Some Remarks on Eigenvalue Approximation
by Finite Elements

Daniele Boffi, Francesca Gardini, and Lucia Gastaldi

Abstract The aim of this paper is to supplement the results of Boffi (Acta Numer.
19:1-120, 2010) with some additional remarks. In particular we deal with three
distinct topics: we review some tutorial examples in one dimension and provide
numerical codes for them; we analyze the case of multiple eigenvalues and show
some numerical; we review a posteriori error analysis for eigenvalue problems.

1 Introduction

A recent survey [21] reports on the state of the art of the approximation of symmetric
and compact eigenvalue problem by the finite element method. The aim of this paper
is to supplement it with some additional theoretical results, application examples,
and numerical codes.

This paper deals with three different topics. The first topic is considered in
Sects. 2, 3, and 4 where some preliminary examples reported in [21, Part 1] are
revisited in more detail. With a didactic purpose, particular emphasis is put on basic
one dimensional examples in the standard and in the mixed Galerkin setting. Each
example is completed by appropriate Matlab codes.

The second topic, discussed in Sect. 5, deals with the approximation of multiple
eigenvalues. It is a common practice to restrict the analysis of eigenvalue/eigenfunc-
tion convergence to the case of simple modes and to only state the results in the case
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of multiplicities higher than one. Here we want to make it precise how the analysis
goes in the case of multiple eigensolutions and, in particular, to focus on the case
when an eigenspace can contain eigenfunctions of variable smoothness. The typical
example of this situation is given by a double eigenvalue with one singular and
one smooth eigenfunction. We will recall the theoretical estimates for this particular
situation and we will confirm them with appropriate numerical experiments.

Finally, Sect. 6 is devoted to a fundamental topic which could not be covered
in [21]: a posteriori error control for eigenvalue approximations. We will review the
main ideas behind adaptive mesh refinement for the approximation of eigenvalue
problems in the case of standard elliptic and mixed formulations.

2 Variationally Posed Eigenvalue Problems

In this paper we deal with the finite element approximation of symmetric and com-
pact eigenvalue problem arising from partial differential equations. We introduce in
this section our setting and recall some basic results.

The convergence analysis for eigenvalue problems usually consists of two parts:
in the first step one shows that all continuous eigensolutions are approximated by the
correct number of discrete eigenmodes (counted according to their multiplicities)
and that no spurious eigenvalue is present; in the second step error estimates
are looked for, which provide the order of convergence for eigenvalues and
eigenfunctions. In this section we focus on the first step. The question of the rate
of convergence will be detailed in Sect. 5

Let V and H be real Hilbert spaces. We suppose V' C H with dense and
continuous embedding. Leta : V xV — Rand b : H x H — R be symmetric and
continuous bilinear forms, and consider the problem: find A € R and u € V, with
u # 0, such that

a(u,v) = Ab(u,v) Vvel. (1)

The Galerkin discretization of problem (1) is based on a finite dimensional space
Vi, C V and reads: find A;, € R and uy, € V},, with u;, # 0, such that

a(uhs V) = A}’lb(uhs V) VV € I/h' (2)

The convergence analysis of the eigensolutions of (2) to those of (1) is usually

performed with the introduction of suitable solution operators. We assume that for
any f € H there exists a unique 7f € V and a unique 7}, f € V), such that

a(Tf,v) =b(f,v) VveV 3)

and
a(Tn f,v) =b(f,v) VveV,. 4)
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This is the case, for instance, when a is V-elliptic and b is equivalent to a scalar
product in H. Unless otherwise expressly written, we will assume that we are in
this setting. We are then given two self-adjoint operators from H into itself and we
assume that

T : H — H is compact. (&)

It is clear that, being a finite rank operator, 7} is compact as well.

Our main question about the convergence of the eigenvalue and the absence of
spurious modes is indeed equivalent to the convergence in norm of 7j, to T (see [21]
for more details and for a formal definition of convergence): we will then discuss
sufficient and necessary conditions for obtaining

T — Tyl 2wy — 0 whenh — 0. (6)

It can be seen that the eigenvalue convergence is also ensured by a convergence in
the norm of V

IT = Tyl — 0 whenh — 0, (7)

which can of course hold true only under the additional hypothesis that 7" is compact
in.Z((V).

The most elegant theorem that proves (6) has been stated in this framework by
Kolata in [58], although results in this direction were known and used before by
many authors (see [8], for instance). The starting point is the standard Galerkin
orthogonality which reads

Tp = PiT, (8)

where P, : V' — V}, is the elliptic projection associated to the bilinear form a. The
next theorem (see [58] and [21, Theorem 7.6]) is often referred to by saying that
compactness turns pointwise into uniform convergence.

Theorem 1. If T is compact from H to V and P, converges strongly (i.e.,
pointwise) to the identity operator from V to H, then T, converges to T (uniformly)
in the norm of £ (H) (see (6)).

Remark 1. Tt should be noted that the compactness hypothesis of Theorem 1 is
stronger than (5). This is however needed when using the representation 7), = P, T,
since P is naturally defined in V' and not in H. There is another option which
consists of assuming 7" to be compact in .Z (V') and P, converging strongly to I in
Z(V): this implies the convergence in norm (7).

Remark 2. The convergence in norm (6) can often be obtained by examining
directly the error estimates linking (4) and (3). In many applications it is possible to
get estimates of the form

ITf = Tufllv < CH |l f |-
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3 One Dimensional Examples

In this section we consider some one dimensional examples. We start with the
standard Laplace eigenvalue problem which fits pretty well the theory presented
in Sect. 2. Then we consider eigenvalue problems in mixed form and show how the
theory of Sect. 2 should be changed in order to deal with this setting. In particular,
an analogue of Theorem 1 cannot be proved in the case of the Laplace eigenvalue
problem in mixed form due to a lack of compactness.

The examples are discussed in detail and particular emphasis is given to the
numerical results (including the source code for Matlab computations).

3.1 Standard Laplace Eigenvalue Problem

Given the interval £2 =]0, [ we look for eigenvalues A and eigenfunctions u with

u # 0 such that
—u"(x) = Au(x) inQ
)
u(0) = u(w) = 0.

The exact eigenvalues are given by A = 1,4,9,16,... and the eigenspaces are
generated by sin(kx) fork = 1,2,3,4,....
This problem fits the setting of Sect. 2 with the following choices:

V = Hy($2)
H = L*(2)
a(u,v) = /ﬂ u' (x)V' (x)dx
0
b(u,v) = /n u(x)v(x)dx.
0

Let us consider the conforming approximation of (9) by continuous piecewise
linear finite elements. It is well-known that the matrix form of the discrete problem
is given by

AX = AMX
where the stiffness matrix A is
| 2 fori=j
aij =5 —1 forli—j|=1

0 otherwise,
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Table 1 Eigenvalues computed using the code in Listing 1.1 for different values of n

Exact Computed (rate)

n=3 n =16 n =32 n = 64 n =128
1 1.0129 1.0032 (2.0) 1.0008 (2.0) 1.0002 (2.0) 1.0001 (2.0)
4 4.2095 4.0517 (2.0) 4.0129 (2.0) 4.0032 (2.0) 4.0008 (2.0)
9 10.0803 9.2631 (2.0) 9.0652 (2.0) 9.0163 (2.0) 9.0041 (2.0)
16 19.4537 16.8382 (2.0) 16.2067 (2.0) 16.0515 (2.0) 16.0129 (2.0)
25 33.2628 27.0649 (2.0) 25.5059 (2.0) 25.1257 (2.0) 25.0314 (2.0)
36 51.3724 40.3212 (1.8) 37.0525 (2.0) 36.2610 (2.0) 36.0651 (2.0)
49 69.5582 57.0672 (1.3) 50.9572 (2.0) 49.4840 (2.0) 49.1206 (2.0)
64 77.8147 67.3528 (2.0) 64.8266 (2.0) 64.2059 (2.0)
81 103.0473 86.3943 (2.0) 82.3258 (2.0) 81.3299 (2.0)
100 133.0513 108.2597 (2.0) 102.0237 (2.0) 100.5030 (2.0)
DOF 7 15 31 63 127
Fig. 1 The second A = 4.209547
eigenfunction computed and 1

plotted using the code
in Listing 1.1 (n = 8 and
k=2) 0.5+

0 0.5 1 1.5 2 25 3

and the mass matrix M is

2/3 fori =]
mij =h-31/6 forli—j|=1
0 otherwise,
withi, j = 1,...,n—1, where n is the number of subdivisions of the interval [0, 7]

(the dimensions of A and M equal the number of internal nodes).

In Listing 1.1 we report a simple Matlab code that solves our problem, which
displays the first ten eigenvalues, and plots a specific eigenfunction. The result of
the computations for successively refined meshes is included in Table 1. Second
order convergence can be clearly appreciated (this is compatible with the error
estimates which will be made precise in Sect.5.1). Figure 1 shows the second
eigenfunction for n = 16 (this is the plot which is generated with the parameters
reported in Listing 1.1).
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Table 2 Eigenvalues computed using the code in Listing 1.2 for different values of n

Exact Computed (rate)

n=38 n=16 n =32 n = 64 n =128

1 1.0000 1.0000 (4.0) 1.0000 (4.0) 1.0000 (4.0) 1.0000 (4.0)
4 4.0020 4.0001 (4.0) 4.0000 (4.0) 4.0000 (4.0) 4.0000 (4.0)
9 9.0225 9.0015 (3.9) 9.0001 (4.0) 9.0000 (4.0) 9.0000 (4.0)
16 16.1204 16.0082 (3.9) 16.0005 (4.0) 16.0000 (4.0) 16.0000 (4.0)
25 25.4327 25.0307 (3.8) 25.0020 (3.9) 25.0001 (4.0) 25.0000 (4.0)
36 37.1989 36.0899 (3.7) 36.0059 (3.9) 36.0004 (4.0) 36.0000 (4.0)
49 51.6607 49.2217 (3.6) 49.0148 (3.9) 49.0009 (4.0) 49.0001 (4.0)
64 64.8456 64.4814 (0.8) 64.0328 (3.9) 64.0021 (4.0) 64.0001 (4.0)
81 95.7798 81.9488 (4.0) 81.0659 (3.8) 81.0042 (4.0) 81.0003 (4.0)
100 124.9301 101.7308 (3.8) 100.1229 (3.8) 100.0080 (3.9) 100.0005 (4.0)
DOF 15 31 63 127 255
Fig. 2 The second A=4.030089
eigenfunction computed and 0.8
plotted using the code 06
in Listing 1.2 (n = 4 and ’
k = 2). The dashed line 0.4
represents the linear part of 02t/
the solution 0

-0.2

-0.4

-0.6
-0.8

0 05 1 15 2 25 3

As an additional example, in Listing 1.2 we report a code that solves the
same problem using continuous piecewise quadratic finite elements. The matrix
construction has been made using a hierarchical approach: in the interval [x;, x; 4]
a quadratic function is seen as the sum of its affine part with matching values at the
endpoints and a quadratic bubble. It turns out that the stiffness matrix 4 is a 2 x 2
block matrix of size 2n — 1 (n being the number of subintervals) in which only the
two blocks on the main diagonal are different from zero: the block A of size n—1 is
equal to the stiffness matrix of the previous case and the block A, of size n is given
by the contribution of the bubbles. The mass matrix M has a block structure too, but
now the off-diagonal terms are non zero since there are contributions coming from
the interaction between affine functions and bubbles.

The results in Table 2 show that the eigenvalues are approximated with fourth
order accuracy. A direct comparison with Table 1 confirms that quadratic elements
provide much more accurate results even with less degrees of freedom. Figure 2
shows the second eigenfunctions computed with the code reported in Listing 1.2:
the linear part is drawn with a dashed line and the sum of the linear part and the
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Fig. 3 Exponential

convergence of eigenvalues 10°
computed with the code

reported in Listing 1.3

-15

10

bubble (i.e., the full solution) is represented by the solid line. This plot compares to
Fig. 1, where the same eigenfunctions was computed with piecewise linear elements.
It is apparent that (even on such coarse meshes) quadratic elements provide a more
accurate result using the same number of degrees of freedom (7).

The results shown so far concern the approximation of problem (9) using the
h version of the finite element method. This means that a better approximation
is obtained by successive refinements of the mesh and error estimates are given
in terms of the meshsize &, which is supposed to tend to zero. We conclude the
discussion of this example with a remark on the p version of the finite element
methods, that is the mesh is kept fixed and a better approximation is obtained by
raising the order of the polynomials. The code reported in Listing 1.3 computes
the eigenvalues of problem (9) using p-th order polynomials on a mesh which is
composed of a single element (i.e., using a plain spectral method).

The stiffness and mass matrix are evaluated using the arguments presented in [30,
Sect. 3.8]. It is interesting to analyze the results of some computations. Since we
are expecting exponential convergence, we plot the errors using a semilog scale
in Fig. 3. The x axis represents the polynomial order (ranging from 3 to 20) and
the y axis reports the logarithm of the error. The errors in the approximation of the
eigenvalues are reported from the left to the right (this means, in particular, that
the most left line corresponds to the error in the approximation of the first eigenvalue
A = 1). It can be observed a typical behavior of spectral approximations: the
convergence is exponential and is dependent on the parity of the polynomial order.
Table 3, for instance, shows the computed values of the fifth discrete eigenvalue
approximating A = 25. The polynomial order varies from 7 to 20 (the fifth
eigenvalue shows up only when the order is at least 7 and the dimension of the
system is 5). It is apparent that the approximation improves only every other step
(when the order is raised from even to odd in this case, but the situation is the
opposite if an even eigenvalue is considered, see Fig.3). It is also clear that the
accuracy of the discrete values is not very good when the order is 7 or 8 but, after
the convergence has started, it is very fast (more than 10 digits with 17 degrees of
freedom, while we needed over 100 degrees of freedom to get only 3 digits with
quadratic elements, see Table 2).
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Table 3 Fifth eigenvalue

. )4 DOF Computed

computed with the code

in Listing 1.3 for different 7 3 35.5593555378041

values of p 8 6 35.5593555378041
9 7 25.7779168651921
10 8 25.7779168651921
11 9 25.0306605127133
12 10 25.0306605127132
13 11 25.0004945052929
14 12 25.0004945052929
15 13 25.0000037734250
16 14 25.0000037734250
17 15 25.0000000156754
18 16 25.0000000156756
19 17 25.0000000000389
20 18 25.0000000000389

Listing 1.1 Matlab code for the 1D Laplace eigenvalue problem: piecewise linear elements

clear all

close all

k=2; % eigenfunction to be plotted

n=8; % number of subdivisions

kev=4; % number of eigenvalues to compute
a=0; b=pi; % interval endpoints
h=(b—a)/n; % mesh size

x=linspace (a,b,n+1); % mesh nodes

%

% stiffness matrix A

%

e=ones(n—1,1);

A=spdiags([—e 2xe —e]/h,—1:1,n—1,n—1);
%

% mass matrix M

%

M=spdiags ([1/6%xe 2/3%xe 1/6xe]*xh,—1:1,n—1,n—1);
%

% compute solution and sort eigenmodes
%

[v,d]=eigs (A,M,min(kev,length (M)), ’SM’);
[ev,I]=sort(diag(d));

ef=v(:,1);

%

% display first 10 eigenvalues
%

ev(l:min(length(ev),10))
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%

% plot selected eigenfunction

%

vector=[0;ef (:,k);0];

c=min(vector); d=max(vector);

c=c—(d—c)*.1; d=d+(d—c)x*.1;

set (0,  defaultaxesfontsize’,15)

set (0,  defaulttextfontsize’,15)

figure

hold on

plot(x,vector , -k’

plot(x,vector,’ .k

axis([a b ¢ d])

set(findobj(’type’,’line’), linewidth’ ,2,...
>markersize’ ,20)

lambda=sprintf(’%0.7g’ ,ev(k));

title ([ *\lambda=" lambdal])

)
)

Listing 1.2 Matlab code for the 1D Laplace eigenvalue problem: piecewise quadratic elements

clear all

close all

k=2; % eigenfunction to be plotted

n=4; % number of subdivisions

kev=4; % number of eigenvalues to compute

a=0; b=pi; % interval endpoints

h=(b—a)/n; % mesh size

x=linspace (a,b,n+1); % mesh nodes

%

% stiffness matrix A (contributions coming from PIl)
%

e=ones(n,1);

All=spdiags([—e 2%xe —e]/h,—1:1,n—1,n—1);

%

% stiff. matrix A (contributions coming from bubbles)
%

A22=spdiags(16/3xe/h,0,n,n);

%

% stiff. matrix A: assembly

%

A=[All,zeros(n—1,n); zeros(n,n—1),A22];
%

% mass matrix M (contributions coming from PI)
%
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Mll=spdiags ([1/6xe 2/3xe 1/6%xe]xh,—1:1,n—1,n—1);

%

% mass matrix M (contributions coming from bubbles)
%

M22=spdiags (8/15xexh,0,n,n);

%

% mass matrix M (interactions Pl/bubbles)
%

MI2=spdiags ([e e]/3*«h,[0 1],n—1,n);

%

% mass matrix M: assembly

%

M=[M11,M12;M12’ ,M22];

%

% compute solution and sort eigenmodes
%

[v,d]=eigs (A,M,min(kev,lengthM)), SM’);
[ev,I]=sort(diag(d));

ef=v(:,1);

%

% display first 10 eigenvalues
%

ev(l:min(length(ev),10))

%

% plot selected eigenfunction
%

% Pl component

%

vector=[0;ef(1:n—1,k);0];

%

% bubble component

%

bubble=ef(n:end,k);

%

c=min(vector); d=max(vector);
c=c—(d—c)*.1; d=d+(d—c)x*.1;
figure
hold on
set (0,  defaultaxesfontsize’,15)
set (0,  defaulttextfontsize’,15)
%
kk=10; % number of points for bubble recostructions
for i=1:n
for j=1:kk
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xx=linspace (0,h,kk);
plot ([x(i)+xx],[bubble(i)*x4/h"2%xxx.%x(h—xx)+...

(vector(i)+(vector(i+l)—vector(i))/hxxx)],...

k)
end

end

%

plot(x, vector ,

plot(x, vector ,

axis([a b ¢ d])

set(findobj(’type’,’line’), linewidth’ ,2,...
>markersize’ ,20)

lambda=sprintf(’%0.7g’ ,ev(k));

title ([ *\lambda=" lambdal])

"k’)
’.k’)

11

Listing 1.3 Matlab code for the 1D Laplace eigenvalue problem: spectral method

clear all;
p=10; % order of the polynomial
a=0; b=pi; % interval endpoints
%
% stiffness matrix A (modal basis in [—1 1])
%
A=eye(p+1);
A(l:2,1:2)=[1/2 —1/2;—1/2 1/2];
%
% mass matrix M (modal basis in [—1 1])
%
diagonal=zeros(p,1);
for k=2:p

diagonal(k+1)=2/(2xk—-3)/(2xk+1);
end
M=diag (diagonal);
%
diagonal2=zeros(p,1);
for k=2:p—2

diagonal2 (k+2)=—1/(2xk+1)/sqrt ((2xk—1)*(2xk+3));
end
M=M+diag (diagonal2 (2:p),—2)+diag(diagonal2(2:p),2);
%
M(1:2,1:4)=[2/3 1/3 1/sqrt(6) —1/3/sqrt(10);...

1/3 2/3 1/sqrt(6) 1/3/sqrt(10)];
M(3:4,1:2)=[1/sqrt(6) 1/sqrt(6);...
—1/3/sqrt (10) 1/3/sqrt(10)];
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%

% solve for Dirichlet boundary conditions

% and rescale interval

%

ev=sort (eig (A(3:p,3:p) M(3:p,3:p)))*x4/(b—a)/(b—a);
ev(l:min(10,p—2))

3.2 Laplace Eigenvalue Problem in Mixed Form

The standard mixed formulation of problem (9) is: given X = H'(£2) and
U= L*),find X € Randu € U, with u # 0, such that for some s € ¥

/n s(x)t(x)dx + /n u(x)t'(x)dx =0 Ve X
0 0 (10)

/ﬂ s'(x)v(x)dx = -1 /ﬂ u(x)v(x)dx VveU.
0 0

Its Galerkin discretization is based on discrete subspaces X C X and U, C U
and reads: find A, € R and u, € Uy, with u;, # 0, such that for some s, € X} it
holds

/n sp(x)t(x)dx + /n up(x)'(x)dx =0 Vt e X,
0 0

/ﬂ sp(x)v(x)dx = =4, /ﬂ wp(x)v(x)dx Vv e U,.
0 0

The matrix form of the problem is

ABT\ (x)_ 5 (00 (X

B 0 y) oM )\y)’
where A is the mass matrix in X}, M is the mass matrix in Uy, and B is the matrix
defined as follows:

b = [0 2L ()Y ()dx.

where {¢y } and {;} are bases in X}, and U, respectively.

Example 1 (P1-Pl element). We start with the simplest choice of finite element
spaces: continuous piecewise linears for both X, and U},. The corresponding Matlab
code is reported in Listing 1.4. It should be noted that the homogeneous Dirichlet
boundary conditions are enforced in a natural way through the formulation (10), so
that the matrices A, B, and M do not include boundary conditions.
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Table 4 Eigenvalues computed using the code in Listing 1.4 for different values of n
Exact Computed (rate)
n=3_§ n=16 n =32 n = 64 n =128
0.0000 —0.0000 0.0000 0.0000 —0.0000
1 1.0001 1.0000 (4.1) 1.0000 (4.0) 1.0000 (4.0) 1.0000 (4.0)
4 3.9660 3.9981 (4.2) 3.9999 (4.0) 4.0000 (4.0) 4.0000 (4.0)
7.4257 8.5541 8.8854 8.9711 8.9928
9 8.7603 8.9873 (4.2) 8.9992 (4.1) 9.0000 (4.0) 9.0000 (4.0)
16 14.8408 15.9501 (4.5) 15.9971 (4.1) 15.9998 (4.0) 16.0000 (4.0)
25 16.7900 24.5524 (4.2) 24.9780 (4.3) 24.9987 (4.1) 24.9999 (4.0)
38.7154 29.7390 34.2165 35.5415 35.8846
36 39.0906 35.0393 (1.7) 35.9492 (4.2) 35.9970 (4.1) 35.9998 (4.0)
49 46.7793 48.8925 (4.4) 48.9937 (4.1) 48.9996 (4.0)

In [21, Table 4.1] it has already been observed that this method does not provide
reliable results. Table 4 shows that the correct eigenvalues are approximated with
fourth order accuracy, while several other spurious modes are present. Figure 4
shows the first two spurious modes, corresponding to the value A = 0 and to a
discrete value which seems to converge to A = 9 (i.e., this mode is spurious in the
sense of a wrong multiplicity). The eigenfunction u is plotted in the left part of the
figure, while the corresponding component s is on the right. An example of correct
eigenfunction is shown in Fig. 5: this is the eigenfunction obtained exactly with the
parameters of Listing 1.4 and should be compared with Figs. 1 and 2. For the sake
of completeness, we report in Fig. 6 the eigenfunction corresponding to the discrete
eigenvalue approximating the correct continuous eigenvalue A = 9 (i.e., the fifth
discrete mode).

Example 2 (P1-PO element). We now describe a convergent mixed scheme for
which no spurious mode is present. Since the space U is L?(£2), there is no
need to consider a finite element approximation U;, made of continuous functions.
For reasons which are clear from the abstract theory, it is natural to consider
the following choice: continuous piecewise linear elements for the approximation
of X and discontinuous piecewise constants for the approximation of U. The
corresponding Matlab code is reported in Listing 1.5.

As already observed in [21, Sect.4.2], the numerical results are pretty much
related to the ones of the standard Galerkin approximation of the Laplace eigenvalue
problem: the eigenvalues are reported in Table 5 where second order of convergence
is clearly detected. As far as the number of degrees of freedom is concerned, Table 5
shows the dimension of the space Uy, since in the solution procedure the variable s
can be eliminated (see Listing 1.5).

Figure 7 shows the second eigenfunction computed using the code in Listing 1.5
and should be compared with Fig. 1.

Example 3 (P2-P0O element). We conclude this section about one-dimensional
examples with the discussion of the P2-PO scheme for the approximation of the
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A=-1.540434e-15 x 10715

’ 3
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Fig. 4 Some spurious modes computed with the code in Listing 1.4: the first (top) and fourth
(bottom) eigenfunction. The left subplots correspond to the component « and the right ones to s.
Notice that the function in the top right subplot is zero up to machine precision

2=3.966033

0.8
0.6
0.4}
0.2}
0
—02}
-0.4+t
-0.6
-0.8 1

0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3

Fig. 5 An approximation of the second eigenfunction of problem (10) (the component u on the
left side and the component s on the right) computed with the code in Listing 1.4 for n = 8§ and
k=3

mixed problem (10). We started from the P1-P1 element (see Example 1) which is
affected by spurious modes and moved to the P1-P0O element (see Example 2) which
is nicely convergent. In this last example, we shall demonstrate the bad behavior
of the P2-P0O element where we use continuous piecewise quadratic elements for
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2=8.760309
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Fig. 6 An approximation of the third eigenfunction of problem (10) (the component u on the left
side and the component s on the right) computed with the code in Listing 1.4 forn = 8and k = 5

Table 5 Eigenvalues computed using the code in Listing 1.5 for different values of n

Exact Computed (rate)

n=3_8 n=16 n =32 n =64 n =128
1 1.0129 1.0032 (2.0) 1.0008 (2.0) 1.0002 (2.0) 1.0001 (2.0)
4 4.2095 4.0517 (2.0) 4.0129 (2.0) 4.0032 (2.0) 4.0008 (2.0)
9 10.0803 9.2631 (2.0) 9.0652 (2.0) 9.0163 (2.0) 9.0041 (2.0)
16 19.4537 16.8382 (2.0) 16.2067 (2.0) 16.0515 (2.0) 16.0129 (2.0)
25 33.2628 27.0649 (2.0) 25.5059 (2.0) 25.1257 (2.0) 25.0314 (2.0)
36 51.3724 40.3212 (1.8) 37.0525 (2.0) 36.2610 (2.0) 36.0651 (2.0)
49 69.5582 57.0672 (1.3) 50.9572 (2.0) 49.4840 (2.0) 49.1206 (2.0)
64 77.8147 77.8147 (0.0) 67.3528 (2.0) 64.8266 (2.0) 64.2059 (2.0)
81 103.0473 86.3943 (2.0) 82.3258 (2.0) 81.3299 (2.0)
100 133.0513 108.2597 (2.0) 102.0237 (2.0) 100.5030 (2.0)
DOF 8 16 32 64 128
A=4.209547 2
0.8 1.5
0.6 1
04 L. e 05
0.2
0 0
02 -0.5
-0.4 - - -1
-0.6 15
-0.8 ) ) ) ] ] ) )
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Fig. 7 The second eigenfunction computed and plotted using the code in Listing 1.5 (» = 8 and
k = 2). The component u is on the left side and the component s on the right
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Table 6 Eigenvalues computed using the code in Listing 1.6 for different values of n

Exact Computed (rate with respect to 61)
n=3 n =16 n =32 n = 64 n =128
1 5.7061 5.9238 (1.9) 5.9808 (2.0) 5.9952 (2.0) 5.9988 (2.0)
4 19.8800 22.8245 (1.8) 23.6953 (1.9) 23.9231 (2.0) 23.9807 (2.0)
9 36.7065 48.3798 (1.6) 52.4809 (1.9) 53.6123 (2.0) 53.9026 (2.0)
16 51.8764 79.5201 (1.4) 91.2978 (1.8) 94.7814 (1.9) 95.6925 (2.0)
25 63.6140 113.1819 (1.2) 138.8165 (1.7) 147.0451 (1.9) 149.2506 (2.0)
36 71.6666 146.8261 (1.1) 193.5192 (1.6) 209.9235 (1.9) 214.4494 (2.0)
49 76.3051 178.6404 (0.9) 253.8044 (1.5) 282.8515 (1.9) 291.1344 (2.0)
64 77.8147 207.5058 (0.8) 318.0804 (1.4) 365.1912 (1.8) 379.1255 (1.9)
81 232.8461 384.8425 (1.3) 456.2445 (1.8) 478.2172 (1.9)
100 254.4561 452.7277 (1.2) 555.2659 (1.7) 588.1806 (1.9)
DOF 8 16 32 64 128
2=19.88003

0.8+

06+

0.4

0.2 - -

0t
02+
04l -
06}
-0.81 ] ] ) ) ) ) ) ) ) ) ) )
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3

Fig. 8 The second eigenfunction computed and plotted using the code in Listing 1.6 (» = 8 and
k = 2). The component u is on the left side and the component s on the right

the approximation of X' and discontinuous piecewise constants for U. The final
message will be that, as expected, when dealing with mixed schemes the choice
of the discrete spaces has to be made very carefully in order to meet suitable
assumptions. For a discussion on this issues the reader is referred to Sect. 4.

A Matlab code for this element is presented in Listing 1.6. As in Listing 1.2 we
use a hierarchical approach in order to implement the P2 element, that is the space
of quadratic elements is presented as the sum of continuous piecewise linears and
local bubbles.

In [21, Sect.4.4] it has been shown that this scheme does not converge. More
precisely, the discrete eigenvalues computed with the code in Listing 1.6 converge
up to second order to wrong values which correspond to six times the correct
eigenvalues. Table 6 shows this behavior.

Moreover, it can be shown that the eigenspaces are good approximations of the
correct ones as far as the component u is concerned, while the component s is badly
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approximated. Figure 8, for instance, shows the eigenfunctions corresponding to the
second eigenvalue (which converges to six times A = 4). It can be observed that u;,
is a good approximation of the space generated by sin(2x); on the other hand, the
linear part of s, is a good approximation of the space generated by 2 cos(2x), while
the bubble part of s provides a spurious component of the solution. This fact is a
consequence of the lack in the ellipticity in the kernel property (see Sect. 4).

Listing 1.4 Matlab code for the 1D Laplace eigenvalue problem in mixed form: P1-P1 element

clear all

close all

k=3; % eigenfunction to be plotted

n=8; % number of subdivisions

kev=5; % number of eigenvalues to compute
a=0; b=pi; % interval endpoints
h=(b—a)/n; % mesh size

x=linspace (a,b,n+1); % mesh nodes

%

% mass matrix A (no boundary conditions)
%

e=ones(n+1,1);

A=spdiags ([1/6xe 2/3xe 1/6xe]xh,—1:1,n+1,n+1);
A(1,1)=1/3%h; A(n+1,n+1)=1/3%h;

%

% the matrix B (no boundary conditions)
%

B=spdiags([e/2 —e/2],[—1 1],n+1,n+1);
B(1,1)=1/2; B(n+1,n+1)=—1/2;

%

% mass matrix M is equal to A

%

%

% compute solution and sort eigenmodes

%

Schur=A\B’;

[v,d]=eigs (BxSchur ,A,min(kev,length(A)),.1);
[ev,I]=sort(diag(d));

ef=v(:,1);

%

% display first 10 eigenvalues
%

ev(l:min(10,length(ev)))

%

% plot selected eigenfunction
%
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set (0,  defaultaxesfontsize’,15)
set (0,  defaulttextfontsize’,15)

%

% the component "u’”
%

figure (1)

clf

hold on

vector=ef (:,k);
c=min(vector); d=max(vector);
c=c—(d—c)*.1; d=d+(d—c)x*.1;
plot(x,vector ,’ —k’)
plot(x,vector,’ .k’)

set(findobj(’type’,’line’), linewidth’ ,2,...

>markersize’ ,20)
axis([a b ¢ d])
lambda=sprintf(’%0.7g’ ,ev(k));
title ([ *\lambda=" lambdal])

%

% the component ’s”
%

figure (2)

clf

hold on

vector=—Schurxef (: ,k);
c=min(vector); d=max(vector);
c=c—(d—c)*.1; d=d+(d—c)x*.1;
plot(x,vector ,’ —k’)
plot(x,vector,’ .k’)

set(findobj(’type’,’line’), linewidth’ ,2,...

"markersize’ ,20)
axis([a b ¢ d])

D. Boffi et al.

Listing 1.5 Matlab code for the 1D Laplace eigenvalue problem in mixed form: P1-P0 element

clear all

close all

k=2; % eigenfunction to be plotted

n=8; % number of subdivisions

kev=4; % number of eigenvalues to compute
a=0; b=pi; % interval endpoints
h=(b—a)/n; % mesh size

x=linspace (a,b,n+1); % mesh nodes

%
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% mass matrix A

%

e=ones(n+1,1);

A=spdiags ([1/6xe 2/3xe 1/6xe]xh,—1:1,n+1,n+1);
A(1,1)=1/3%h; A(n+1,n+1)=1/3%h;

%

% the matrix B

%

B=spdiags([—e e],[0 1],n,n+1);

%

% mass matrix M

%

M=spdiags (exh,0,n,n);

%

% compute solution and sort eigenmodes

%

Schur=A\B’;

[v,d]=eigs (BxSchur ,M,min(kev,length(M)), SM’ );
[ev,I]=sort(diag(d));

ef=v(:,1);

%

% display first 10 eigenvalues
%

ev(l:min(10,length(ev)))

%

% plot selected eigenfunction
%

set (0,  defaultaxesfontsize’,15)
set (0,  defaulttextfontsize’,15)

%

% the component "u’”
%

figure (1)

clf

hold on

c=min(ef (:,k)); d=max(ef(:,k));
c=c—(d—c)*.1; d=d+(d—c)x*.1;
for j=1:n
value=ef (j,k);
plot ([x(j) x(j+1)],[value,value],’—k’)
plot ((x(j)+x(j+1))/2,value,’.k’)
end
set(findobj(’type’,’line’), linewidth’ ,2,...
>markersize’ ,20)
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axis([a b ¢ d])
lambda=sprintf(’%0.7g’ ,ev(k));
title ([ *\lambda=" lambdal])

%

% the component ’s”
%

figure (2)

clf

hold on

vector=—Schurxef (: ,k);

c=min(vector); d=max(vector);

c=c—(d—c)*.1; d=d+(d—c)x*.1;

plot(x,vector ,’ —k’)

plot(x,vector,’ .k’)

set(findobj(’type’,’line’), linewidth’ ,2,...
"markersize’ ,20)

axis([a b ¢ d])

Listing 1.6 Matlab code for the 1D Laplace eigenvalue problem in mixed form: P2-P0 element

clear all

close all

k=2; % eigenfunction to be plotted

n=8; % number of subdivisions

kev=4; % number of eigenvalues to compute
a=0; b=pi; % interval endpoints

h=(b—a)/n; % mesh size

x=linspace (a,b,n+1); % mesh nodes

%

% mass matrix A (contributions coming from PI)
%

e=ones(n+1,1);

All=spdiags ([1/6xe 2/3xe 1/6xe]xh,—1:1,n+1,n+1);
All1(1,1)=1/3%h; All(n+1,n+1)=1/3%h;

%

% mass matrix A (contributions coming from bubbles)
%

A22=spdiags (8/15xexh,0,n,n);

%

% mass matrix A (interactions Pl/bubbles)

%

Al2=spdiags ([e e]/3xh,[—1 O],n+1,n);
A=[All1,A12;A12° ,A22];

%
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% the matrix B

%

B=spdiags([—e e],[0 1],n,n+n+1);

%

% mass matrix M

%

M=spdiags (exh,0,n,n);

%

% compute solution and sort eigenmodes
%

Schur=A\B’;

[v,d]=eigs (BxSchur ,M,min(kev,length(M)), SM’ );
[ev,I]=sort(diag(d));

ef=v(:,1);

%

% display first 10 eigenvalues
%

ev(l:min(length(ev),10))

%

% plot selected eigenfunction
%

set (0,  defaultaxesfontsize’,15)
set (0,  defaulttextfontsize’,15)

%

% the component "u’”
%

figure (1)

clf

hold on

for j=1:n

value=ef (j,k);
plot ([x(j) x(j+1)],[value,value],’—k’)
plot ((x(j)+x(j+1))/2,value,’.k’)
end
set(findobj(’type’,’line’), linewidth’ ,2,...
>markersize’ ,20)
c=min(ef (:,k)); d=max(ef(:,k));
c=c—(d—c)*.1; d=d+(d—c)x*.1;
axis([a b ¢ d])
lambda=sprintf(’%0.7g’ ,ev(k));
title ([ *\lambda=" lambdal])
%
% the component ’s”
%
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figure (2)
clf
hold on
vector=—Schurxef (: ,k);
%
% Pl component
%
linear=vector(l:n+1);
c=min(linear ); d=max(linear);
c=c—(d—c)*.1; d=d+(d—c)x*.1;
%
% bubble component
%
bubble=vector(n+2:end);
%
kk=10; % number of points for bubble recostructions
%
for i=1:n
for j=1:kk
xx=linspace (0,h,kk);
plot ([x(i)+xx],[bubble(i)*x4/h"2%xxx.*%x(h—xx)+...
(linear (i)+(linear (i+1)—1linear (i))/hxxx)],...
k)
end
end
%
plot(x,linear ,
plot(x,linear ,
axis([a b ¢ d])
set(findobj(’type’,’line’), linewidth’ ,2,...
"markersize’ ,20)

s )

-k
.k

e

s )

4 Eigenvalue Problems in Mixed Form

The examples presented in Sect. 3 confirm that Galerkin discretizations of eigen-
value problems in mixed form present a different behavior from standard Galerkin
approximations of variationally posed eigenvalue problems. In particular, Sect. 3.1
shows that standard Galerkin approximations of the Laplace eigenvalue problem are
optimally convergent as soon as we choose a reasonable approximating space. This
is the important consequence of Theorem 1. Let us define 7 : L? — L? using the
source problem associated to (9): given f € L*let Tf € H' be the solution of the
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problem
/ (TFY (o (0)dx = / FEV(dx.
0 0

The discrete operator 7j, : L? — L? can be defined analogously using the discrete
source problem. It turns out that the operator 7 is compact from L? into H' and
that the elliptic projection onto standard finite element spaces converges pointwise
to the identity operator from H' to L?. Hence, we can apply Theorem 1 with the
choice H = L? and V = H'! in order to conclude that 7}, converges to 7 in the
space .Z(L?).

On the other hand, Examples 1, 2 and 3 show that in the case of mixed
approximation we need to impose suitable compatibility assumptions between the
two approximating finite element spaces. This fact is not surprising since we are
used to the classical inf-sup conditions [29] for mixed finite elements, but we shall
see that for eigenvalue problems the situation is different from that of the source
problem.

4.1 Inf-Sup Conditions

We now discuss Examples 1, 2, and 3 in respect to the classical inf-sup conditions.

It is well-known that for the well-posedness of the source problem associated
with (10) the following two conditions are sufficient and, in a suitable sense,
necessary: the ellipticity in the discrete kernel

ltnll32 = alltnlls Vin € Ky, (11)

where K, = {t;, € X : foﬂ v(x)t; (x)dx = 0 Vv € U}, and the inf-sup condition

T vp(x)t! (x)dx
i sup J0 OGO (12)
€U sy, |vallez ol
Remark 3. Conditions (11) and (12) should be changed to use the divergence oper-
ator instead of the first derivative and H (div) instead of H' in the multidimensional
case.

We start by showing that the P1-PO element discussed in Example 2 satisfies both
conditions (11) and (12).

The ellipticity in the discrete kernel is a trivial consequence of the fact that
the derivative of a function in P1 is an object of PO, hence functions in K have
vanishing derivative (take v = ¢’ in the definition of K).

The inf-sup condition can be proved by constructing a Fortin operator (see [29,
Prop. 11.2.8]). We need to find IT), : H' — X}, such that
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/n(s’(x) — (ITys) (X))v(x)dx =0 VveU,
0

and | [Tps||gr < C||s||g:- It can be easily observed that the standard nodal
interpolation operator s > s; satisfies the required properties; indeed, for each
element [x;, x;4+1] we have

Xi41 Xi+1
/' sp(x)dx = s7(xi41) —s7(x;) = s(xi41) — s(x;) = / s’ (x)dx.

Remark 4. The P1-PO element is the one dimensional counterpart of the well-
known Raviart-Thomas element

Moving to the P1-P1 element discussed in Example 1, it has been observed
several times in the literature that it does not satisfies the inf-sup condition (see,
for instance, [11]). What is surprising about the bad behavior reported in Table 4
is that the P1-P1 element is convergent for the corresponding source problem when
the solution is smooth and the eigenfunctions of the Laplace problem are analytic.
It turns out that the approximation of eigenvalue problems does not follow the
same lines as the approximation of the corresponding source problem: there are
several spurious modes even if the regularity of the eigenfunctions is not an issue.
To be more precise, the zero frequency reported in Table 4 was expected and is a
consequence of the lack of the inf-sup condition: there is a function u;, € U), with
up, # 0 such that f07r up(x)t'(x)dx = 0 for all t € Xj; such a function is the
eigenfunction shown in Fig. 4 (top left); on the other hand, the other spurious modes
cannot be predicted from the standard theory of mixed finite elements.

Let us conclude this section with the analysis of the P2-P0O element presented
in Example 3 which can be seen as a modification of the P1-PO element with
an enrichment of the space Xj. The hierarchical construction of the matrices
in Listing 1.6 shows explicitly the nature of the enrichment which consists of a
single quadratic bubble in each element. Since the P1-PO element satisfies the inf-
sup condition (12), the P2-P0 satisfies the inf-sup condition as well (the supremum
is taken over a larger space). On the other hand the enrichment of the space X
implies a modification of the discrete kernel K, for the definition of the ellipticity
condition (11). In particular, all the element bubbles are elements of K, (they vanish
at the endpoints of the interval, hence their first derivatives have zero mean value)
and, moreover, are functions for which the uniform ellipticity (11) does not hold as
it can be easily observed by a standard scaling argument or by explicit computation.
Figure 8 confirms that the bad behavior of the method is due to the presence of the
bubbles which pollute the discrete solution. For similar consideration related to the
corresponding source problem the reader is referred to [26].
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4.2 Convergence of Eigenvalue Problems in Mixed Forms

From the discussion of Sect.4.1 it might seem that the two main conditions for
the stability of the mixed source problem, namely the ellipticity in the discrete
kernel (11) and the inf-sup condition (12), are sufficient for the convergence
of the mixed eigenvalue problem as well. On the other hand, the analysis of
the P1-P1 element should warn the reader: in that case the approximation of
the source problem is convergent when the solution is smooth enough, while the
approximation of the eigenvalue problem presents spurious modes (even though all
exact eigenfunctions are smooth).

The fundamental results contained in [22,23] state that the natural conditions for
the good approximation and the absence of spurious modes in the approximation
of eigenvalue problems in mixed form are not the classical inf-sup conditions. We
recall in this setting the conditions introduced in [22] (see also [21, Part 3]).

In order to convince the reader that the eigenvalue problem has a substantially dif-
ferent nature from the source problem, we try to repeat the argument of Theorem 1
in the framework of mixed approximations: we will show that the situation is now
more complicated. Roughly speaking, Theorem 1 says that a suitable compactness
assumption turns pointwise convergence into uniform convergence. In order to use
a similar argument in this framework, we need to introduce a suitable solution
operator T and to show a suitable compactness property. Since the solution of the
source problem corresponding to (10) has two components s and u, we firstly have
to choose how to define the solution operator. A first (and, as we shall see, wrong)
possibility is to define Ty : L? x L> — L? x L? as follows:

cutoff

(f.2) (0. 9) > (5. ),

where the operator T : L? x L> — L? x L? corresponds to T5(f.g) = (s.t) €
H' x L? solution of the following source problem

/” s(x)t(x)dx + /ﬂ u(x)t' (x)dx = /n f(x)t(x)dx Vi e H!
0 0 0 a3)

/ﬂ s (x)v(x)dx = —/ﬂ g(x)v(x)dx Vv e L2
0 0

The discrete operator Txy; can be defined analogously using the same cutoff
function and the discrete source problem. In order to fit the framework of Theorem 1
one needs to introduce a suitable projection operator. This can be done by using
the source mixed problem: let Q) : H' x L> — X, and R;, : H' x L?> — U,
be defined starting from (s,u) € H' x L? in order to satisfy the following
equations



26 D. Boffi et al.

[ o+ [ Ruts.or'as
0 0
= /” s(x)t(x)dx + /ﬂ u(x)t'(x)dx Vte H!
0 0
/E(Qh(s, u)) (x)v(x)dx = /n s’ (xX)v(x)dx Vve L%
0 0

Taking P, = (Qp, Rp), it is clear that we have Txy; = PpTxy, so that we might
think of adapting Theorem 1 to this situation.

Unfortunately, the compactness assumption on 75y does not hold. Indeed, taking
H=L>xL*and V = H' x L?, we would need Ty compact from L? x L? in
H' x L? which is in conflict with the fact that in (13) the derivative of s is equal
to —g. As a possible workaround, we can try to use the second comment contained
in Remark 1. Unfortunately, for the same reason as before T’z is not compact from
H'x L?in H' x L? either.

The correct approach for the definition of the solution operator has been
introduced in [22]. Being interested in an eigenvalue problem which involves the
eigenfunction u, the natural choice is to define 7 : L? — L? as follows: given
g€ L?finds € H' and Tg € Uy, such that

/” s(x)t(x)dx + /ﬂ Tg(x)t'(x)dx =0 Vte H'
0 0 (14)

/n s (x)v(x)dx = —/n g(x)v(x)dx Vv e L%
0 0

The discrete operator 7;, can be defined analogously using the discrete source
problem. In [22] sufficient (and, in a suitable sense, necessary) conditions for the
convergence of T} to T have been introduced. These conditions, which in particular
imply the good approximation of Problem (10), are:

the weak approximability of H?, that is

/ (), (x)dx < p) [l 2 [VIiw> Vv € H? Vi, € Ky, (15)
0

where here and in the next two properties p(/) denotes a quantity that tends to zero
as h goes to zero;

the strong approximability of H?, that is for all v € H? there exists v; € K,
such that

v =villm = p() V]l g2 (16)

the Fortid condition, that is there exists a bounded Fortin operator I7,: H 15 ¥,
converging in norm to the identity

e = Mutll2 < p(A)|tll g1 V2 € H'. (17)
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For the sake of completeness, we recall that a bounded Fortin operator satisfies
Mg
/ (s'(x) — (ITys) (x))v(x)dx =0 Vs e H' Vv e U,
0

and [[[Tys| g < Clis| a1

Coming back to the three mixed methods discussed in Examples 1, 2, and 3, it
can be seen that all of them satisfy the strong approximability property, while only
the P1-PO element satisfies the remaining two properties. Indeed, we have already
shown in Sect. 4.1 that it satisfies the ellipticity in the kernel property (which implies
the weak approximability property) and we proved that the interpolation operator is
a Fortin operator (which easily implies the Fortid property). On the other hand, the
P1-P1 element does not satisfy the Fortid property (it is known not to meet the inf-
sup condition) and the P2-PO element does not satisfy the weak approximability
condition.

S Error Estimates for Multiple Eigenvalues

This part of the paper is devoted to a priori error estimates for the eigenvalue
problem in variational formulation. After a brief review of the fundamental results
on spectral approximation mainly based on the theory of Babuska and Osborn [12],
in the second section, we focus on the problem of error estimates for multiple
eigenvalues. The main result of this section, due to Knyazev and Osborn [57],
shows that the eigenvalue errors depend mainly on the approximability of the
corresponding eigenspace. We end this section with some numerical results.

5.1 Fundamental Results on Spectral Approximation

In this section, we recall the error estimates, collected in [21], which show how the
eigenvalues and eigenfunctions of 7" are approximated by those of 7}, and then how
they apply to the case of variationally posed eigenproblems. Throughout this section
we assume that X is a Hilbert space with inner product (u,v) and that 7 : X — X
is a compact self-adjoint positive linear operator. Let 7;, : X — X be a family
of compact self-adjoint positive linear operators of finite rank. We assume that 7},
converges uniformly to 7', that is

||T—Th||$(x)—>0 ash — 0. (18)
Let u be an eigenvalue of T of algebraic multiplicity m. Since T is self-adjoint

and X is a Hilbert space, then the ascent of v is 1. Let u;, fori = 1,...,m be
the eigenvalues, repeated according to their multiplicity, of 7} converging to ©. We
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denote by E C X the eigenspace associated to p and by Ej, the direct sum of all
the eigenspaces associated to the eigenvalues j; ;. Then it holds

S(E. En) < CI(T = Tl 2x)- (19
where g(E , F) represents the gap between Hilbert subspaces and is defined by

S8(E,F)= sup in1£ lu — v x, 3(E,F) =max(§(E, F),8(F,E)). (20)
u€kE V€
flull x =1

Let us introduce some notation and observations which will be useful later on. For
nonzero functions u and v, if £ = span{u}, we write §(u, F) instead of §(E, F)
and if £ = span{u} and F = span{v}, we write §(u,v) for 6(E, F'). We have
0<6(E,F)<land$(E,F)=0ifandonlyif E C F.If dimE = dim F < o0
then 8(E, F) = §(F, E).

In the remainder of the section we shall have dim £ < dim F, then the following
Lemma holds true, see [28, Lemma 3.4].

Lemma 1. Let {¢;, i = 1,...,dim E} form an orthogonal basis for the sub-
space E. Then

S(E.F) <) 8 (¢i. F).

If P and Q are the orthogonal projections onto E and F, respectively, then
8(E, F) equals the largest singular value of the operator (I — Q)P and

S(E.F) = —-0)P|x. 21

Let us now go back to the approximation of eigenvalues and eigenfunctions. We
have the following error estimate for the eigenvalues.

Theorem 2. Let {¢1,...,Pn} be a basis of the eigenspace E associated to the
eigenvalue ju. Then, fori =1,...,m
= pinl C | DT =Tg; . ¢l + 1T = Twielpw |- 22
jk=1

Moreover, we have the following estimate for the eigenfunctions.

Theorem 3. Let {ju;} be a sequence of discrete eigenvalues of Ty, converging to
a non-zero eigenvalue | of T. Consider a sequence {u,} of unit vectors in the
eigenspace Ej, associated to py,. Then there exists an eigenfunction u(h) associated
to the eigenvalue | of T such that

lu(h) —unlx = CIT = Th)iell2x)-
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We first observe that Theorems 2 and 3 also hold in the case of operators which
are not self-adjoint. In such a case, one has to take into account the concept of ascent
multiplicity of u — T'.

As a corollary of the above theorems we obtain the error estimates for eigenvalues
and eigenfunctions of problem (1). In order to embed the operator 7 defined in
Sect. 2 (see (3)) into the abstract setting of this section, we assume that 7 : V' — V
is compact, hence we can apply the results of Theorems 2 and 3 with X = V and
A = 1/u. This is the case, for instance, if V' C H is compact; the convergence (18)
is a consequence of Theorem 1 (see Remark 1).

Corollary 1. Let A be an eigenvalue of problem (1) and let A; p, fori = 1,...,m

be the eigenvalues of problem (2) converging to A. Then we have fori = 1,...,m:
A —Ain) < C sup inf |Ju—v|}. (23)
' uckE VEVj

lull=1

Corollary 2. Let {A;} be a sequence of discrete eigenvalues of (2) converging to
an eigenvalue A of (1). Consider a sequence {u;} of unit vectors in the eigenspace
Ej, associated to Ay. Then there exists an eigenfunction u(h) associated to the
eigenvalue A of (1) such that

l(h) — up|ly < C sup inf |ju—v]|y.
T

We notice here that one can deduce analogous results using the less strong
assumption (6). We refer to [21, Sect. 10], for instance, for a discussion on the
error estimates for the Laplace eigenproblem.

From the last theorems, we infer that the rate of convergence of multiple
eigenvalues depends on the rate of approximability of the corresponding eigenspace,
hence on the approximation rate of the least regular eigenfunction. On the other
hand, the numerical experiments reported in [12, Sect. 10] show different rates
of convergence for the approximate eigenvalues in the presence of eigenfunctions
having different approximabilities. In the next section this point will be addressed
following the ideas of Knyazev and Osborn [57] in the case of variationally posed
eigenproblems.

5.2 Error Estimates for Ritz-Galerkin Approximation
of Multiple Eigenvalues

This section is devoted to sharp error estimates in the case of multiple eigenval-
ues which take into account the possibility that a multiple eigenvalue might be
associated to eigenfunctions with different regularities. In particular, we shall see
that in this case it is possible to identify discrete eigenvalues converging to the
multiple eigenvalue with different rates of convergence which take into account
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the regularities of the corresponding eigenfunctions. More precisely, the rate of
convergence towards an eigenvalue A of multiplicity m associated to eigenfunctions
with different regularities depends on the regularity of the eigenspace which is
approximated by the sequence of the discrete eigenvectors associated to the m
eigenvalues A; ; for 1 <i < m which converge to A.

The results we are going to report here are based on the theory developed in [57].

Let us go back to the setting of Sect. 2. Let V}, a finite dimensional subspace of V
withdim V), = N.LetT : V — V and T}, : V. — V be defined, respectively, in (3)
and in (4). Then we have that T}, is the Ritz approximationof 7 : V' — V since

T, = P,T (24

where P, : V. — V), is the elliptic projection onto V), defined as follows: for all
u €V, Pyu € Vj is such that

a(Pou—u,v) =0 Vvel,. (25)

We assume that the bilinear forma : V' x V — R is coercive and continuous in V,
that is

allul} <a(w,u) VYueV, witha >0,
(26)
la(u,v)| < C|u|lvvlly Yu,veV, withC >0

Since +/a(u, u) is an equivalent norm in V, in this section we will use the following

normin V
lu|ly = Va(u,u). 27

Notice that the elliptic projection P, results in an orthogonal projection with respect
to this norm.

Let us denote by 0 < A; < A, < ... the eigenvalues of (1) and by
0 < Ay < Ay < -+ < Any those of (2), both repeated according to their
algebraic multiplicity. Moreover, we denote by u; the eigenfunction associated to
the eigenvalue A; and by u; ;, the discrete eigenfunction associated to A; 5, that is

a(u;,v) = Aib(u;,v) YveV

a(u;p,v) = AinbWip,v) Vv eV,

From now on we assume that b(u;, u;) = §;; and b(u; p, u; ;) = §;; fori, j =1,
.., N. Notice that this implies

a(u;, u;) = A;
a(uj,uj) =0 1#j
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and
a(u; . Mi,h) = li,h
a(u,-,h,uj,h) =0 i 7é ]
Let £, ; C V (resp. E;..._in C Vj) denote the span of the first i eigenvectors
uy,...,u; (resp.uyp,...,u;p)andlet Py ; (resp. Py ;) be the elliptic projection
onto E; _; (resp. £ in), thatis

.....

We recall here the following characterization of the eigenvalues by means of the
Rayleigh quotient:

A1 = min a(v,v) i a(v.7)
1= A= ’
< b(v,v) (@2, E,-)J‘ b(v,v)
vF£0
a(v,v) . a(v,v)
A, = —= Ain = min s 28
PR T g ) D0Y) -
v7£0

Moreover, the i -th eigenvalue A; of (1) and the i -th discrete eigenvalue A, , of (2)
satisfy:

a(v,v) a(v,v)

A; = min max ,  Ajp = min max
Eev® veE b(v,v) Eey® veE b(v,v)
4

(29)
where V@) and Vh(i) denote the set of all subspaces of V, respectively Vj, with
dimension equal to i (see, for instance, [21, Prop. 7.2]).

Notice that as a consequence of (29) we have that

Ai f/\,’yh fori =1,...,N. (30)

In the case of self-adjoint operators and of their Ritz approximation, one can
make more precise the statement of Theorem 2 with the following result, proved
in [55], which shows that the error for an eigenvalue depend on the approximability
of all previous eigenvectors.

Theorem 4. Fori =1,..., N we have

Ai = Ai
0< 220 < (B Vi) = I — P Pril - 31)

i.h

Proof. We have §(E;.__;, Vi) < 1.If 6(E,
Hence, let us suppose that

i» Vi) = 1 then (31) is obviously true.

l‘,Vh) < 1.
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Sincedim E;_; =i <dimV} = N < 400, we can apply (21) and obtain

S(Ev..ix Vi) = U = PP illew,

from which, thanks to [53, Theorem 6.34, Cap. I], we deduce that P, provides a
...i- Therefore dim P, E, ; = dim E;
; such that ||u]|y = 1 and

A@w) = max A(w)
WEPLE] i, Ww#0

where A(w) is the Rayleigh quotient defined by

_a(w,w)
AW =

We recall that thanks to the coercivity assumption (26) and to the norm defini-
tion (27) we also have a (i1, it) = ||i||> = 1.
We consider the following orthogonal decomposition of # in V'

i veE: (32)

..... i

u=u+v foruekE

Hence, we have a(v,w) = 0 for all w € E;__; and consequently a(v, Tw) = 0,

since E__; is an invariant subspace of 7. By the definition of 7" we also get that

b(v,w)=a(v, Tw) =0forallw € E;
The definition (32) of v yields

..... i-

V) < 1, (33)

From (33) we obtain that u # 0 so that A (u) is well defined. We now show that
Au) = Ai < Ay < A@). (34)

We already know that A; < A;; (see (30)). By the definition of # and the min-max
characterization of the eigenvalues (28) the last inequality holds true. It remains to

prove the first one. Since u € Ey_;, we have u = le=1 ajuj; and

A) = a(u,u) _ Z;zlaﬁa(uj,uj) _ Zi:lotfkj )
bluw) 37 odb(uj.uy) il T

due to the orthogonalities of the eigenfunctions.
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‘We observe that

o a(u,u) +a(v,v)
M = D T o)

If v =0, then A (i) = A(u). If v # 0, a direct calculation gives

1 I 1 1 a(v,v) _ 1 a(,v) _ 1 a(v,v)
Aw) M@ (/\(ﬁ) B )L(v)) a(u,u) ~ A@)a(u.u) ~ AipaGuu)

It is now easy to see that

1 1 _ 1 1 <La(v,v)

i Ay T A A@) T A a(uu)’

which implies

)ﬂ _ a(v,v) | = 1
i oa(u,u) a(u, u)
and
Ay — A A
’i—h =1- ﬂ <1—a(uu)=av) = |v|y.
This inequality together with (33) concludes the proof of the theorem. O

We see that the error estimate for the eigenvalue in Theorem 4 depends on the
approximability properties of all previous eigenvectors, while in Corollary 1 it
depends on the approximability properties of eigenspace associated to the eigen-
value of interest. On the other hand we see that the estimate (31) does not depend
on any undetermined constant. Let us consider an eigenvalue A, with multiplicity
m > 1, then from the above theorem it is easy to derive the following result.

Corollary 3. Assume that
lp_l <lp=...lp+m_1 <Ap+m, 35)

with p +m — 1 < N. Then for any indexi = p,...,p +m — 1 we have

Ain— A
0< A o inf §*(Ey..i. Vi)
Ain El,...p—1CE1, i SEl_ ptm—1 T
dimEy ;=i
= 82(E1,.ptm—1, Vi) (36)

Corollary 3 provides different estimates for every eigenvalue, but it requires
approximability of all previous eigenvectors.

The following lemma suggests that the rate of convergence of the error for the
multiple eigenvalue does not necessarily depend on the approximability of all the
associated eigenfunctions.
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Lemma 2. Fori = 1,..., N, the following relation holds true

Ain — Ai 1
0< 220 = (1 = Piul} —
=gl I

Ai
/\i,h

a((] — P,')I/l,',h, T(I — P,')Ml"h)

where P; and P;j, are the elliptic projection onto span{u; } and span{u; ;}, respec-
tively.
Proof. The proof is quite simple. Using the definition of the Rayleigh quotient and

the equality b(u;,u;) = b(uip,uip) = 1, we have A;, = a(ujp,uip) and 1 =
b(uip,uin) = a(Thu; p, u; ), hence

Ain—Ai A 1
0< = 1= ;a(ui,hsui,h) —a(Tpu;p, uip)

1 1
xa((I—Pi)ui,h, (I_Pi)ui,h)+ra(“i,h7 Piuip)—a(Tu;p, uip)

1

1 1
= —I((I — P)uinlly + —a(uin, Piuip)
Ai Ai

—a(T(I — Pi)uip, uip) —a(TPiu;j, uij)

1 1
= — (I = P)uiplly +a | win, — Pivip — TPiui
A A

1
= x”((] — Puinlly —a((I — Pouip T(I — P)ujp)

1
1
Ai
Pu; p, TP;u; ) = 0. We conclude the proof by observing that

thanks to I —T) Puy = 0and a(T(I — P)uip, Piuip) = a((l —
L = POl = T = P2
R — P)u; = — — Pipu; ,
Ai,h h /\i h
so that
o< tinThi _ A Ain A
- A'i,//l A.,',h A,’-
! ), i
= Th|l((1 — Puiplly — Ea((l — Puip, T(I — Pu;p).

O

Since T is positive, we immediately obtain using (21)

Ain—Ai 1 1
0< ”’T < 0 = Poayuil]® < 58 (s i),
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Lemma 2 shows that the estimate on the i-th eigenvalue depends explicitly on both
the continuous and the discrete associated eigenfunctions u; and ; ;.

The next theorem, proved in [57], provides an estimate which does not depend
explicitly on the approximate eigenfunction ; ;, but only on the approximability
properties of u; in the discrete space V.

Theorem 5. Let us fix an index i with 1 <i < N such that

; |Ajh—k|5£0 (37)
then
0< Aip —Ai < (I = Py + Pi_i—in)uill}
Aih llui 115,
A? hk/
1+j=1}}_f_ﬂl_§ lm||(1 POTP i-1allp ) | 8 i Vi), (38)
where Py i—y, is the elliptic projection onto E\_;—1, = span{u, i1}

..... i—1hu,v) =0 Vv e Ei i—1hs
Proof. The proof of the first inequality in (5) follows the same lines as that of
Theorem 31. Leti > 1, since the case i = 1 is already covered by Theorem 4.

Let 4; = u;/|lu;||ly. Since the operator I — P, + P;__;—1, is an orthogonal
projection in V' with respect to the norm defined in (27) and #; is normalized, we
have ||(/ =Py +P1,. i—1p)uilly < 1. Weassume that ||(/ =P+ Py i—1p)tillv <1,
since otherwise the inequality (38) is obviously true.

Let E; = span{u;}, then dim E£; = 1 and also dim(P;, —
by [53, Theorem 6.34, Cap. I] we obtain

S(Eiy(Ph_Pl i— lh)ul —”(I Ph+P1 ..... g— lh)uz||V<1

Letustake u € (P, — Py j—14)E; such that |||y = 1 and consider its orthogonal
decomposition with respect to the norm of V' as follows:

i VG(EI ..... J_a

u=u-+v withue E

so that
av,w)y=a(u—uw)=0 VweE|
Hence
Vil = lla—ully = inf Jji—wly
=68(u, Ey..;) < 8(u,u;) =8((Pp— P i1 ntti,u;) < 1. (39)
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This implies that u # 0 and that A(u) is defined. As in Theorem 4, if we show that

Aw) = i = Aip = M), (40)
then we get
Ain—Ai
0< — < ,
==y

and this would conclude the proof of the theorem.

We prove only the last inequality in (40), since the others are quite standard.

We observe that the operator P, — P; ;1 is the projection onto the subspace
of V}, spanned by the eigenfunctions u;;, with j = i,..., N. Hence, by definition,

we have
1

i—1
ue @Ej,h s
Jj=1

then (28) yields
Au) = a(b_t’ L_[) > min abww) _ Aih-
b(u, u) ve(@ih £0)" b(w,w)
w#0

It remains to obtain the second line of (38). We have

In order to use [56, Theorem 3.2], we observe that P, =
i—1n TPy i—LhIE, i1 is the set of th

eigenvalues 1/A;; for j = 1,...,i — 1 of Tj,. Then we have

I(I = P)TPy_i—14ll2m)

I Py i—1ntii|ly < (I — Py)uillv
dp
where
dp = _min L i' = min M
Jj=1..i—1 Aj,h Ai J=li—l |Ajhkl| .

O

Remark 5. Let us assume that each A, converges to A;, then the assumption (37)
reads:

omin Ay, — A & A — A

j=l..i—1
Notice that this quantity enters in the denominator of (38), hence the constant in the
second line of (38) increases as A; — A;—; becomes smaller.
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In order to better explain the result presented in Theorem 5, let us consider the
case of an eigenvalue A, with multiplicity m = 2 so that

Ap_l < Ap = /\p-i-l < /\p+2.

We can choose i = pori = p+ 1.If i = p then the denominator in (38)
approximates A, — A,_; hence it is strictly positive. For i = p + 1, instead, we
have

j=1..,

and it tends to O as & — 0.
We can make the result of Theorem 5 more precise in the following corollary.

Corollary 4. Assume that the eigenvalue A, with p > 1 has multiplicity m > 1
so that (35) holds with p + m — 1 < N and that (37) holds true fori = p. Let

j=L..p—1 |A'j,h — A«plz “EE[) ..... p+m—1

llully =1

E, . p+m—1 be the corresponding eigenspace, then
Aph —A .
0<% < min (I — Py + Pi__prp)ull}
A'p,}’l MEE[, ..... p+m—1, flully=1
A% 22
< <1+ __max #||(I—Ph)TP1,,,,,p—1,h||%g(y)) min 8% (u. Vi)

A2, A2
Jh7p _ 2 2
(1+j=111}?}§”_1 Pon— AP (I =Pp)TP.... p—1,h||,s,ﬂ(v)) §5(Ep....p+m—1, Vi)

Notice that Corollary 4 gives an estimate containing only the gap between the
eigenspace spanned by the m eigenfunctions associated to A, and the discrete space
Vi, even if the approximability of the previous eigenfunctions still appears in the
constant.

The final result of this section provides an error estimate for A, which can take
into account the case of eigenfunctions associated to a multiple eigenvalue with
different approximability properties. In addition, this estimate also covers the case
of clustered eigenvalues.

Theorem 6. Let i and q be fixed with 1 <i < N and 1 < q < i. Let us denote
by Ei—y+1...i the q-dimensional invariant subspace corresponding to eigenvalues
Aigr1 < -+ < Ajand by Pi_y11...; the elliptic projection onto E;—g11...;. If

min Mj,h — A,| 7é 0 (41)
j=1l,..i—q
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then the following error estimate holds true

Ain —Ai
0=< S <\ —Py+ P . i—q,h)Pi—q+1,...,i||fsg(V)
i
2
j,hki 2 2
= (1 x| S NPTl IO =P Prm il
(42)
where Py iy is the elliptic projection onto E1_j_qp = span{uip, ..., Ui—gh}-

Proof. The proof is similar to that of Theorem 5. The operators I — Py, + Py i—q
and P;_,1,.; are orthogonal projections with respect to the norm of V', therefore
(I =Py + Pi_i—gn)Pi—g+1,.illew) < 1. We consider the case

(I — Py + Pr i) Pi—gt1..ill2zv) < 1,

since otherwise the inequality (42) is obviously true. By [53, Theorem 3.6, Cap. I]
dim(Py, — Py, i—gn)Ei—g+1..0 =dimE;_;41 ; =q.

We choose it € (P, — P i—gn)Ei—q+1...i such that |Ji|]|y = 1 and

M) = max Alw
( ) WEPy—Py __i—qh)Ei—g+1...i ( )7
w#0

where A(uz) is the Rayleigh quotient. Let us consider the following V -orthogonal
decomposition of u:

i=u+v, withueE, ; ve(E. )",

then working as in (39) we have

Then the required estimate

Aip — A

0< 2 1<
= S s
follows from the following chain of inequalities working as in the proof of

Theorem 4
Aw) < Ai < Aigp < Aw).

The last estimate is a consequence of the definition of z and of (29).
To obtain the second line of (42) it is enough to apply [56, Theorem 3.2]. O
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The first consequence of Theorem 6 concerns the case of multiple eigenvalues.

Corollary 5. Assume that the eigenvalue A, with p > 1 has multiplicity m > 1 so
that (35) holds with p + m — 1 < N and

=2l #0.

Then, fori = p,...,p +m — 1 we have

Aip—A

0< )th<”(1_Ph+Pl ..... p=10) Pp_i I

A2 A2
1+ — NP P)TP [=P)P,. i
( 1_11}??1(7_ UTA A |2||( WPy p— 1h||_z)(v)) ¢ W) Pp.... ||_z)(v)

..... p—1.h IS the orthogonal projection with respect to the norm of V onto
El,...,p—l,h = span{ui ., ..., up—1} and P, _; is the orthogonal projection onto
anyi —p+1 dimensional subspace of the eigenspace E,
to the eigenvalue A .

p+m—1 corresponding

Remark 6. We remark that the error estimates for the eigenvalues of Theorems 5
and 6 contain multiplicative constants which approach 1, provided that assump-
tions (37) and (41) hold true.

Let us consider some particular cases in order to see the strength of Theorem 6 and
of Corollary 5.

CASE I: A] < lz = 13 < A4
Let us suppose that A, has multiplicity 2, so we can apply Corollary 5 with p =
m = 2. Assumption (37) gives

M]h Apl = [A1p — Ao = A — Ay
In Corollary 5 we can take i =2 ori = 3. Fori = 2 we obtain

/\2 h

2 2
M (g et 10— PP, @)
Aan T [A1h — a2 iz ) 2W)

Fori = 3 we have

Azp — A3 _ Azp— A
A3 A3

A3 A3 ) )
=1+ Ton — Mol (I = P)TPiall 'z | I = Pu) P23l sy
(44)
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In the first inequality the error is bounded by the best approximation error for
eigenfunction u,, while in the second one we have the bound in terms of the
best approximation error for span{u,, us}. Therefore, we can separate the rate of
convergence according to approximability of each eigenfunction. Notice that if u; is
less regular than u3, we have from both the estimates (43) and (44) the same rate of
convergence, while in the opposite case the inequality (43) could give the best rate
of convergence corresponding to the most regular eigenfunction. Moreover, we also
see here the improvement with respect to the result of Theorem 5, which would not
give a valid estimate in this case since the denominator tends to zero.

CASEZ/\l </\2 /\3<A4

This case is similar to the previous one but we have clustered eigenvalues. We obtain
results similar to the ones quoted for Case 1. In particular, as in the previous case
Theorem 5 would not give a good estimate for i = 3 since |A3 — A, 4| &~ 0.

CASE 3: /\1 < Az = A3 < A4
We apply Theorem 6 with i = 3. Then we can choose ¢ = 1,2, 3 and obtain the
following bounds.

For g = 1 we have

an=hs RSyt = BRI — PP
_ 1+ max ———||(I — Py TPl,z,h I — P,)P; .
A3 J=12 A — As)? < <

but this estimate is not optimal since min; -, [A;, — A3] ~ 0.
For g = 2 we have

Az — A3

2 2
|1+ &H([ P)TPy% (I = Pu) P23l iy
A3,h — A, I SN L (V) SINL(V)

[A1n

If A3 — Ay is large enough this inequality gives a sharp estimate in the case we have
u; with poor approximability property.
For g = 3 we obtain

Asp— Az

< (I = P)Pi2sll%r)
A3h e

and this estimate recovers the result of Theorem 4 so that we estimate the error in
terms of the approximability of the span of all the previous eigenfunctions.

5.3 Numerical Results

In this section we report some numerical results of eigenproblems with multiple
eigenvalues, whose associated eigenfunctions can have different regularities.
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The first example in this direction is due to Babuska and Osborn [12]. Let us
consider the following one-dimensional differential equation: find A € R such that
there exists u 7% 0 with:

1 !
B ((ﬂ’(X) ”/(x)) = A¢'(u(x).  x € (=)

u(—7) = u(n), (%) () = (%) ().

x| sign(x), 0<a < 1.

where
px)=m

It is easy to check that the continuous eigenvalues and eigenfunctions are given by

AOZO, Azi_lzkzl‘:iz fori:1,2,...

uo =1, wupy— = cos(igp(x)), uy = sin(ip(x)) fori =1,2,....

Due to the definition of ¢ we have that cos(¢p(x)) € H?*(—m, ) while sin(¢(x)) €
H'**(—m, ). Each eigenvalue has multiplicity 2 and its eigenspace contains a
regular eigenfunction approximated optimally by piecewise linear finite elements
and a less regular eigenfunction for which the optimal rate of convergence cannot
be reached. We refer to the numerical results reported in [12, Sect. 10] showing that
for each double eigenvalue the rate of convergence is either 2 or 1 + «.

The second example does not fit the theory presented so far, however the problem
is an important one and the numerical experiments show that the results presented
in Sect. 5.2 also hold in this case. It would also be interesting to extend the theory
to this situation.

Let 2 C R? be an open polygon, denote by n the outward normal vector to its
boundary 92 and by t the counterclockwise oriented tangent vector. We consider
the following eigenproblem which describes the vibration frequencies of a fluid
in a cavity, hence it can be considered as the simplest problem in fluid-structure
interaction (see e.g. [19,24,34]):

—Vdivu = Auin 2
rotu =0 in £2 (45)
u-n=20 on d52.

By standard orthogonalities in R? between the operators V and rot, (45) can be
transformed into

—rotrotu = Au in 2
divu=0 in 2
u-t=0 on 052,

which arises in electromagnetic applications (see e.g. [20, 25, 54, 63]).
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Here we focus on (45). One can observe that the constraint rotu = 0 follows
automatically from the first equation if A # 0, hence one could drop the
irrotationality constraint and add a zero frequency corresponding to the infinite
dimensional null space of the functions which belong to VH{ (£2). Numerical
methods based on this idea have been analyzed, for instance, in [20, 27, 54, 74]
for the Maxwell’s problem and in [19, 34] for the fluid-structure example. Another
approach is based on a penalization strategy (see, e.g., [18,47,54,73]), which we
are going to consider in the present paper.

Let s be a positive real number, then the penalized formulation of (45) reads: find
A € R and u # 0 such that:

1
—Vdivu + — rotrotu = Au in 2
S

u-n=20 on 9452
rotu =0 on 952

(46)

Let us introduce the following Hilbert spaces

H}(2)={ve H'(2):v=00n082}
Ho(div; 2) = {v e L*(£2)*: divv e L*(2), v-n = 0}
H(rot; 2) = {v € L*(2)*: rotv € L}(2)}

The variational formulation of (46) reads: given s € R with s > 0, find A € R and
u € Hy(div; £2) N H(rot; £2) with u # 0 such that

1
(divu,divv) + —(rotu,rotv) = A(u,v) Vv € Hy(div; £2) N H(rot; £2). (47)
s

It is well-known that if £2 is convex the space Ho(div; £2) N H(rot; £2) is equal to
H'(£2)? N Hy(div; 2). But this equivalence fails if £2 is a nonconvex polygon, as
it has been shown in [37]. On the other hand, we observe that it is not possible
to construct a piecewise polynomial function which is contained in Hy(div; £2) N
H(rot; £2) but not in H'(£2)?. For this reason we introduce a mixed formulation
of (47) by setting sp = rotu, thus we obtain the following problem: given s > 0,
find A € R and u € Hy(div; §2) with u # 0 such that for some p € HO1 (£2)

(divua,divv) + (rot p,v) = A(u,v) Vv € Hy(div; 2)

(48)
(rotg,u) —s(p.q) =0 Yq € Hy(£2)
Notice that if we take s = 0 in (48), then the second equation implies that rotu = 0,
so that p is the Lagrange multiplier associated to the irrotational constraint (see [54]
for the analogous situation in the case of Maxwell eigenproblem).
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Given a regular family {.7,} of triangulations of the domain §2, we consider the
following finite element spaces

Vi = {v e Hy(div; 2) : vix € RTo(K) VK € T}
(49)
On=1{q € H)(2):q € PI(K)VK € T}

where P, (K) is the set of polynomials of degree less than or equal to k on K and
RTy(K) = Po(K)?> + Po(K)(x.y)" is the space of lowest order Raviart-Thomas
elements (see [65]). Then the discrete counterpart of (48) reads: given s > 0, find
An € Rand u, € Vj, with u;, # 0 such that for some p, € Qy,

(divuy, divv) + (rot pj,v) = A,(uy,v) Vvey, 50)
(rotg,uy) —s(pn,q) =0 Vq € Q.

Problem (48) with s = 0 is an eigenproblem in mixed form (see Sect.4) and the
term which is added when s > 0 contributes to its stability (since it has the right
negative sign). We refer to [10] for the analysis in a more general framework.

Here we use this problem as an example of problems with multiple eigenvalues
associated to eigenfunctions of different regularity. We observe that, thanks to
the Helmholtz decomposition, the eigensolutions of problem (48) split into two
families. The first one is given by the eigensolutions (A", u") such that rotu” = 0
and u” = Vg with (1", ¢) the eigensolution of the following Laplace equation with
Neumann boundary conditions

—Ap =A"¢ inf2

a
%o on 052.
on
The second family (A¢,u¢) satisfies diva’ = 0 so that u! = —roty with

(A4, ) the eigensolution of the following Laplace equation with Dirichlet boundary
conditions

1
——AYy =2y inQ

S
v =0 on 952.

As a consequence of this carachterization, the Neumann eigenvalues A" do not

depend on s, while the Dirichlet ones A¢ grow linearly with —.

We consider the L-shaped domain £2 reported in Fig. 9. Ssince £2 is not convex,
there are eigenfunctions which are not in H?(£2). We use as reference values for
the eigenvalues of the Neumann problem the solution published in [39], which are
computed by a Galerkin approximation with a geometrical refined mesh near the
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Fig. 9 The L-shaped domain

corner (10 layers and ratio 4) and polynomials of “high” degree (degree 10). The
first 5 eigenvalues with 11 correct digits are:

Al = 0.147562182408 E + 01
AS = 0.353403136678E + 01
AL = 0.986960440109E + 01 S
Al = 0.986960440109E + 01
AZ = 0.113894793979EF + 02.

The first eigenvector has a strong singularity; notice, in particular, that A5 = A}
=2

We computed the solution of problem (50) using the package FreeFem++ [50]:
an open source software for solving partial differential problems by the finite
element method. The results of this computation have been taken from [69].
In Listing 1.7 we report the FreeFem++ code which computes eigenvalues and
eigenfunctions of problem (48).

In the first computation we set s = 0 so that we obtain the first five eigenvalues
associated to the irrotational eigenfunction, that is the Neumann eigenvalues A for
i = 1,...,5. In Table 7 we report the computed eigenvalues together with the
rate of convergence estimated by using the exact values quoted in (51). The integer
n represents the number of subdivision of the interval [0, 1], the total number of
elements is NE = 6n?. Figure 10 reports the mesh corresponding to the value
n=S8.
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Table 7 Eigenvalues computed using the code listed in Listing 1.7 for s = 0

Exact Computed (rate)
n=2 n=4 n=3~8 n=16 n =32
1.48 1.3248 1.4176 (1.4) 1.4531 (1.4) 1.4668 (1.4) 1.4722 (1.4)
3.53 3.4976 3.5217 (1.6) 3.5305 (1.8) 3.5331 (1.9) 3.5338 (1.9)
9.87 9.0496 9.6577 (2.0) 9.8161 (2.0) 9.8562 (2.0) 9.8662 (2.0)
9.87 9.3021 9.7420 (2.0) 9.8385 (2.0) 9.8619 (2.0) 9.8677 (2.0)
11.39 10.7739 11.2193 (1.9) 11.3448 (1.9) 11.3781 (2.0) 11.3866 (2.0)
DOF 65 225 833 3201 12545
NE = 6n? 24 96 384 1563 6144

Fig. 10 The mesh in the
L-shaped domain 2 for
n =38, NE =384

We see in this first example that the discrete eigenvalues stay below the
corresponding continuous one. We remark that the technique used to prove the
error estimates in Sect. 5.2 cannot be applied to the approximation of problem (48).
Indeed the estimates in Theorems 4—6 are based on (30), that is the Ritz approxima-
tions of the eigenvalues bound the continuous ones by above. In general, no relation
of this type can be deduced for the approximation of the eigenvalues of the problem
in mixed form.

The second computation is performed using the value s = 13.376875077383353,
so that there is a regular Dirichlet eigenvalue which equals the first Neumann
eigenvalue A} that is not regular. This value for s has been computed by solving
the equation 27%/s = A”: since there is a Dirichlet eigenvalue A? = 272 (for
s = 1) associated to a smooth eigenfunction, it follows that this choice for s shifts
this eigenvalue in such a way that its value is superimposed to A/.

Table 8 reports the first 5 computed eigenvalues together with the rate of
convergence for those eigenvalues converging to A/.

We see that in this case the rate of convergence is different from one eigenvalue to
the other and depends on the regularity of the associated eigenfunction as predicted
by Theorem 6, even if the problem does not fit within the theory presented in
Sect. 5.2. Moreover, we notice that A3, as n > 4, converges to A} from below,
while A4, converges from above to the same value.
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Table 8 Eigenvalues computed using the code listed in Listing 1.7 for s = 13.376875077383353

Exact Computed (rate)
n=2 n=4 n=3_8 n=16 n =32 n =64
0.9867 0.7905 0.7413 0.7273 0.7229 0.7214
1.3248 1.2669 1.1688 1.1443 1.1381 1.1366

1.48 1.6462 1.4176 (1.6) 1.4531(1.4) 1.4668 (1.4) 1.4722(1.3) 1.4743 (1.3)

1.48 2.3922  1.7059 (1.9) 1.5327 (2.0) 1.4899 (2.0) 1.4792(2.0) 1.4765 (2.0)
3.4976  2.7079 2.3317 2.2381 2.2147 2.2088

DOF 65 225 833 3201 12545 49665

NE =6n%> 24 96 384 1563 6144 24576

Listing 1.7 FreeFem++ code for problem (50)
int n=32; // numbers of subdivision of [0,1]
/%
Construction of the mesh
The domain is subdivided into three squares
The mesh for each square is constructed separately
*/
mesh Thl=square(n,n);
mesh Th2=square(n,n,[x—1,y]);
mesh Th3=square(n,n,[x—1,y—1]);
verbosity =3;
plot (Thl,Th2,Th3);
int[int] r1=[4,0], r2=[2,0], r3=[1,0];
int[int] r4=[3,0], r5=[1,5], r6=[2,6];
Thl=change (Thl, label=rl);
Th2=change (Th2, label=r2);
Th2=change (Th2, label=r3);
Th3=change (Th3, label=r4);
Th3=change (Th3, label=r5);
Th3=change (Th3, label=r6);
// the three meshes are glued together
mesh Th=Th1+Th2+Th3;
plot (Th, wait=1);

//
/* s is the penalization parameter x/
//real s=0;

real s=13.376875077383353;

real sigma=0; // shift parameter
// finite element spaces
fespace VQh(Th,[RTO,P1]);

VOQh [ul,u2,p],[Vvl,v2,q];

//
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/* Definition of the partial differential equation x/
varf op([ul,u2,p],[vl,v2,q])=
int2d (Th)( (dx(ul)+dy(u2)) * (dx(vl)+dy(v2))
—dx(p)*xv2 + dy(p)*xvl
+dx(q)*u2 — dy(q)=*ul
+ s*pxq — sigmaxulxvl — sigmaxu2*xv2)
+on(1,2,3,4,5,6,ul=0,u2=0,p=0);
/* Construction of the matrices */
matrix OP=op(VQh,VQh, solver=sparsesolver );
varf m([ul,u2,p],[vl,v2,q])=int2d (Th)( ul*xvl + u2%xv2 );
matrix M=m(VQh,VQh, solver=GMRES) ;
/* Number of computed eigenvalues x/
real nev=S5;
real[int] ev(nev);
VOQh[int] [eV.,eW,ep](nev);
int k;
int nold=cout.precision (20);
/% computation of eigenvalues and eigenvectors x/
k=EigenValue (OP,M, sym=true ,nev=nev, value=ev,
sigma=sigma , tol=1le—10,vector=eV);
/* plot of the eigenvectors x/
for(int 1=0;i<k;++1i)
{
cout << "_Eigenvalue..” <<i << 7.=." << ev[i] <<endl;
plot ([eV[i],eW[i]].,ep[i], cmm="_Eigenvalue.” + ev[i],
wait=1,value=true);

tL)

}

6 A Posteriori Error Analysis

In this section we present an introduction to the subject of a posteriori error estima-
tion and adaptive mesh refinement for the approximation of the eigenvalue problem.
The main purpose of this section is to underline the difficulties which arise in the a
posteriori error analysis of eigenvalue problems. In this sense, the presentation is by
no means exhaustive and focuses on error estimators of the residual type. We first
recall the bibliography, which is now very extensive for eigenvalue problem as well
as for source problems. Then in Sects. 6.3, 6.4 we highlight the difficulties which
arise in dealing with eigenvalue problems, both in standard and mixed form, and
we show why the techniques used to develop an a posteriori error analysis for the
source problem cannot be trivially extended to the eigenvalue problem.
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6.1 Some Introductory Remarks

In the last twenty years there has been a great deal of research work on a posteriori
error estimation and adaptive refinement for the finite element approximation of
PDE:s that arise from physical and engineering applications. The aim is to obtain a
numerical solution within a prescribed tolerance using a minimal amount of work.

The a priori error estimates provided by the standard error analysis for the
finite element method yield information only on the asymptotic error behavior, and
strongly depend on the regularity of the solution. In particular in the presence of
local singularities, such as re-entrant corners and interior or boundary layers, the
overall accuracy of the numerical solution deteriorates. A first remedy is to refine the
mesh; nevertheless the uniform refinement could lead to an excessive computational
effort, when actually it is enough to refine only the elements in the neighborhood
of the singularities. The question then is how to detect the elements which have to
be refined and how to obtain a good balance between the refined and the un-refined
regions such that the overall accuracy is optimal.

Another issue is to be able to judge the quality of the numerical solution, namely
to obtain reliable estimates of the accuracy of the computed solution in order to
decide whether a prescribed tolerance has been achieved or not.

In this context the need of an error estimator which can be computed locally
from the numerical solution and the data of the problem appears clear. The error
estimator should yield reliable upper and lower bounds for the actual error. Indeed
global upper bounds are sufficient to ensure that the numerical solution achieves a
prescribed tolerance. Local lower bounds however are essential to guarantee that the
error is not overestimated and that its local distribution is correctly resolved. Finally,
the calculation of the a posteriori error estimate should be far less expensive than
the computation of the numerical solution.

The bibliography on a posteriori error estimators for the finite element method is
now very extensive (see, in particular the books by Verfiirth [71] and Ainsworth and
Oden [1], and the references therein).

For classical finite element approximations of eigenvalue problems, Babuska
and Rheinboldt in [13] first introduced an a posteriori error estimator for a one
dimensional problem; Verfiirth in [70] derived an upper bound of suboptimal order
in the approximation of the eigenvalue and only a global lower bound by considering
the eigenvalue problem as a parameter-dependent nonlinear equation and using
general results for the Galerkin approximation of such type of problems. Alonso
et al. in [5] presented an error estimator of the residual type for piecewise linear
finite element approximation of structure vibration problems. Then Larson in [60]
obtained optimal order estimates assuming the H -regularity of the eigenfunctions,
which however excludes domain with re-entrant corners or discontinuous coeffi-
cients; Heuveline and Rannacher in [51] obtained results based on a general analysis
for nonlinear equations without requiring the H2-regularity of the problem. In [41]
Durén et al. developed a simple analysis for a residual type error estimator for the
linear finite element approximation of a second order elliptic problem. Finally, more
recent results can be found in [9,49, 72].
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Concerning the mixed approximation of eigenvalue problems, Duran et al. in [40]
analyzed an error estimator for the approximation of the eigensolutions of a second-
order elliptic problem by using the equivalence between the mixed finite element
method of Raviart-Thomas of the lowest order and the non-conforming piecewise
linear approximation of Crouzeix and Raviart. Then Alonso et al. in [6] adapted the
techniques used in [40] to derive an error estimator for the lowest order Raviart-
Thomas approximation of the acoustic vibration problem. Moreover in [3, 4] this
error estimator has been used together with the one presented in [5] to deal
with structural-acoustic vibration problems on matching and non matching grids,
respectively. A posteriori error estimators for eigenvalue problems in mixed form
have been studied in [44,45] without using the equivalence with a non-conforming
approximation. Finally, the Stokes eigenvalue problem has been considered in [61].

Eventually, the convergence of adaptive methods for the finite element appro-
ximation of eigenvalue problems has been studied quite recently in [32, 38, 42,43,
48,62].

6.2 A Posteriori Error Estimators

In this section we recall the properties of the error estimators and we describe a
simple mesh-refinement algorithm.
Let n denote the error estimator, which is usually given by the sum of local error

indicators
2 2
n= Z Nk-
KeT,

The error estimator has to satisfy the following properties:

Reliability. Tt should bound from above the global error ej, in a suitable norm || ||:
lexll < Cn+ ho.t,

where h.o.t. denotes higher order terms.
Efficiency. It should provide local lower error estimates, in order to point out which
elements should be effectively refined:

nk = Cllesllv.k* +ho.t.,

where K* is the union of K and few neighboring elements.

Low computational cost . The computation of ng should be inexpensive in
comparison with the overall computation of the discrete solution.

Here and thereafter, C denotes a generic constant, not necessarily always the
same, but always independent of the mesh size.
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Having an a posteriori error estimator, an adaptive mesh-refinement algorithm,
which applies a usual procedure from [71], reads as follows:

. Start with an initial coarse mesh .%. Set k = 0.

. Solve the discrete problem on 7.

. For each element K € .} compute the local error indicator 7.

. Evaluate stopping criterion and decide to finish or go to next step.

. Decide which elements have to be refined and construct the new mesh.
. Define resulting mesh as .+, replace k by k + 1 and go to step 2.

AN AW =

Heuristic arguments show that for a linear finite element discretization of the
Poisson problem the optimal mesh among all partitions with a given number of
elements is the one which equilibrates the error, i.e. the error in each element is
almost the same (see [13, 14, 66]).

Based on this strategy, there are two main possibilities to decide which elements
have to be refined (see [71]):

1. Let K be an element in .7}, and let t be an element obtained by subdividing K.
It is quite reasonable to assume that the errors in K and 7 behave like C h; and
Ch’ with unknown constants C and r. Computing error estimators nx and 7,
one can roughly calculate C and r and hence approximately predict the error in
an element t obtained by subdividing K.

2. For each element K € .7, compute the local error indicator 5. Then refine each
element K’ whose error indicator ng- satisfies

ngr = ymax{ng : K € 9},

where y € (0, 1) is a prescribed threshold (very often y = 0.5).

The first possibility clearly is more sophisticated. However, in practice the second
possibility, which is cheaper, gives satisfactory results.

Another issue concerns the shape regularity of the mesh: it is mandatory
to preserve it during the refinement process. For triangular meshes there exist
essentially three different strategies which preserve the shape regularity:

1. Regular refinement: divide triangles into four by joining the midpoints of edges.

2. Longest edge bisection: bisect triangles by joining the midpoint of the longest
edge with the vertex opposite to this edge.

3. Marked edge bisection: bisect triangles by joining the midpoint of a marked edge
with the vertex opposite to this edge.

Finally, in order to obtain an admissible triangulation, i.e. without hanging nodes,
the refinement process has to obey some additional rules (see, in particular, [15—
17,59,67,68]).
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6.3 Standard Finite Element Approximation

The aim of the present section is to highlight the difficulties which arise in the a
posteriori error analysis moving from the source problem to the eigenvalue problem.
For the sake of simplicity, we consider the Laplace problem as a model:

given f € L?(£2), find u such that
—Au= fin 2 (52)
u=0 onads2,

where 2 C R? (d = 2,3) is a polygonal or polyhedral domain.
Let us first consider the standard variational formulation of problem (52), which
reads

given f € L?(£2), find u € V such that
(Vu,Vv) = (f,v) Vvel,

where as usual (-, -) denotes the L>-inner productand V = H, (£2).

Let {9} denote a shape-regular family (i.e., satisfying the minimum angle
condition, see [35]) of triangulations of §2. As usual we require that any two
elements in .7}, share at most a common face, edge or a common vertex, and we
denote by & the maximum diameter of the elements K in .7,. Let & be the set of
interior edges (faces in three dimensions) of the mesh and & C & be the subset of
the edges (faces in three dimensions) of the element K.

We denote by V), C V' a finite element subspace of V' (we can take for example
the space consisting of continuous piecewise linear functions vanishing on the
boundary of §2). The discrete problem reads:

given f € L?*(2), find u;, € V}, such that
(Yup, V) = (five)  Yv, € V.

In the following we shall denote by a(u, v) the bilinear form (Vu, Vv) and by e, =
u — uy, the error which belongs to the space V' and satisfies the residual equation

a(ep,v) = (f,v) —a(up,v) Vvev (53)
Moreover, the standard Galerkin orthogonality property holds
a(eh,vh) =0 Vvel,.

The first step in the error analysis is to write the residual equation (53) as a sum
of local contribution and to apply integration by parts on each element. Moreover,
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observing that the traces of functions in V' match along the interface between two
elements, we obtain the following expression

a(ep,v) = Z (f—i—Auh,v)K—— Z/ﬂauhﬂ V YveV,

KeJ, eEé"

where (-,-)x and [-]. denote respectively the L>-inner product restricted to the
element K and the jump across the edge (face in three dimensions) e, which is
defined as follows

8uh
= Vuylg1 -ngr + Vuy|gz - ng2,
on |,

K! and K? being the two elements in .7, sharing the edge (face in three dimensions)
e and ng1 and n g2 the unit outward normals on 0K} and 0K?, respectively.

Givenany v € V, let vl € ¥, be such that
lv—v"llo.x < Chxlvl, ¢

and

1 1/2
vy =v'lloe = Ch/?IV, £,

where K is the union of all the elements sharing a vertex with K and hg and #,
denote the diameter of K and the diameter of edge (face in three dimensions) e,
respectively. We can take, for example, the well-known Clément interpolant
(see [36]).

Then, thanks to the Galerkin orthogonality, we have

a(ep,v) = Z (f + Aup,v—v )K—— Z/Hauhﬂ (v—v") Vvelr

KeJ, eeéa

Using the Cauchy-Schwarz inequality and the properties of v/, we obtain

1/2

1
alen) = CIMIEY Do | Filrlgx + 5 D hellRIG, ,

KeT, e€8k
where r is the interior residual

rlk = f+ Aw, YK €9,
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and R is the boundary residual

ouy,
R|, = ﬂ “’ﬂ Ve € &.
n e

Hence, we can estimate the energy norm, or equivalently the H '-norm of the error,
as follows:

1/2

1
lenl = €3 >0 | HklrliSx + 5 D hell RIS,

KeJ, eE€EEK

Apart from the constant C, all of the quantities in the right-hand side can be com-
puted explicitly from the data of the problem and the finite element approximation.
This suggests to define the local error indicator associated with the element K by

1
M = hiclrlix +5 22 hellRIG,

eebk

and the corresponding error estimator by

1/2

n=1| >

KeT,

As usual in residual-type error indicators, nx consist of the L2-norm of the
volumetric and edge (face in three dimensions) residual, suitably weighted.
We have then proved the reliability of the error estimator for the source problem.

Theorem 7. There exists a constant C, depending only on the regularity of the
mesh, such that

len|1 < Ch.

Let us now consider the eigenvalue problem corresponding to problem (52),
which reads

find A € R such that there exists u, withu # 0 :
—Au=lu inf (54)
u=20 on d52.



54 D. Boffi et al.

The classical variational formulation of (54) is given by

find A € R such that there exists u € V, withu % 0 :
{ a(u,v) = Au,v) VYveV
llullo = 1,

and its discretization by

find A5 € R such that there exists u, € V;,, withuy;, # 0 :

a(uh,vh) = Xh(uh,vh) Vvh S Vh
llunllo = 1.

Let (A,u) be an eigensolution of the continuous problem with A simple, and

(An,up) be the corresponding discrete eigensolution. We denote by e, = u — uy,

the error in the approximation of the eigenfunction, which satisfies the following
residual equation:

alep,v) — (Au— Apuy,v) = —a(up,v) + Ap(up,v) Vvev. (55)

First of all we observe that the Galerkin orthogonality property does not hold
anymore, indeed

a(eh,vh) = (Xu—/lhuh,vh) Vvh € Vh.

Therefore, the analysis developed for the source problem cannot be extended in a
straightforward fashion.

Trying to generalize the analysis developed for the source problem to the
eigenvalue problem, one has to deal with terms such as

(Au— Apup, ep)
and, in order to prove the efficiency of the estimator, as
| A — Apuplo.x,

which appear in the error estimate since the Galerkin orthogonality does not hold.
Duran et al. in [41] proved that these terms are of higher order than the error.
Due to the normalization on the eigenfunction, the first term can be treated in the
following way

A+ Ay
2

A — Ay, e) = (& + Ap) (1 — (u,up)) = llen 2.
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Then, proceeding as for the source problem rewriting the residual equation (55) as
a sum over the elements and applying integration by part yields

a(ep,v) = aley,v— vl + a(eh,vl)

= Z (Auh+khuh,v—v)1<—— Z/Hauhﬂ (v—vh)

Keg, eeé’

+ (A — A, v — v + Au — Apup,vh)

= Z (Auh—i-/\huh,v—v)K__ Z/Hauhﬂ ="

KeT, eeg
+ (Au— Apup,v) YveV.
Taking v = e, in the above equation, we obtain
1/2

1 A+ A,
leall < C hllrlgx + 5 D hellRIG, llenlla + lenll5.
2 2
Keg, e€k

where for the eigenvalue problem the volumetric and edge (face in three dimensions)
residuals are given respectively by

r|K = Auj, + Ay, VK e Ty

and

R, = Haﬂﬂ Ve € &,
on ||,

Hence, the local error indicator associated with the element K is defined by

Ny = hyllrl? ¢ + Z hellRIZ,

eeéa[(

and the error estimator by
1/2

n=1| > nk

Ke
Then the following theorem, which gives an upper error estimate, holds true.
Theorem 8. There exists a constant C, depending only on the regularity of the

mesh, such that )
A+ A\ 2
lexli < Cn+ ( : ) lexlo.
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Remark 7. By the a priori error estimates (see [12,21]), ||ex|lo is of higher order
than |e;|; and thus the estimator provides an upper bound of the error in the energy
norm up to a multiplicative constant and a higher order term.

Remark 8. Thanks to the normalization of the eigenfunctions, the following result
holds true:
lel] = A + Ap — 24 G, up) = Ay — A + Alles 3.

Therefore, if the error estimator is reliable, then we automatically have that it bounds
from above, up to a multiplicative constant dependent on A and higher order terms,
the square root of the error in the approximation of the eigenvalues as well.

The efficiency of the error indicator has been proved using a technique introduced
for the source problem firstly by Verfiirth in [70]. The key idea is to use interior
bubble functions, supported on a single element, and edge (face in three dimensions)
bubble functions, supported on a pair of neighboring elements.

The following lemma provides a local upper estimate for the volumetric resid-
ual r.

Lemma 3. There exists a constant C, depending only on the regularity of the mesh,
such that
hglrllox < C (lelix + hxllAu— Apupllox) -

Proof. Let bx denote the standard cubic bubble function on the element K.
Choosing v = rbg in the residual equation (55), we get

a(ep, rbi) = (Au— Ayuy, rby) + (r,rbg).

Thanks to the property of bubble functions, it holds
Il =€ [ i = € latenrbi) = G Aot i)
K

and hence, since |rbg| xk < Chyi'|r|lo.x, we get the result. O
We now estimate from above the edge (face in three dimensions) residual R.
Lemma 4. There exists a constant C, depending only on the regularity of K! and

KEZ, such that

hY2|R]loe < C (lenls x1ukz + helldu — Apunllo x10k2) -

Proof. Let b, denote the edge (face in three dimensions) bubble function relative to
edge e. Writing the residual equation (55) as a sum of elemental contributions and
integrating by part yields

alep,v) — (Au— Apup,v) = Z /rv—% Z/Rv

KeZ, K ecbk V¢
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Taking v = Rb, in the above equation, we get

/ R2b, = (r, Rb,) — a(ep, Rbe) + (A — Ayup, Rb,).

We conclude the proof using Lemma 3 together with the fact that
IR, = C [ Kb and 01 Rbelo + B1RbI 1k = C IR o

As an immediate consequence of the previous lemmas, we get the following
theorem.

Theorem 9. Ler K* be the union of K and the neighboring elements K' sharing an
edge (face in three dimensions) with K. There exists a positive constant, depending
only on the regularity of the mesh, such that

nk = C (lenli.k> + hillAu— Apupflo.x+) -

Remark 9. The term hg||Au — Ajpup|lo.x* in the previous theorem is a higher order
term. Indeed, for each element K € .7, it holds

hillAu — Apupllo.x= < Ahkllu —upllo.x + 1A — Anlhx |lunllo.x*
By the a priori error estimates (see [12,21]) both terms in the above equation are

higher order than the local error |ep | k.

In [41] it has also been proved that, for linear elements, the volumetric part of
the error indicator is dominated, up to higher order terms, by the edge (face in three
dimensions) residuals. This result was known for the source problem, see [33]. The
simpler error indicator is defined as

1/2

- 1
nk = E Z he”R”%e

eebk

and the corresponding global error estimator as

1/2

i=| Y i

Kegj,

The following theorem states the reliability and efficiency of the new error
estimator.
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Theorem 10. There exists a constant C, depending only on the regularity of the
mesh, such that

A+ AN
lels < C [n + (T’) lexllo + A2/%h2

and
ik < C (lenlt,xx + hi||Au— Apupllox) .

The additional term Ai/ 2h2 in the first estimate of the above theorem is of higher
order (see [41, Remark 4.1])

6.4 Mixed Finite Element Approximation

Error estimators for mixed approximations of the Poisson equation have been
introduced in [2, 31] starting from the Helmholtz decomposition of the error and
using the Galerkin orthogonality which holds for the second equation of the
problem.

Changing to the eigenvalue problem, difficulties similar to the ones underlined
for the classical approximation and due to the lack of the Galerkin orthogonality
arise.

The first a posteriori error estimators for mixed approximation of eigenvalue
problems have been obtained in a very particular situation using the equivalence
between the mixed method of Raviart-Thomas of the lowest order and the non-
conforming Crouzeix-Raviart approximation of the classical formulation (see [40]
and [6] for an application to fluid-structure interactions).

An a posteriori error analysis for mixed approximations of eigenvalue problems
has been developed in [44, 45] without resorting to the equivalence with a non-
conforming discretization. Moreover, an a posteriori error analysis for the finite
element approximation of the Stokes eigenvalue problem has been presented in [61].

6.4.1 A Posteriori Error Analysis for Brezzi-Douglas—Marini Finite
Elements

In this section we present the a posteriori error analysis developed in [44, 45] for
the Brezzi-Douglas—Marini (BDM) approximation of an eigenvalue problem which
arises from the displacement formulation to compute the vibration modes of an
acoustic fluid contained within a rigid cavity. We define an error estimator of the
residual type and prove that, under some regularity conditions on the continuous
eigensolution, it is equivalent to the H(div)-norm of the error up to higher order
terms. The constants involved in this equivalence depend on the corresponding
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eigenvalue, but are independent of the mesh size. Moreover, the square root of the
error in the approximation of the eigenvalue is also bounded by a constant times the
estimator.

We consider an eigenvalue problem which has already been introduced in
Sect. 5.3. For the ease of the reader, we present the problem again.

find A € R such that there exists u # 0
—Vdivu = Au in £2

rotu =0 in £
u-n=0 onds2,

(56)

where £2 C R? is a simply connected polygonal domain, 952 its boundary, and # its
outward normal unit vector.

This problem has been studied by many authors concerning fluid-structure
interaction (see [19, 73]). Moreover, since in two dimensions the divergence and
rotational operators are isomorphic, it is equivalent to Maxwell’s eigenproblem for
a cavity resonator with dielectric constant ¢ and magnetic permeability @ constant
and equal to 1 (see [25,52]).

A variational formulation of (56) reads:

find A € R such that there exists u € Hy(div, §2), withu # 0 :
(divu,divyv) = A(u,v) Vv e Hy(div, £2) (57)
(w,rotg) =0 Vg e H(R),

where Ho(div, 2) = {v € L*(22)* : divy € L?>(2)andv -n = Oon 382} is
endowed with the norm ||v||3, = [[v|3+| divy|3. It is well known that problem (57)
admits a countable set of real and positive eigenvalues, which can be ordered
in an increasing divergent sequence. Moreover the eigenfunctions satisfy u €
H*(div,2) = {v € H*(2)? : divyv € H*(2)}, for some s > 1/2 depending
on £2 (s = 1 when £2 is convex) (see [7]).

Let {7} be a regular family of triangulations of §2, where as usual / denotes the
maximum diameter of the elements K in .7;,. The Brezzi-Douglas-Marini spaces are
defined for k > 1 by

BDM; = {v € H(div, 2) : v|x € P.(K)* VK € T},

where Py (K) denotes the space of polynomial of degree at most k on K (see [29]).

Setting Vj, = BDM). N Hy(div, £2), and denoting by Q, the subspace of HO1 (£2)
consisting of continuous piecewise polynomial of degree at most k + 1, the discrete
problem is then given by:

find A;, € R such that there exists u;, € Vj,, withuy, # 0 :
(divuy,, divy) = A, (up,v) YveV, (53)
(up,rotg) =0 Vqe Q.
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Let (A,u) be an eigensolution of (57) such that A is a simple eigenvalue and
|lullo = 1. It follows from the abstract theory (see [12,21]) and known a priori
estimates that, for 4 small enough (depending on A4), there exists (4, u;,) eigenpair
of (58) with [luy|o = 1 such that

lu —up|av = O(R") (59)
lu —upllo = O(L") (60)
A =X = O(h*™), 61)

where t = min{s, k}, and r = min{s, k + 1}.

Since the problem we are dealing with consists of two equations, it is reasonable
to expect that the error estimator will be given by the sum of two terms, related
one to the residual of the first equation and the other to the residual of the second
equation.

Let & be the set of the interior edges of the mesh and &x C & be the subset
of edges of K. We denote by e;, = u — uy, the error in the approximation of the
eigenfunctions.

For any K € .7}, we define two local error indicators by

: 1 .
Mk = hic |V divan + Jpunll§  + 5 3 hell[divane3..

eE€EEK

1
M = hiclrotunl x + 5 D7 helllun - tell3.

eE€EEK

and the corresponding error estimators by

1/2
m= Z '7%,1( ’
KeT),
1/2
N = Z '7%,1(
KeT),

The jump of the tangential component across the edge e is defined as follows
[wn - tle = unlky - tx1 + unlgz -tz

where, for each triangle K, tx denotes the unit tangent vector to dK oriented
counterclockwise.

The following lemmas provide the residual equations which will be the starting
points of our error analysis.
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Lemma 5. Forv € Hy(div, 2) N H°(div, 9},), with o > 0, there holds

(divey,divy) — (Au — Apuy,v) = —(divuy, dive) + Ay (up, v)

Z (rl,v)K—% Z [divuy].v-n |, (62)

Keg, ee&y V¢

where r\|x = Vdivu, + Ayuy, is the volumetric residual of the first equation of
problem (56).

Lemma 6. For g € H]($2) there holds

1
(enrotg) = 3 | (m @k +5 3 a1 | (63)
Ke, eEEK
where ry|gk = —rotuy is the volumetric residual of the second equation of

problem (56).

Proof. The results easily follow by writing the residual equations as a sum over the
elements K € .7, and integrating by parts over each element. (I

Remark 10. In order to write the boundary term coming from the integration by
parts as a sum of integrals over the edges of K, we had to require that v €
Hy(div, £2) N H? (div, ), for some o > 0. In the following we shall use Lemma 5
takingv = ej — eﬁ, where e,’1 € V), denotes a suitable interpolant of e;,. Hence, the
regularity assumption on v is not restrictive for our purposes.

Then the following propositions hold true.

Proposition 1. There exists a positive constant C, independent of h, such that
lexllo = Clidivenllo + Cna. (64)

Proof. Since e, = u —uj;, € Hy(div, £2), by the Helmholtz decomposition we can
write

e, = Va + rot B,

where « € H'(22)/R and B € H,(£2) are the solutions of the Laplace problem
with homogeneous boundary condition and datum — div e and rote, respectively.

Using the stability of the Laplace problem and the Galerkin orthogonality
property of e, we have that

lexlly < C llexllolldivesllo + (en. rot (B —B)).

where B! denotes the Clément interpolant of B (see [36]).
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Applying Lemma 6 with ¢ = B — B’ and taking into account the properties of
Clément interpolation operator, we get

. 1 1
lealls < Cllellolldivenllo + 1811 Y- | Axlirallox + 5 D he Nln - tlelloe
KeT, e€8k

We conclude the proof using the Helmholtz decomposition and Cauchy-Schwarz
inequality. O
Proposition 2. There holds

I divenll§ < Co[nt 4+ m + (Au— Apup.en)]. (65)

where C), is a positive constant dependent on A.

Proof. Let e,’1 € V}, be a suitable interpolant of e, then

| dive,||s = (divey,,div(e, —e})) + (divey, dive;)
= (Au — Ayuyp, ep) — (divay, div(e, — eﬁ)) + An(uy, e — e,ll),
where the last equality follows from the residual equation (62).

The following decomposition of Hy(div, £2) plays a key role in the proof
(see [64] for the details of the proof):

Proposition 3. For any v € Ho(div, 2) there existsz € H,(£2)*> and ¢ € H'(2)
such that
v =2z +rotg

and the following estimates hold:

lzlly = Clldivvlo and |l¢ll; < C|v]o.

Then we write the error as e;, = z + rot¢ and define ei =z! + rotg!, where z/
and ¢! denote the Clément interpolant of z and ¢, respectively. Note that with this
definition, ei € Vyandey, — e,ll = (z—2z") +rot(p —¢’). It follows from Lemmas 5
and 6 that

— (divuy, div(e, —e})) + Ap(un, e — e},)

= —(divay, divz —2')) + A (un.z —2") + A (up, vot(p — @)

_ 1 . 11
= K; Irilloxhihi Iz =" lox + 5 D7 Ndivanleloché he e =2 o
h

eE€EEK
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_ 1 1 _1
+An E Ir2llo.xhxhi lo—" llo.x+= E ITwn - tlelloehZ he * lo—¢" o
2
KeJ, eE€EEK

Using the properties of Clément interpolation operator and the estimates in
Proposition 3, we have

. . 1 .
Idivenll§ < Clidivenllo | D | Aklirilgx +5 D hellldivan]el,
KeJ, eE€EEK

1
+ Chillenllo | Y (kliralx + 5 D helllun - 2Ll
Keg, e€k

+ (Au — Apuy,ep).

Since A;, — A we can bound A, by a constant depending on A. We complete the
b2

proof using two times the arithmetic-geometric mean inequality ab < %az + %6 O
e
Remark 11. Since ||ullo = |lunllo = 1, the last term in (65) can be written as
A+ Ay
(Au— Apup, en) = (A + Ap) [1 — (u,up)] = 7 llexlls (66)

and hence if the continuous eigensolution is smooth enough (i.e. u € H?(£2, div)
for some o > k), then by the a priori estimate (60) it turns out to be of higher order
than || dive||2.

As a consequence of the previous results, we can state the following theorem.
Theorem 11. Let us assume that u € H°(div, §2), for some o > k. Then there

exists a constant C,, depending on A and on the regularity of the mesh, such that

llenllav < Ci(ni + n2) +hoo.t. (67)

Remark 12. Thanks to the normalization of the eigenfunctions, the following result
holds true:

| divenl|2 = A + Ay —2A(u,up) = Ay — A + Allen]|2.

Therefore, if the error estimator is reliable, then we automatically have that it bounds
from above, up to a multiplicative constant dependent on A, the square root of the
error in the approximation of the eigenvalues as well.

We split the proof of the efficiency of the error indicators into two steps.



64 D. Boffi et al.

First of all we use the following lemma to prove that the error indicator 1, g is
bounded above by the L?-norm of the error in the neighborhood of the element K.

Lemma 7. Let K € 9. Given qg € L*(K), pex € L*(e), e C 0K, there exists
a unique Y g € Py43(K) such that

Wk.r)k = (gk. ")k Yr € P(K)

[, Vks = [, pexs Vs € Pryi(e) (68)
Y =0 at the vertices of K
and
1
¥k llox =C <||4K||0,1< + > ki ”pe,K”O,e) : (69)
eCoK

with C constant depending only on the regularity of K.
Then the following result holds.

Proposition 4. There exists a constant C, depending only on the regularity of the
element K, such that

2 2 2
hlir2llox < Cllenllo k-

Proof. We apply Lemma 7 with gx = r2, pex = 0 Ve C 3K, then yx € H} (K).
Let ¢ € HOl (£2) denote the zero extension of {g. Taking ¢ = ¥ in the residual
equation (63) we get
215 x = (r2. ¥k)k = (en. 1ot ¥) < |lenllox | Tot Yillox
< Cllenllo.xhx' ¥k llox-
where the last bound follows from an inverse inequality. We complete the proof
using (69). (I

For any interior edge ¢ € & let Ké-} and Keg denote the two elements of .7},
sharing e.

Proposition 5. Let ¢ € &. There exists a constant C, depending only on the
regularity of K El and K eg, such that

1 2 2
EhE”[[uh : tHEHO,E = C”eh”O,K%UKg‘

Proof. For i = 1,2, we apply Lemma 7 with qzi = 0, p; xi = [uy - t], and
Pexi =0ife #e. Lety € Hj (K} U K2) N Hy(£2) defined by
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1//1(% in Kg
Y= Vg2 in Kg
0 in .Q\(Ke-} U KEZ).

Taking g = ¢ in (63) we get

1 2 _1
E”[[uh : tﬂé”o,é = (ezz,rotlﬁ)KgUKg =< C”eh”o,KElu](ghg : ”[[uh : tﬂé”o,é,

where the last bound follows from an inverse inequality and (69). (I
We can therefore state the following theorem.

Theorem 12. There exists a constant C, depending only on the regularity of the
mesh, such that
n2 = Cllegllo-

Moreover, the following local estimate holds

.k < Cllenllox~,

with C constant depending only on the regularity of the elements K of K*.

Now we prove that the error indicator 1y x is bounded above, up to higher order
terms, by the L2-norm of the divergence of the error in the neighborhood of the
element K. This, together with the previous result, yields the efficiency of the error
indicator 0 x + M2 k.

We shall use the following lemma, which generalizes Lemma 7 to vector-valued
functions.

Lemma 8. Let K € 7). Given qi € [L*(K)]>, p.x € [L*(e)]*, e C 3K, there
exists a unique Yg € [Pry3(K)]* such that

k.1 =g 1k ¥r € [P(K)P

Jo¥k-s=[,pex-s Vs <[Pri(e) (70)
Y =0 at the vertices of K
1
IWkllox < Cligglox + D hellpexlloe). (71)
eCoK

with C constant depending only on the regularity of the element K.
Then the following propositions hold.

Proposition 6. There exists a constant C, depending only on the regularity of K,
such that
hilrillox < C(ldivellox + hl|Au — Apunllox)-
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Proof. We apply Lemma 8 with g = ry, p,x = 0 Ve C 0K, then yx €
[HJ (K)]*. Let ¢ € [H](£2)]* denote the zero extension of k. Then taking v = ¥
in (62), we get

Iril§x = (r1.¥x)k = (divey, divyg)x — (Au — Ayup, Vi)
<\ divenlox| divkllox + [|[Aw — Apunllox |7 1llo.x
< Chi'|ldivenllokllrillox + lAu — Apunlloxlrillox.

where the last bound follows from an inverse inequality and from (71). (I

Proposition 7. Let ¢ € &. There exists a constant C, depending only on the
regularity of K El and K eg, such that

1L .
Ehgz [[divan]zlloe < C(||divey ||0,K61UK§ + hel|Au — Ahuh”O,KelUKeg)'

Proof. Fori = 1,2, we apply Lemma 8 with ¢ i = 0, Piki = (0, —[div uz]z),
and p, i =0ife #e. Lety € [Hy (Kl U K2)]* N [H,($2)]* be defined by

Yg1 in Kel
V= qVg in Keg
0 in 2\(K! U K2).

Taking v = v in the residual equation (62) we get
1, .. 5 . .
3 [ [divus]zll5; = (divey, div IZI)KEIUK? — (Au — Apuy, 1/f)1<elu1<§
1
= C(ldivenllo kvt *div up]zllo.z

1
+ | Au — Ahuh||0,1<51L_J1<§h§ [ [divas]zlloe).

where the last bound follows from an inverse inequality and from (71). (I
As a consequence of Propositions 6 and 7 the following theorem holds.
Theorem 13. There exists a constant C, depending only on the regularity of the

elements of K*, such that

mx < C (|[diveyllox+ + hi|Au— Apupllox+) .
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Remark 13. The term h ||Au— Ayuy|o.x* in the previous theorem is a higher order
term. Indeed, for each element K € .7,

hillAu = Apupllo.x* < |A — Anlhillunllox + Ahgllenllox < Ch* !

+ Ahkllenllo.x,

where the last bound follows from the a priori estimate (61). Note that the right hand
side is asymptotically negligible with respect to the local error || div e ||o. x*-

Putting together the results of Theorems 12 and 13, we have that the error
indicator n; x + 712.x is bounded above by the local error up to a multiplicative
constant and higher order terms, namely,

Mk + M.k < Cllenllav.xx + OG> + Ohg)llenllox.

We summarize all the result we presented in the following theorem.

Theorem 14. There exists a constant C, depending only on the regularity of the
mesh, such that

m.x + m.x < Cllenllav.x +ho.t (72)

Moreover if u € H°(div, 2) for some ¢ > k, then there exist two constants C| ),
and Cy 5, depending on A and on the regularity of the mesh, such that

llenllav < Cra(m + n2) +hoo.t. (73)

[A — lhl% < Coa(n +m2) +hoot. (74)

6.4.2 A Posteriori Error Analysis for Raviart-Thomas Finite Elements

In this section we develop an a posteriori error analysis for the Raviart-Thomas (RT)
approximation of the Laplace eigenproblem with Neumann boundary condition.

It is known (see [25]) that the mixed formulation of the Laplace eigenprob-
lem with Neumann boundary condition is equivalent to the eigenvalue problem
considered in the previous section. Moreover, if we consider Raviart-Thomas or
Brezzi-Douglas-Marini finite elements, then the corresponding discrete problems
are equivalent as well. Nevertheless, the a posteriori error analysis developed for
Brezzi-Douglas-Marini approximation does not hold for Raviart-Thomas finite
elements. This is due to the fact that, contrary to BDM elements, RT elements
provide an approximation of the same order in L? and H(div) and thus the term
(Au — Apuy, ep), which appears in the analysis, is not a higher order term (see
Remark 11).
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We prove that, if a superconvergence result holds true, then the error estimator
1> previously introduced in Sect. 6.4.1 is equivalent to the L?-norm of the error up
to higher order terms.

In order to prove this result, we also prove that the grad-part of the L?-norm
of the error is negligible. A similar result is known to hold for the source problem,
provided the solution is smooth enough. Nevertheless, the proof given for the source
problem cannot be extended in a straightforward fashion to the eigenvalue problem.
Indeed the proof strongly relies on the Galerkin orthogonality, which holds for the
source problem but not for the eigenvalue problem.

The mixed formulation of the Laplace eigenproblem with Neumann boundary
condition reads:

find A € R such that there exist (o, 9) € Ho(div, ) x L3(£2), with ¢ # 0 :

% (0,7) 4+ (divr,9) =0 Y 1 e Hy(div, 2)

dive,y) = -Me.¥) Yy e LiR)
(75)

and its discretization by means of Raviart-Thomas finite elements is given by
find A;, € R such that there exist (o, @) € X X @, with ¢, # 0 :
{ (or, 1)+ (divr, @) =0 VtelX, (76)
(dives. ) = —Aulen. V) V¥ € Py,
where
Xy = RT, N Hy(div, £2),
and

O, ={YeliR):¥|xe P VK e T}
The Raviart-Thomas spaces are defined for k > 0 as follows:
RT; = {r € H(div, Q) : T|g € Pr(K)*> + P (K)(x,y) VK € ;).

Due to regularity results (see [7]), there exists a constant s > 1/2 (depending
on £2), such that (o, ¢) belongs to the space H*(£2)?> x H'**(£2). Furthermore,
the following estimate holds true:

lolls + ldiveli+s < Clloo. (77)
where C is a constant depending on the eigenvalue A. In (77), s is at least one if
£2 is convex, while s is at least 7/w — ¢ for any ¢ > 0 for a non convex domain,
o < 2w being the maximum interior angle of £2.

Let (A,0) be an eigensolution of (75) such that A is a simple eigenvalue and
llo]lo = 1. From the abstract theory (see [12,21]) and known a priori estimates it
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follows that, for & small enough (depending on A), there exists (A;, o) eigenpair
of (76) with ||o;|lo = 1 such that

lo —onllay = O(R") (78)
lo —oullo = O(h'") (79)
A =X = O(h™), (80)

where t = min{s, k + 1}.

In the following we denote by e, = 0 — o, the error in the approximation of the
eigenfunction and by P, the L2-projection on @j,.

The main result of this section is stated in the following theorem.

Theorem 15. If || Pro — @nllo is of higher order than |ey|o, then there exist a
constant C, depending on the regularity of the mesh, such that

lenllo < Cnz + hoout.,

where “h.0.t.” denotes higher order terms.

The error indicator 7, in the above theorem is the one introduced in Sect. 6.4.1
and it is given by

1
T = hilrotonlgx + 5 3 helllon - tlelly,

eEEK

As for Brezzi-Douglas-Marini approximation, the a posteriori error analysis
starts from the Helmholtz decomposition of the error

e, = Vo +rotf.

The rot-part of the L?-norm of the error is then bounded above by the error indicator
12, as it has been done in Sect. 6.4.1. But, contrary to what has been done for Brezzi-
Douglas-Marini approximation, we prove that if a superconvergence property holds,
then the grad-part of the L?-norm of the error (e, Va) is of higher order than
llen ||%. It is known that a similar result holds true for the source problem, provided
the solution is smooth enough. Indeed, thanks to the Helmholtz decomposition, it
holds
lo* —a3 |3 = (6% — a3, Va) + (¢° — o3, roth),

where 0¥ and o denote the solution of the continuous and discrete source problem,
respectively. Moreover, due to the Galerkin orthogonality property, we have

(0° —03,Va) = —(div(c’ —0}).a) = —(div(e® —a3),a — Pya). (81)
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Therefore, if 0* is smooth enough, then from the standard a priori error analysis for
mixed problems it follows that

(6* 0}, Va) < Ch**[o* — o, (82)
and hence it turns out to be of higher order than [o* — o7}, 2.

We observe that the previous proof cannot be generalized in a straightforward
way to the eigenvalue problem. In fact in this case, the Galerkin orthogonality does
not hold and hence we are not allowed to subtract Pja in the right hand side of (81).
In what follows we shall generalize equation (82) to the eigenvalue problem and we

will use it to prove Theorem 15.
We start proving the following theorem.

Theorem 16. There exist a constant C, depending on the regularity of the mesh,
such that

lenllo < Cnx + [A = Aul + llo = Puollm/ryx + 1 Pre — @nllo)  (83)

Proof. By the Helmholtz decomposition, we write the error as
e, = Va + rot B,
where « € H'(22)/R and B € H,(£2) are the solutions of the Laplace problem
with homogeneous Neumann and Dirichlet boundary condition and datum — dive,
and rot e, respectively. Then the L2-norm of the error is given by
lenlls = (en. Vo) + (s rot B).
Arguing as in the proof of Proposition 1, we have that
(en.rotB) < Cmallenlo.
Hence, it remains to prove that
(en, Vo) = C(IA = Al + llo = Puell i jmyx + [1Pre — @nllo)lenllo.

Integrating (e;, Vo) by parts and using the second equation of problems (75)
and (76), we get

(en, Va) = —(div(e —op),a) = —(Ap — Apop, o).
We now estimate (A¢p — A, ¢, @) in the following way:

(Ap — Angn, @) < [A@ — An@nll(ar jmy ol g1 ym < ClIA@ — Angn |l (a1 /my=ll€nlo-



Some Remarks on Eigenvalue Approximation by Finite Elements 71

Finally, we bound [A¢ — A@n | (1 /m)* as follows:

Ao — Anonllarmyx < 1A = Anlll@llo + [Anllle — @nll(atjmy*-

We conclude the proof by adding and subtracting Pj,¢ in the last term of the above
equation, and a applying triangular inequality. (I

The following corollary, which states the reliability of the error estimator 7,
holds true.

Corollary 6. If ||Pro — onllo is of higher order than |ley|o, then there exists a
constant C, depending on the regularity of the mesh, such that

lenllo < Cny + hoot..

Proof. The terms [A — A;| and [|¢ — Pro|| (g1 /r) in (83) are of higher order than
llenllo- Indeed, thanks to the a priori error estimate (80),

A=l = O(h*),

while, taking into account the properties of the L2-projection P, together with the a
priori estimate (77), the second term is bounded in this way

— P,y — P )
”(P _ Ph§0||(H1/R)* = sup (QD 3% ‘/f hl//) < Chhmm{k,s}-l—l'

(84)
yeH!/R |W||1—11/]R

O

The superconvergence result required by Corollary 6 has been proved for the
lowest order Raviart-Thomas elements in [46]. Moreover, numerical evidence of
the superconvergence property for Brezzi-Douglas-Marini space of lowest order has
also been shown.

In order to prove that the local error indicator 7, x is bounded above by the L2-
norm of the error in the neighborhood of the element K, we can argue in the same
way as it has been done in Sect. 6.4.1 for Brezzi-Douglas-Marini approximation.
Indeed, the following propositions holds true for Raviart-Thomas finite elements as
well.

Proposition 8. There exists a constant C, depending only on the regularity of the
element K, such that

2 2 2
hillrotonllgx < Cllenlls «-

Proposition 9. Let ¢ € &. There exists a constant C, depending only on the
regularity of K El and K eg, such that

1 2 2
Ehé”[[o'h : t]]e”(),E S C|Ieh||0’K_1UK_%’

where KEI and KEZ denote the two elements in 9y, sharing e.
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We omit the details of the proof, which are as in Sect. 6.4.1. Collecting the results
of the above propositions, we can state the following theorem.

Theorem 17. For each element K € ), there exists a constant C, depending only
on the regularity of the elements in K*, such that

M.k < Cllenllox*.
Moreover the following global estimate holds
2 = Cllenllo,

with C constant depending only on the regularity of the mesh.
The following theorem summarizes the results we proved.

Theorem 18. For each element K € ), there exists a constant C, depending only
on the regularity of the elements in K*, such that

m.x < Cllenllox-

Moreover if || Pho — ¢||o is h.o.t., then there exist a constant C, depending on the
regularity of the mesh, such that

lenllo < Cny + heout.,

where “h.o.t.” denotes higher order terms.

6.5 Numerical Results

In this section we present the results of some preliminary numerical computation
which confirm the good behavior of the error indicators introduced in Sects. 6.4.1
and 6.4.2 when used to mark the elements to be refined.

The numerical tests concern the problem of a rigid L-shaped cavity, as shown in
Fig. 11. Since the domain has a re-entrant corner, eigenfunctions with singularities
are expected.

Fig. 11 L-shaped domain 7
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Fig. 12 Initial triangulation

We present the results obtained with meshes generated by the adaptive method
described in Sect.6.2. We use the longest edge bisection refinement and the
refinement strategy 2 with y = 0.5. The process starts with a coarse uniform
triangulation .% shown in Fig. 12.

The tests have been performed taking as approximation spaces the lowest order
Brezzi-Douglas-Marini (BDM)) and Raviart-Thomas elements (R T), respectively.
In this particular case, the error indicators introduced in Sects.6.4.1 and 6.4.2
reduce to

Nk =Nk + Mk
with

1 .
M= Wdllonlds +5 D helldivaileld,

eEEK

and

1
Bk = hillrotonlx + 5 3 helllon-tlellz,

eEEK

for the first order Brezzi-Douglas-Marini finite element, while

1
77%( = E Z he”[[ah 't]]e||(2),e

eE€EEK

for the lowest order Raviart-Thomas elements.

The numerical computations concern the first eigensolution, which is the one
which presents local singularities in the neighborhood of the re-entrant corner.

Figure 13 shows the triangulations obtained after four, six and seven steps
of the refinement process for BDM approximation, whereas Fig. 14 uses the RT
approximation. As can be seen, in both cases the error indicators correctly detect
the elements which have to be refined, namely the ones in the neighborhood regions
of the singularities.
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Fig. 13 Fourth, sixth, and seventh refinement steps (BDM)

Fig. 14 Fourth, sixth, and seventh refinement steps (R7p)
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