eigenpairs on the levels £ and £+ 1 approximating the same continuous
eigenpair (A, u) and let the mesh-size ||hy| () be sufficiently small, then
there exist constants 0 < o < 1 and v > 0, such that, for all £ =0,1,2,...,
it holds

(5.1) i ernsues) + flu = wera ] < o (vF Ay ) + Jlu — uel|?) -
Proof. The proof of [CGO08, Theorem 5.5] shows
Vg1 Nert, 1) + llu = ueal® < o (v (e, we) + llu — uel|?)
+ 9N (|l — wel® + llu — w1 ]?)
Remark 3.4 reads
leesil* < 4(1 + p)?[lec]?,

where p depends of the distance of the eigenvalue A to all others as in
Lemma 3.3. This results in

1 Aerns wen) + lu = wera |2 < o (v (Ao we) + lu — ue]?)
+37(1+ p)* Aellu — ).
Lemma 3.5 shows
lw = wel* S NPl 75 0y nE (Aes we).

Hence, for sufficiently small mesh-size o[z~ ) < 1, it follows (5.1) with
some constant g < 1. O

Theorem 5.4. Suppose that (Mg, ug) is an exact discrete eigenpair to the
continuous eigenpair (A, u) with w € As. Then A\ and uy from the AFEM
converge quasi-optimal in the sense that

leel® + 12 = Xl S (1Tl = | To)) ™.

Proof. First it is shown that for a set My of marked edges and elements from
the marking strategy of Section 2, based on the bulk criterion and 7y (A, up),
and a bulk parameter 6 > 0, it holds

_ 1
(Mol < el ™/l {
Suppose 7Ty, . is any refinement of 7; such that

leerell < pllecll

for some 0 < p < 1. Suppose that ||h[| ) and 6 are sufficiently small,

(1- PQ) 2
0<0<-—rL2_ No(h)?
Cr2elce2ff
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where o(hy) from Lemma 3.5 tends to zero as ||h|| ) — 0. Using the
efficiency estimates of Remark 4.3 together with the quasi-orthogonality of
Lemma 3.1 yields

(1= p")ni ey ue) /Cog < (1= p*)leell® < lleell® = lleesell?

I?

= Jlugse = wel® + Mleell* = Mleerel* — Aegellugre — uell*.

Let M := (T)\Tp4+<) U (€0\Er+c). The combination of Lemma 3.6, together
with Lemma 4.1 and Lemma 3.5 yields

(1= p*)ni (A, we) /Clg < CRmi (Aey wg; M) + Al eg||?
< C2 2 (Ngyug; M2) + Ao (he)2C2m2 (Ae, ue).

Therefore M, satisfies the bulk criterion. Since M, is the set with almost
minimal cardinality that fulfils the bulk criterion, it holds

(Mol S IMe| S [Tese| — |Tel.
Let 7. be an optimal mesh with smallest cardinality such that
lle<ll < pllecll-
The definition of the approximation space Ag shows that
_ _ 1
72| = 15| < o™ lleel ™ Jul .

Let 7y be the smallest common refinement of 7; and 7;. Then the overlay
estimate yields

Ml S |Tore] = |To| = 1T © Tl = |T] < |Te| = [To| S Nleel ™/ ul{".

This and the boundedness of closure in Lemma 2.1 yield

L—1 L—-1
1 _
T2l — 1Tl £ Y IMel S 1l lleell =2
(=0 =0

The efficiency estimate of Remark 4.3 yields
11 (Ao e) + [lu —uell* < (14 7Cl) llu — uel*.
Thus,

B 1/(2s —1/(2s
= el ™% < (149C%) ) (0 Ohey ) + fhu— wel?)

Lemma 5.3 leads to
-1 -1
(yn7 A we) + lu —well®) ™ < o (vn7n Negrs werr) + lu — uea I?)

Exploiting the reliability of the estimator and a geometric series argument
yields that |77| — |7p| is, up to a multiplicative constant, bounded by

L
s 1/(2s —1/(2s s
{5 (14 1C2%) Y (ym3 Opyur) + lu— g ) 73S 029
/=1

1/(2s)
1/s 1+’}/C§ $)\— —1/s
Sl () =)

Equation (3.1) proves the second statement of Theorem 5.4. O
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6. QUASI-OPTIMAL CONVERGENCE FOR INEXACT ALGEBRAIC
SOLUTIONS

This section contributes to the fact that in practise the underlying alge-
braic eigenvalue problems are solved inexact using iterative algebraic eigen-
value solvers. A relationship between the error estimator in the exact alge-
braic solution and any approximation to it is established in Lemma 6.1. Asin
the case of exact algebraic solutions, the contraction property in Lemma 6.2
and local optimality in Lemma 6.3 lead to the global quasi-optimality in
Theorem 6.4.

Lemma 6.1. Let vy, wy € V; be arbitrary, not necessary eigenfunctions,
but normalised with ||ve|| = ||we|| = 1 and A\, u € RY arbitrary positive real
numbers, then it holds

me(X ve) — 0o, we) |2 < C (Jloe — well® + |A = pl?)
for a constant 0 < C' independent of the mesh size ||he|| o (q)-

Proof. Using twice the triangle inequality first for vectors and then for func-
tions yields

me(, ve) = ne(ps we) P < |TI™ | Xog — pwg + div(Voe — Vwe)|[72 7
TeT,

+ Z |E|1/(n_1)H[V’Ug - vwE]VEH%Z(E)
Ee&,

The local discrete inverse inequality
2 - 2 2
(TP |div (Vo) 72y S IV0ell 20y,
together with the trace inequality
1oll720m) S 1BV 0l 2 + IOV IV0) 22,
the Poincaré inequality and the finite overlay of the patches lead to

70(A, ve) =102, we)|?

S D ITP ™ e = el F2 oy + 1V 00 = Vgl 72y
TeT;

+ > IVve = Vel
Ee&p
S el oo oy l1Ave = prawel|* + floe — wel|®
< (1 X2l helZgllee — well® + 1A — w2 O
Lemma 6.2 (Contraction property for inexact algebraic solutions). Sup-
pose that (Ag,ug) and (Apy1,urs1) are discrete eigenpairs to the continuous

eigenpair (A, u) on level £ and £+ 1. Let (pe,we) and (pot1,wer1) be the
corresponding iterative approximations to the discrete eigenpairs, which sat-

isfy
lwesr — werd|* 4 Aes1 — w1 < wng (pe, we),

e — well* + Ao — pel® < wnf (pae, we)
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for sufficiently smallw > 0. Then, for sufficiently small mesh size || hy| 10 (),
there exists some 0 < v < 1, such that the contraction property

07 (ttes1, wes1) + lu — wea ||* < v (’Ynl?(ufu wy) + Jlu — w€|”2)
holds.

Proof. The assumptions and Lemma 6.1 plus Young’s inequality show for
any 6 > 0

7 (g1, wegr) + lu — wega |?

< (14 8) (07 Ay, uegn) + flu = wepa||?)

+ (14 1/6) (vme(pesr, wesr) = neegr wesn) | + fluepr — wes||?)
(1 +0) (v Nerrs wen) + lu = wera |1?)

(1 +1/8) (vCAer1 — ko] + (L +70) Jugsr — wei||?)

< (1 +8) (V07 N ) + lu — uera |1?)
+ (1 +1/8)(1 + 7 C)wnj (e, we).
The contraction property Lemma 5.3 and another Young’s inequality yield
V07 (e Wer) + lu = werd |2 < (1 +8)o (v0F (Aes ue) + lu — uel|?)
+ (14 1/0)(1 + yC)wni (e, we)
< (1+8)%0 (v (e we) + Jlu — wel|?)
+ 1+ (1 +0)e) (L +1/8) (1 +yC)wni (e, we)-

Any choice of 0 < § < ¢~ /2 — 1 results in
7= (1+9)%

VS X000+ 1/5)1+10)
The choice
0<v:i=(14+68)%+10+1+08)o)(1+1/8)(1+~C)w/y<1
finishes the proof. O

Lemma 6.3. Let (A u) be an eigenpair and (Ap, ug) the corresponding dis-
crete eigenpair with iterative approximation (ug, we) which satisfies

llue = well* + [\ — pel® < wnf (pe, we)

for a sufficient small w > 0. Suppose that M, ., is the set of marked
edges and elements using the marking strategy of Section 2 based on the
bulk criterion and ny(pe, we), then for sufficiently small ||hel| Lo () and bulk
parameter 6 > 0 it holds

1
[ Migaoel S llu = well ™l
Proof. Let 1. be the smallest partition of 7y such that
lw = uell < pllu — wel|
for 0 < p < 1/2. Thus, the definition of |u| 4, yields
_ _ 1
o] = 1ol < o™ = well ™ Jul{
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Let Tp1c := Ty @ 7; be the smallest common refinement of 7; and 7¢, then
it holds
lu = werell < pllu — wel| < pllu = uell + pllue — wl|
< pllu = well + pv/wne(pe, we)
1/2

< (200 — well? + 20w (e, we)) .

This estimate proofs the following
(1 = 20*)Cofni ey ) — 20%wnj (e, we)
< (1= 20" llu — well® — 20w (e, we)

<l = ull® = llu = el

Let M. := (7\7Tp4c)U(Er\Ere), then the quasi-orthogonality of Lemma 3.1
and the discrete reliability of Lemma 4.1 yield
(1= 20")Cni (e, ue) — 20%wn (e, we) < flugre — well + Alec?
< Cra ey wes Me) + Ao (he)* Cromi (A, we),

rel

where o(hy) from Lemma 3.5 tends to zero as ||| feo(q) — 0. Thus,

(1= 2p)C = Ao (he)*Cra)n(Ne, ue)?
< Cgelnl?()‘& Ug; Me) + 2P2(«U77[?(Mg, wg).
Lemma 6.1 together with the assumption yields

ne(Aes we) — nelpe, we)|* < C ([lug — wel? + [Ae — p1e]?) < Cownp (g, we).

Therefore,

(1= 20")Coff — Ao (he)*Coy) 2 0 (e, we)
< ((1=2p*)Cf — Ao (he)*C2)n7 (Nes ug)

rel

+ (1 = 2p*)Cf — Ao (he)*>Cy) Cong (pe, wy)

rel
< CZ 2 (Ao, ug; Me) + 2p%wn? (e, we)
+ (1 = 2p*)Cff — Ao (he)*City) Cwmi (1, we)

el
< 2CZ 0 (110, wes M) + 2p%wni (110, we)
+(2C2% + (1 = 20’ — Ao (he)*Cly) Cwmp (pae, we).

rel

The choice [|h¢[| oo () < 1 and 0 < w < 1 shows 0 < § < © with
(1=2p%)Cf = Ao (he)?C2)) (271 = Cw) —2(C%,C+p?)w

rel e

202

rel

O :=

and hence the bulk criterion for the set M. based on n,(ue, wy) is satisfied.
Since the set M,, ,, has been chosen with almost minimal cardinality, the
overlay estimate leads to

— 1
M| S IMe| S 1 Tove] = 1T2] < |Te| = [ Tol S llw = wel| ul{. O

Theorem 6.4. Suppose that (A, u) with u € A is an exact eigenpair and
let (Mg, up) and (Apy1,ups1) be the corresponding discrete eigenpairs on level
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¢ and 0+ 1. Let the iterative approximations (ue, we) on Ty and (per1, Wes1)
on Ty1q satisfy

lwers — wert I + [Newt — pesr| < wng(pe, we),
lue — well* + |Ae — el < wng (pe, we)

for sufficiently small w > 0. Then, up to positive constants, the iterative
solutions py and wy converge optimal

llu = well® + 1A = el (17| = | To) 7.

Proof. Lemma 6.3 and Proposition 2.1 yield

L-1 L—1
1 _
T2~ 1700 £ Y My S Tl >l — well 7.
=0 =0

The efficiency estimate of Remark 4.3 and Lemma 6.1 show
17 (e, we) < 207 (Mg ug) + 20 (flue — well* + [Ae — pel?)
< 4C%[lu — well? + (2C + 4C%) (llue — well* + |Ae — pe?)
< 4C%[lu — well* + (2C + 4CZ)wni (e, we)-
Hence, for 0 < w < (2C + 4C%;) 7, it holds
ne(peswe) S lhu— well.
For the other direction, notice that
llw = well < llw = well + flue — well < Creme(Ae, we) + vVwne(pe, we),
implies
llu — well® < 2C%m7 (e, we) + 2wn7 (11, we)
< (401"261 + 4Crzelcw + 2w) 7752 (/Ua w@)'
Thus,

B —1/(2
b = wel 7% S (v (s we) + llu — well?) 7.

Lemma 6.2 leads to
-1 -1
(vn7 ey we) + llu — well?) ™ < v (71 (egr, ween) + flu — wesa 7).

A geometric series argument yields
L
1 —1/(2s)
(To| = |To] < Juld® (v (s wr) + fu — wp )27 042)
(=1

1/s $)\ — —1/s
S 21 = vV @)y —wp |,
Since
IN— gl < A=Al + 1A — pe] <IN — el 4+ wn (e, we)
S A= el + Jlu — we]?,

Theorem 5.4 proves the second statement of Theorem 6.4. O
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7. OPTIMAL COMPLEXITY

In this section the proof of the quasi-optimal computational complexity
of the AFEMES is presented. The proposed algorithm combines the AFEM
with some iterative algebraic eigenvalue solver. In order to prove overall
quasi-optimal complexity the iterative solver needs to have a linear conver-
gence behaviour independently of the size of the discrete problem. In other
words for any € > 0 the algorithm LAES has to compute an iterative solu-
tion of the algebraic eigenvalue problem (figm,we ) from an initial guess
(fte,0, we0) such that

lue = wemll® + [Xe = prom| < €
in at most, up to a multiplicative constant,

max {1,log(e ™" flue — weol)} |7l
arithmetic operations.

Theorem 7.1. For sufficiently small ||ho|| (), 0 <0 <1 and 0 <w < 1,
the algorithm AFEMES computes from a coarse triangulation Ty and an
initial guess (uo,wo) a sequence of triangulations (Ty)e and corresponding
inexact discrete eigenpairs (ug,wy) such that

llu = well + 1A = pel < 07 (e, we) S (172l — 1To]) ™

and the computational costs, such as CPU-time and memory requirement
are quasi-optimal.

Proof. First it is shown that the while-loop is terminating after a finite
number of iterations on each level. Remark, that the while-loop is executed
at least once and that in further runs it holds

llue — well® + [Xe — pue| < 67
because of the previous calls of LAES. Using Lemma 6.1 yields
Vwne(pe, we) = Vewne(Ae, ue) — Vwlne(pe, we) — me(Ae, ue)|
> Ve, ug) = VO (lug —well + [Ae = pael)
> Vwone(Ae, ug) — 5pVwC.
Therefore the while-loop is at least terminated on the level £ if

Vwne(Ae, up)

5, < YAAZL T

I RV/RTo

Due to the geometric decrease of J, this is achieved in finitely many steps
for all levels £. The choice of the initial value for d; on each level ¢ and the
fact that after the while-loop terminates dy < \/wny(pe, we) shows that the
conditions of Theorem 6.4 are satisfied. Thus the convergence of

lw = well® + X = el S (1Tl = 1Tol) =%
is quasi-optimal. Moreover the proof of Theorem 6.4 shows

I = well S ne(pee, we) S Nl — well
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for sufficiently small w > 0. For the eigenvalue error it holds
A= el < A=Al + [Ae — e
< Chamy (e, ug) + 67
< 2C%m7 (pe, we) + (2C73,C + 1)
< (207 + (2C3C + 1w)n (e, we).-
Hence,
(7.1) lu = wel® + (A = pel S 0 (e we) S (1Tl = 1 To]) >

Because of the quasi-optimal convergence and the finitely many number of
iterations of the while-loop, it remains to show that Mark, Refine and LAES
are of linear computational complexity. An optimal algorithm for Mark and
Refine can be found in [Ste07]. In the first execution of the while-loop,
except for the first level for which the costs can be bounded by a constant
separately, before LAES is executed, it holds

llwe — well = flue — werll < lu— well + lu — we—1].
Lemma 5.3 reads
lu — uel® < 20 (VO + 1) (flu — wer||* + fJue—1 — we-1]?).

Thus, (7.1), the termination of the while-loop on the previous level £ — 1
and the initialisation of §; yield

llwe — well < ne—1(pe—1,we—1) + 6e—1 S Me—1(pte—1, we-1) S -
If it is not the first evaluation of the while-loop, then
llue — well < 26,

because of the previous call of LAES. Thus, before any call of LAES for
£ > 0 it holds

llwe — well < 6
which shows that LAES can be executed in linear time O(|7y]). O

8. NUMERICAL EXPERIMENTS

The numerical experiments for n = 2,3 show quasi-optimal convergence
rates for linear P; up to fourth order P, finite elements. The optimal
AFEMES is implemented in Matlab for linear finite elements in 2D, us-
ing a damped version of the iterative eigenvalue solver MINIT [DRSZ08].
The implementation of the AFEM follows the ideas of [ACF99] and in an en-
hanced way of [FPWO08]. The higher-order AFEM implementation is based
on the openFFW project [BGGT07]. The 3D mesh refinement is based on
a bisection type strategy [AMPO0O0].

In the following the optimal convergence rates for the AFEM concerning
exact algebraic eigenvalue solvers is shown on one non-convex domain in
2D and on two different domains in 3D, one convex and one non-convex.
The figures display the eigenvalue error and the error estimators in terms of

degrees of freedom dim(Vy) = Ny. Note that in 2D, Ny ~ h;l/z, and in 3D,

Ny ~ he_l/ % The results of the experiments for the optimal AFEMES are
displayed in terms of eigenvalue error versus computational (CPU) time.
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P4 m, uniform 1
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FiGUrE 8.1. Eigenvalue errors and estimated errors on the
slit domain for uniform meshes.

Ezample 8.1. Consider the two-dimensional eigenvalue problem: Seek the
smallest non-trivial eigenpair (\,u) € R x H'(2) N H%(Q) such that

—Au=MXu inQ and u=0 on 9N

on the slit domain Q = ((—1,1) x (—1,1))\(]0,1] x {0}) with tip at the
origin. An approximation of the smallest eigenvalue with high accuracy is
given by

A = 8.371329711186254.

In Figure 8.1 it is shown that the error estimator is numerically reliable and
efficient for uniform meshes but these meshes result in suboptimal conver-
gence rates of about O(h'/?) due to the singularity at the origin. In contrast
using adaptive refinement results in experimental optimal convergence rates
of O(h*), k = 1,...,4, as shown in Figure 8.2. The error estimator is
numerically reliable and efficient also for adaptive meshes.

The optimal AFEMES involves two parameters w > 0 and 0 < 6 < 1
which are supposed to be sufficiently small. Figure 8.3 shows a numerically
strong dependency of the convergence rate on . For 8 < 0.2, these rates
are numerically optimal, but 8 < 1 leads to more iterations of the algebraic
eigenvalue solver and thus to more computational work. Experimentally,
0 = 0.2 seems to be the best choice for this particular example. In contrast,
different values for w lead almost all to optimal convergence rates as depicted
in Figure 8.4.
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FiGure 8.2. Eigenvalue errors and estimated errors on the
slit domain for adaptive meshes.
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F1cURE 8.3. The optimal AFEMES for different values of
f=0.1...1.
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FiGURE 8.4. The optimal AFEMES for different values of
w=10"7...,1

Ezxample 8.2. Consider the three-dimensional eigenvalue problem to com-
pute the smallest eigenvalue A and eigenfunction v on Q = (0,1) x (0,1) x
(0,1) of
—Au=MAu in Q and u=0 on J9.
The exact solution reads
A = 372 and u(z,y, 2) = V8sin(nz) sin(my) sin(rz).

Figure 8.5 shows optimal convergence rates for uniform meshes of O(h%"),
k =1,...,4. The AFEM with exact algebraic eigenvalue solutions also
results in optimal convergence rates as displayed in Figure 8.6. For uniform

and adaptively refined meshes the error estimator shows numerically to be
reliable and efficient.

Ezxample 8.3. Consider the three-dimensional eigenvalue problem: Seek the
smallest non-trivial eigenpair (\,u) € R x H'(2) N H%(Q) such that
—Au=Au in and u=0 on 0N

on the three-dimensional L. shaped domain

Q=((-1,1) x (=1,1) x (=1, 1)\((0,1) x (0,1) x (=1,1)).
An approximation with higher-order Py finite elements on adaptive refined
meshes with about 2 million degrees of freedom yields the reference value
for the first eigenvalue

A~ 19.509329494514329.
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FiGurE 8.5. Eigenvalue errors and estimated errors on the
cube for uniform meshes.
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FiGURE 8.6. Eigenvalue errors and estimated errors on the
cube for adaptive meshes.
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Ficure 8.7. Eigenvalue errors and estimated errors on the
three-dimensional L shaped domain for uniform meshes.

In this non-convex three-dimensional example uniform refinement results
in suboptimal convergence rates as shown in Figure 8.7. Figure 8.8 shows
that the AFEM with exact algebraic eigenvalue solver leads to empirically
optimal convergence rates of order O(h?*) for k = 1,2. Where for k = 3,4
the convergence rates are smaller than those in the convex case due to the
edge-singularity at the corner. Nevertheless, the AFEM for k = 3,4 results
in similar or even better convergence rates than isotropic graded meshes
with parameter 1/(2k). Therefore the convergence rates for the adaptive
meshes seem to be quasi-optimal. Both for uniform and adaptively refined
meshes the error estimator shows numerically to be reliable and efficient.
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