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NUMERICAL APPROXIMATION OF THE SPECTRUM OF THE
CURL OPERATOR

RODOLFO RODRIGUEZ AND PABLO VENEGAS

ABSTRACT. The aim of this paper is to study the numerical approximation of
the eigenvalue problem for the curl operator. The three-dimensional divergence-
free eigensolutions of this problem are examples of the so-called Beltrami fields
or linear force-free fields, which arise in various physics areas such as solar
physics, plasma physics, and fluid mechanics. The present analysis is restricted
to bounded simply-connected domains. A finite element discretization of a con-
venient weak formulation of the spectral problem is proposed and analyzed.
Optimal-order spectral convergence is proved, as well as absence of spurious
modes. The results of some numerical tests are also reported.

1. INTRODUCTION

The aim of this paper is to study the numerical approximation of the spectrum
of the curl operator. More precisely, we focus on the following eigenvalue problem:
find A € C and u # 0 such that

curlu = Au in
divu=0 1in Q,
u-n=0 onl,

where 2 is a bounded domain with boundary I" and outer unit normal vector . To
analyze this problem, Yoshida and Giga studied in [25] the spectral properties of
the curl in various functions spaces. In particular, they show that if {2 is multiply-
connected, then the problem above has a nontrivial solution for any complex .
Because of this, we restrict our analysis to simply-connected domains.

The spectral problem for the curl operator has a longstanding tradition in math-
ematical physics. A large measure of the credit goes to Beltrami [2], who seems
to be the first who considered this problem in the context of fluid dynamics. This
is the reason why the corresponding eigenfunctions are called Beltrami fields (also
Trkalian fields [22]; we refer to [15] for a brief survey on the history of this sub-
ject). Such fields are useful in solar physics for testing theories on flares and coronal
heating, in fluid mechanics for the study of the static equilibrium of smectic lig-
uid crystals, and in superconducting materials, just to name a few; even particle
movement in tornadoes and waterspouts can be approximated by Beltrami fields.

On the other hand, the eigenfunctions of this spectral problem are particular
cases of the so-called force-free fields. These are vector fields which satisfy the first
equation of the eigenvalue problem above, with A not necessarily a constant but a
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scalar function. The name arises from magnetohydrodynamics, since a magnetic
field H satisfying such an equation, induces a vanishing Lorentz force: F' := J X
B = curl H x (uH) = 0. In [23], Woltjer showed that the lowest state of magnetic
energy density within a closed system is attained when A is spatially constant. In
such a case H is called a linear force-free field and its determination is naturally
related with the spectral problem for the curl operator. The eigenfunctions of this
problem are also known as free-decay fields or Taylor fields and play an important
role, for instance, in the study of turbulence in plasma physics [21].

The boundary condition u-n = 0 is the most natural one for a bounded domain
and corresponds to a field confined within it. Analytical solutions of this problem
are only known under particular symmetry assumptions. The first one was obtained
by Chandrasekhar and Kendall for spherical domains in the context of astrophysical
plasmas arising in modeling of the solar crown [11] (see also [10, 23, 24]). More
recently, Morse [19] studied the problem on cylindrical bounded domains.

On general domains, Boulmezaud, Maday, and Amari studied in [7] different
boundary value problems whose solutions are linear force-free fields and they prove
existence, uniqueness, and regularity of the solution. Based on the analysis of that
paper, Boulmezaud and Amari proposed and analyzed finite element discretizations
for numerically solving various linear [5] and non-linear [6] force-free field problems.

In this paper, we focus on the spectral problem above. We consider a weak for-
mulation, which, after discretization, leads to a well-posed generalized eigenvalue
problem. We propose a method for its numerical solution based on Nédélec finite
elements of arbitrary order [20]. By using the spectral theory for non-compact
operators from [12, 13], we prove spectral convergence and establish optimal-order
error estimates. We also prove that the method is free of spurious modes. However,
although the method always allows approximating the eigenvalues, in case of differ-
ent eigenvalues with the same absolute value, it is not able to distinguish between
the respective eigenfunctions. Because of this, we propose and analyze in an appen-
dix an alternative numerical method based on the finite element discretization of
other weak formulation. Although this approach leads to a degenerate generalized
eigenvalue problem, we prove its well-posedness and spectral convergence.

The outline of the paper is as follows. In Section 2, we introduce some function
spaces that will be used in the sequel. Then, in Section 3, we give a first weak
formulation and prove that it is equivalent to the spectral problem for a self-adjoint
compact operator. This allows us to obtain a thorough characterization of the
solutions of the eigenproblem. However, a direct discretization of the given weak
formulation would lead to a degenerate generalized eigenvalue problem. To avoid
this, we propose a second weak formulation more amenable for numerical purposes.
In Section 4, we introduce a finite element discretization. We prove optimal-order
spectral convergence and absence of spurious modes. We describe how to efficiently
implement this methods in Section 5. In Section 6, we report the results of a couple
of numerical tests, which allow us to check the theoretical results and to assess the
performance of the method. Finally, in an appendix, we introduce and analyze a
finite element discretization of an alternative weak form.

2. PRELIMINARIES

Let Q € R? be a bounded simply-connected domain with a Lipschitz continuous
boundary I'. We assume that  is bounded and either T" is smooth or ) is a
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polyhedron. Let I'g,...,I'; be the connected components of I', with I'y being the
boundary of the only unbounded connected component of R? /).

We consider the space L?(Q) with its corresponding norm |- llg.q; for convenience,
we denote |||, o the norm of L2(Q)3, too. As usual, for all s > 0, we consider the
Hilbertian Sobolev space H*((2) with norm |||, o; we also denote by |||, o the
norm of the space H*(Q)3.

Let D(2) be the space of infinitely differentiable functions with compact support
in Q and D(Q) := {¢|o: ¢ € D(R?)}.

Let H1/2( ) be the space of traces on I' of functions in H'(2), with dual space
H~Y/2(T") and dual pairing (-, -)p..

Throughout the paper, we will use the Hilbert spaces

H(curl; Q) := {v € L*(Q)* : curlv € L*(Q)*},
H(div; Q) := {v € L*(Q)* : divw € L*(Q)},

with their respective norms defined by ||”||cur1§z = H’U||(2)Q + chrlv”gQ and

||v||diV q = ||v||0 Q-+t Hdlvv||O o, and the followings closed subspaces:

Ho(div; Q) := {v € H(div;2) : v-n=0o0n T},

Ho(curl; Q) := {v € H(curl;Q): vxn=0o0nT},
H(div%; Q) := {v € H(div; Q) : dive =0 in Q},
H(curl’; Q) := {v € H(curl;Q) : curlv =0 in Q},
Hy(div?%; Q) := Ho(div; Q) N H(div’; Q),
Hy(curl’; Q) := Hy(curl; Q) N H(curl’; Q).

Notice that the conditions v - = 0 and v x n = 0 on I', must be understood in
the sense of H~1/2(T").

The spaces H(curl®; Q) N Hy(div®; Q) and Ho(curl’; Q) N H(div"; Q) will also
appear often in the sequel. Under the assumption of {2 being simply-connected the
former is trivial (see, for instance, [14, Remark 1.2.2]):

H(curl’; Q) N Ho(div’; Q) = {0} .
This is not the case for the latter. The following characterization can be found in
[1, Proposition 3.18].

Lemma 2.1. The dimension of Ho(curl”;Q) N H(div";Q) is equal to I. It is
spanned by the functions Vq;, 1 < i < I, where each q; € H*(Q) is the unique
solution of the problem

—Ag; =0 inQ,
gilro =0 and qi|r, = constant, 1 <k <1,
(Onq:, 1>F0 =—-1 and (Onqi, 1>Fk =0, 1<k <I.
Finally, we will also use the space
H*(curl; Q) := {v € H*(Q)® : curlv € H*(Q)*}, 5> 0.

Let us recall that there exists s > 1/2, only depending on the domain €2, such that
the inclusions

(2.1)  Ho(curl; Q) N H(div; Q) < H*(Q)3, H(curl; Q) N Ho(div; Q) — H*(Q)?
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are continuous (see, for instance, [1], Proposition 3.7, if € is a polyhedron, and
Theorems 2.9 and 2.12, if I" is smooth).

Throughout the paper, C' will denote a generic constant, not necessarily the same
at each occurrence.

3. SPECTRAL PROBLEM FOR THE CURL OPERATOR

We consider the following problem:
Problem 1. Find A\ € C and w € H(curl;Q?), u # 0, such that

curlu = u  in Q,
divu =0 1inQ,

u-n=0 onl.

Notice that, for any solution of this problem, A\ # 0. In fact, A = 0 would imply
w € H(curl’; Q) N Hy(div’; Q) and this space is trivial in our case.
The following is a mixed formulation of this problem.

Problem 2. Find A\ € C and (u,¢) € H(curl; Q) x HY(Q2)/C, (u, ) # 0, such that

/curlu~curl17+/Vga-T;zA/’zrcurlﬁ Vv € H(curl; ),
Q Q Q

/u-w =0 YyeH(Q)/C.
Q

In order to establish the equivalence of these two problems, first note that the
last two equations of the former are equivalent to the last equation of the latter.
Hence, it is clear that if (A, u) is a solution of Problem 1, then, (A, u,0) solves
Problem 2. Conversely, if (A, u, ) is a solution of Problem 2, by taking v = Vy in
its first equation, we conclude that ¢ = 0. Therefore, we only need to prove that
curlu = A\u in Q.

With this end, we test the first equation of Problem 2 with v € D(Q)? and
integrate by parts to conclude that

curl (curlu — Au) =0 in .
Then, taking v € H'(Q)3, by integration by parts it follows that
(curlu — Au) xn =0 onT.

Thus, we have that curlu — Au € Hy(curl’; Q) N H(div%; Q). Therefore, from
Lemma 2.1, it follows that there exists ¢ € H'(Q), with ¢|p, = 0 and ¢|r, = Ck
(constant), 1 < k < I, such that curlu — Au = Vq. Then, integrating by parts we
have

||Vq||(2m = / (curlu — Au) - Vg = / curlu - Vg
Q Q
I
= (curlu-n,q)p = ch (curlu-n, 1), =0.
k=1
Whence, Vg = 0 and, consequently, curlu = Aw in . Thus we conclude the
following equivalence result.
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Proposition 3.1. If (A, u) is a solution of Problem 1, then (A, u,0) is a solution
of Problem 2. Conwversely, if (\,u,p) is a solution of Problem 2, then ¢ = 0 and
(N, u) is a solution of Problem 1.

For the analysis of Problem 2, we consider the following solution operator:
S: Hy(div%; Q) — Ho(div"; Q),
fr— Sf=w,

with w € H(curl; Q) such that there exists ¢ € H!(Q)/C satisfying
(3.1) / curlw - curl @ —|—/ VE-v= / f-curlv Vv € H(curl; ),
Q Q Q

(3.2) /Qw V¢=0 WVyeH(Q)/C.

The Babuska-Brezzi conditions for this mixed problem are easy to check. In par-
ticular, the ellipticity in the kernel follows from the fact that, since €2 is simply-
connected, [|v|| o < Clcurlvf, q for all v € H(curl;2) N Ho(div?; Q); see [1,
Corollary 3.16]). Consequently, (3.1)—(3.2) has a unique solution (w, £), which sat-
isfies § = 0 and [|w||oyp1.0 < C || fllgq- Moreover, (3.2) shows that w € Ho(div?%; Q).
Hence, the operator S is well-defined and continuous.

Clearly, Su = pu, with g # 0, if an only if (A, u,0) is a solution of Problem 2,
with A = i Thus, we focus on characterizing the spectrum of S.

We note that S (Ho(div’; ) € H(curl; Q) N Ho(div’; Q). Since, according to
(2.1), there exists s > 1/2 such that

H(curl; Q) N Ho(div?; Q) < H*(Q)® N Ho(div’; Q) — Ho(div?; Q),

the first inclusion being continuous and the second one compact (cf. [14, Theo-
rem 1.1.3]), we conclude that S is compact.
Moreover, from (3.1), by proceeding as for Problem 2 we obtain

curl (curlw — f) =0 inQ and (curlw — f) xn=0 onT.

Hence, using Lemma 2.1 again, it is straightforward to show that curlw = f in Q.
Thus w belongs to the space

Z:={veH(cur;Q): curlv-n=00onT}.
We summarize these results in the following lemma.

Lemma 3.2. Operator S is compact. Moreover, S (Ho(divo;Q)) C Z and, for all
f € Ho(div"; Q), if w = Sf, then curlw = f in Q.

Next step is to establish some properties of the space Z that will be used in
the sequel. The first one is the following result, which has been proved in [25,
Theorem 1] in a more general setting (see also [16, Proposition 2.3]). We include
here an elementary proof, for completeness.

Proposition 3.3. Forally,z € Z

/ (curly-Z—y-curlz) =0.
Q



6 RODOLFO RODRIGUEZ AND PABLO VENEGAS

Proof. Let y € Z. Then curly € Hy(div’;Q). Since Q is simply-connected,
we know (cf. [14, Theorem I.3.6]) that there exists a unique ® € Hp(curl; Q) N
H(div’; ), such that

curly =curl® in Q

and, consequently, there exists a unique 1 € H!(Q)/C, such that
y=VyY+@ inQ.
Then, for z € Z, we have
/Q(curly ‘Z—y-curlz) = /Q (curl® -z — ® -curlz) — /va -curl z.

Now, since for all v € H!(Q)?

/Q(curl<I> - 0—®-curlv) = (® xn,v)p =0
and H(Q)? — H(curl; Q) densely, we obtain

/Q(curl{) “Z—®.curlz)=0.

On the other hand, using integration by parts we have that

/ Vi - curl Z = (curlz - n,¥) = 0.
Q
Thus, we conclude the proof. [

A first consequence of the above proposition is the following density result for
the smooth functions of Z.

Proposition 3.4. Subspace D(Q)3 N Z is dense in Z.

Proof. The proof is based on a classical property (see, for instance, [14, Section I,
(2.14)]), which in our case reads as follows: D(Q)% N Z is dense in Z if and only if
every element of Z’ that vanish on D(Q)3 N Z also vanishes on Z.

Let L € Z'. Since Z is a Hilbert space, there exists I € Z such that

<L,v>:/(l-’6—|—l~-curl'z_}> Yv € Z,
Q

where (-,-) denote the duality pairing between Z’ and Z and I := curll. Now,
assume that L vanishes on D(Q)% N Z, namely,

<L,v>:/(l.ﬁ+i~curlf;)=0 Vv € D(Q)° N Z.
Q

We need to prove that L vanishes on Z, too. With this end, note that since
D(Q)? € D(Q)3 N Z, it follows that

/l'17+/l~~cur117:0 Vv € D(N)?
Q Q

and, hence, I = —curll. On the other hand, given that V (D(Q) CcDQ)PNZ
too, we have

/l~V1L:0 Vih € D(Q).
Q
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Then, curll = —1 € Hy(div’; ), so that l € Z. Therefore, using Proposition 3.3
we obtain

(L,v>:/(l-ﬁ—i—[-curlt‘;):/(—curli-ﬁ+[-curlﬁ>:0 Yv e Z.
Q Q
This proves the claimed density. O

Another consequence of Proposition 3.3 is the self-adjointness of the operator S
which, together with its compactness, will allow us to obtain a thorough character-
ization of its spectrum.

Proposition 3.5. S is self-adjoint.

Proof. Given f,g € Hy(div’;Q), let w := Sf and v := Sg. From Lemma 3.2,
curlw = f and curlv = g in ). Hence, by using Proposition 3.3, we have that

/Q(Sf)~§:/Qw~g:/gw~curl'z7:/chrlwﬂz_):/ﬂf'ﬁ:/(zfo(Sig)

and we conclude the proof. O

Now, we are in a position to establish a spectral characterization of S.

Lemma 3.6. The spectrum of S is given by o(S) = {pn}, ey U {0}, with {p,}
being a sequence of non-vanishing finite-multiplicity eigenvalues which converge to
zero. Moreover, u = 0 is not an eigenvalue of S and there exists a Hilbertian basis
{un},en of Ho(div®; Q) of eigenfunctions of S; i.e., such that S, = piptn, n € N.

Proof. The result is a consequence of the classical spectral characterization of com-
pact self-adjoint operators. There only remains to prove that u, # 0 ¥n € N.
We proceed by contradiction. Assume p,, = 0. Hence, fQ u, -curlv = 0 Vv €

H(curl; Q). Then, u,, € Ho(curl’; Q) N Hy(div’; Q) = {0}. 0

The above lemma and the relation between the spectrum of S and Problem 2,
yields a thorough characterization for the solutions of the latter and, consequently,
for the solutions of Problem 1.

Theorem 3.7. Problem 1 has a denumerable set of solutions (An,uy), n € N, and
{un}, ey is a Hilbertian basis of Ho(div?; Q).

One possible way to approximate the solutions of Problem 1 is to consider an
appropriate discretization of the variational form given in Problem 2. We pro-
pose and analyze in the appendix a finite element method based on this approach.
However, it leads to a generalized eigenvalue problem involving two non-definite
matrices. The numerical solution of such a generalized eigenvalue problem is sig-
nificantly more complicated due to its degenerate character. In what follows we
introduce an alternative formulation which overcomes this drawback and will lead,
after discretization, to a well posed generalized eigenvalue problem.

Notice that, for A # 0, Problem 1 is equivalent to the following one: find A € C
and u € H(curl; Q), u # 0, such that

curlu = Au in Q,

curlu-n=0 onl.
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Clearly, the solution u of the above problem belongs to Z and satisfies

/curlu-curl’t_):)\/u-curlﬁ:)\/curlu-ﬁz)\g/u-ﬁ Yv € Z,
Q Q Q Q

where we have also used Proposition 3.3. Therefore, we are led to consider the
following problem:

Problem 3. Find A € C and u € Z, u # 0, such that
/curlu-curlﬁ:)\g/u-ﬁ Vv € Z.
Q Q

We have just proved the following result.
Lemma 3.8. If (\,u) is a solution of Problem 1, then it is a solution of Problem 3.

The converse is partially true. To prove it, we consider the solution operator:
T: L*(Q)® — L*(Q)3,
f—Tf . =w,
with w € Z such that

(3.3) /curlw~curlﬁ+/w'6:/‘f~f; Yv e Z.
Q Q Q

The well-posedness of problem (3.3) is a direct consequence of Lax Milgram lemma,
whence T is well-defined and continuous. Note that Tu = pu, with g # 0, if an
only if (A, u) is a solution of Problem 3, with A\2 + 1 = i

Clearly p = 1 is an eigenvalue of T' (correspondingly, A = 0 is an eigenvalue of
Problem 3) with associated eigenspace
(3.4) K:={veZ: curlv=0 inQ}=V(H(Q).
Since T is clearly self-adjoint (cf. (3.3)), the orthogonal complement of IC,

KHez@® = Hy(div®; Q)
is an invariant subspace for T'. Therefore,
T := Tty (aivo;0) Hy (div’; Q) — Ho(div?; Q)

is a well-defined bounded operator and o(T) = o(T) U {1}. Moreover, since T
takes values in the space Z C H(curl;Q) and, by virtue of (2.1), H(curl; Q) N
Ho(div’; Q) < Hy(div’; Q) compactly, we derive the compactness of T.

The following theorem shows how the eigenpairs of T', with u # 1, are related
with the solution of Problem 1.

Theorem 3.9. The following properties hold true:

a) The spectrum of T decomposes as follows:

o(T) ={1} U{pn},en U{0}.
Moreover:
o 1 =1 is an eigenvalue of T with infinite-dimensional eigenspace K;
® {lin},en 15 a sequence of finite-multiplicity eigenvalues p, € (0,1),
n € N, which converge to 0;
e 11 =0 is not an eigenvalue of T.
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b) If A in an eigenvalue of Problem 1 with eigenspace €, then p = ﬁ s an
eigenvalue of T and &€ is an invariant subspace of T'.

¢) If p# 1 is an eigenvalue of T' with eigenspace €, then there exists an eigen-
value \ of Problem 1 such that y = ﬁ and € is an invariant subspace of
Problem 1.

Proof. We have already proved that p = 1 is an eigenvalue of T" with corresponding
eigenspace KC and that o(T) = o(f ) U{1}. Thus, the spectral characterization of
T is a consequence of the compactness of T. On the other hand, g = 0 is not an
eigenvalue of T in fact, if Tf = 0, then it follows from (3.3) that f L Z > D(Q)3
dense in L2(Q)3, so that f = 0. Moreover, for all the eigenvalues y,, # 1, it is also
easy to show from (3.3) that u,, € (0,1). Thus, we conclude (a).

In its turn, Lemma 3.8 and the arguments above lead to (b).

It remains to prove that all the eigenvalues of T are of the form uw o= ﬁ,
with A being an eigenvalue of Problem 1. In fact, according to Theorem 3.7, the
sequence of eigenfunctions of Problem 1 is a Hilbertian basis of Ho(div’; Q). Since
we have already proved in (b) that all of them are eigenfunctions of f, this operator
cannot have an additional eigenpair; otherwise, since T is self adjoint, the additional
eigenfunction would have to be orthogonal to the whole Hilbertian basis, which
cannot happen. Thus, we conclude (c). |

As a consequence of this theorem and the relation between the eigenpairs of
Problem 3 and those of the operator T', we obtain the following result.

Corollary 3.10. Let v # 0 be an eigenvalue of Problem 3 and € the corresponding
eigenspace. Then, there exists an eigenvalue \ of Problem 1 such that v = A2 and
& is an invariant subspace of Problem 1.

Remark 3.11. Notice that the eigenfunctions of Problem 3 are not necessarily eigen-
functions of Problem 1. In fact, if A and —\ were both eigenvalues of Problem 1,
then A? would be an eigenvalue of Problem 3, with multiplicity equal to the sum
of the multiplicities of A and —A. However, an eigenfunction of Problem 3 corre-
sponding to A? would be a linear combination of the eigenfunctions of A and —),
but not necessarily an eigenfunction itself. As will be shown in Section 6.1, this is
something that always happens when the domain (2 is symmetric.

4. FINITE ELEMENT APPROXIMATION

In this section, we introduce a Galerkin approximation of Problem 3 and prove
some convergence results. From now on, we assume that € is a polyhedral do-
main and {7}, is a regular family of partitions of Q in tetrahedra T, so that
0= UTeTh T. We denote by T}'' the corresponding triangulation induced on the
boundary of 2, namely, T, := {F face of T € T;,: F C T'}.

For any T € T, let N*(T) := P_1(T)® & {p €Pu(T)?: p(x) o =0}, where
P, is the set of polynomials of degree not greater than k and P the subset of
homogeneous polynomials of degree k.

The corresponding global space to approximate H(curl; Q) is the space of func-
tions that are locally in N™*(T) and have continuous tangential components across
the faces of the triangulation 7,. This is the well-known Nédélec space:

N}, o= {vh € H(curl; Q) : vy|p € N¥(T) VT € 77&)}
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(for further details see, for instance, [18, Section 5.5]). Whence, the natural ap-
proximation space for Z is

Zp=NpNZ={v,€Nyp: curlvy,-n=0onT}.
The Galerkin approximation of Problem 3 reads as follows:

Problem 4. Find A\, € C and uy, € Zy,, up, # 0, such that
/ curluy, - curlv,, = )\%/ uy, - Up, Yo, € Zy,.
Q Q

Notice that Problem 4 leads to a well-posed generalized matrix eigenvalue prob-
lem, because the sesquilinear form on the right hand side is Hermitian positive
definite. To solve this problem, it is necessary to impose somehow the constraint
curlwuy, - n = 0 in the definition of Z}; we will address this point in Section 5.

Consider the corresponding discrete solution operator:

Ty : L2(Q)? — L2(Q)3,
fr—="Thf = wp,

with wj, € Z), such that

/curlwh~curlﬁh+/wh~ﬁh:/f~1‘)h Yovy, € Zy,.
Q Q Q

As a consequence of Lax Milgram lemma, T}, is a well-defined bounded linear op-
erator. Clearly \j, is an eigenvalue of Problem 4 if an only if ﬁ € o(Ty).

To prove convergence and error estimates for the proposed Galerkin scheme,
we will use the results on spectral approximation for non-compact operators from
[12, 13]. With this aim, we consider the restrictions of the operators T and T}, to the
respective invariant subspaces Z and Z;. To avoid overburdening the notation,
from now on T and T}, will denote T|z and T}y|z,, respectively. Note that the
spectral characterization of T" given in Theorem 3.9 remains the same without the
need of any modification.

In order to use the theory from [12, 13] we need to prove the following properties:

P1: lim H(T - Th) ‘zh || = O,
h—0 . .
P2: Vv e Z %erlov’}gfzh [v =Vl curr.0 = O

Property P2 follows immediately from Proposition 3.4 and standard interpolation
error estimates for Nédélec finite elements. In order to prove property P1l, we
establish some preliminary results.

Let us define

(4.1) rp = min{s, k},

where k > 1 is the degree of the Nédélec finite elements and s > 1/2 is a Sobolev
exponent such that (2.1) holds true.

Let us recall that IC C Z is the eigenspace of T associated with the eigenvalue
p=1andlet V := K=, It is immediate to show from (3.4) that ¥ = Hy(div’; Q)N
Z. Operator T restricted to IC is the identity; instead, restricted to its orthogonal
complement is a regularizing operator, as shown in the following lemma.

Lemma 4.1. Let f €V and w:=Tf. Then, w € H*(curl; Q) and
[wll,q + lleurlwl|, o < C|[fllq -
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Proof. From the definition of T', w and f are related by (3.3). Taking v = w in
this equation, we have

(42) ”w”curl,ﬂ < ||f||O,Q .

Moreover, since V (H!(Q)) C Z, taking in (3.3) v = Vi, v € HY(Q), it follows
that

/Qw.wzz/ﬂf.w:o i € HY(Q).

Hence, for f € ¥V C Hy (diVO; Q), we have that w € Ho(divo; ), too. Consequently,
w € H(curl; Q) N Hy(div’; Q) — H*(Q)3 (cf. (2.1)) and, using (4.2), it follows that
lwlls0 < Clwllewn,o < Cllfllog-

On the other hand, taking v € D(Q2)® C Z in (3.3), we obtain
(4.3) curl (curlw) +w = f in Q.

Hence, curlw € H(curl; Q) and, since w € Z, curlw € Hy(div’; Q), too. Then,
the same arguments as above allow us to conclude that curlw € H*(Q)? and

[eurlw]|, o < Ccurlwl|yyy o < Cllflloq>
the last inequality because of (4.3) and (4.2). Thus, we conclude the proof. O

Clearly pup =1 is an eigenvalue of T}, with associated eigenspace
Ky :={vp € Z}: curlv, =0} C K,

. . . . 1 .
so that T}, restricted to /Cj, is the identity, too. Let V) := K, Zn Notice that
Vi, ¢ V. However, the following lemma shows that the curl-free terms in the
Helmholtz decomposition of V), are asymptotically negligible.

Lemma 4.2. For f, € Vj, there exist x € ¥V and n € IKC such that fi, = x +n
and there hold:

a) x € B3(Q)* with |x|l, o < Clleurl |, o

b) nllyq < Ch™ [leurl £y o, with r1 as defined in (4.1).

Proof. Since f;, € V), C Z, the decomposition f; = x+mn follows from the fact that
VY = K2, Now, since V C H(curl; Q) N Ho(div’; ), we have that x € H*(Q)? (cf.
(2.1), again). Moreover, because of the definition of IC, curl x = curl f,,. Hence,

Ixlls.0 < Clixlleun,o < Clleurlx|lg o = Clleurl £, o,

the last inequality because, for € simply-connected, ||x||,. < C |curlx||, , for all

x € H(curl; Q) N Ho(div’; Q) (cf. [1, Corollary 3.16]). Thus we conclude (a).
To prove (b), we will use the Nédélec interpolant I}Y. According to [18, Theo-
rem 5.41(2)], since curl x = curl f,,, we have that

(44) = 1 xlly 0 < € (17 o+ hleurd £l ) < O™ fleurl £,

On the other hand, let I} be the divergence-conforming Raviart-Thomas inter-
polant (see [18, Section 5.4]). Since curlx = curl f;, € H*(Q)3 for all € € (0, 1),
according to Remark 5.16 and Lemma 5.40 from [18], it follows that

(4.5) curl (I x) = Iff (curlx) = I (curl ;) = curl f,.
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Now, we write

2

o,Q=/n~(fh—x)=/n~ (.fh_II]zVX)“'/TI' (Ix —x) -
Q Q Q

By virtue of (4.5) we have that f;, — I}V x € IC, C K, so that x L (f, — IV x) in
L2(Q)? and, since f), € V), = IC,JL_Z”', it follows that

/Qn'(fh_lévx):/th'(fh_lf]zvx)_/QX'(fh—I,ivx):O.

Hence, from (4.6) and (4.4), we conclude that

(4.6) |lm]

”77”0,(2 S HI}ILVX - XH(LQ S Ch"‘l chrl ‘thO,Q :
Thus, we end the proof. (I

Now we are ready to prove the following result, from which we will derive prop-
erty P1.

Lemma 4.3. There exists C > 0 such that, for all f;, € Vp,
H(T - Th) fh”curl,Q S Chrl ||fh||curLQ )
with r1 as defined in (4.1).

Proof. Given f;, € Vp, let x € V and i € IC be as in Lemma 4.2. Let z := T'x and
zp := Trx. The following Cea estimate follows immediately from the definitions of
T and Tjy:

||Z - zthurl,Q < Cuhuelfzh HZ B vhHC“rl,Q .

Then, using the Nédélec interpolant and standard error estimates (cf. [18, Theo-
rem 5.41(1)]), it follows that

12 = 2lleurner < C 12 = 12| gm0 < B (21,0 + el 2]l 5 ) -

curl,Q —

Thus, from Lemma 4.1, and the fact that }C L V in L2(Q), we have

||(T_Th)Xchrl,Q = ||Z - zthurl,Q < Ch™ ||XHO,Q < Ch™ ||fh||O,Q .

On the other hand, for n € IC, since T = n and T;,n is the Galerkin projection
of n onto Z},, using Lemma 4.2(b) we can write

1T = T) Allewrno < Illewrs = Illo < OB [ Fulleurno-

Therefore,
(T =Th) frlleurro < 1T = Th) Xllewrro + 1T = Th) Nlleurr.o < CA™ 1 F i llcurra
and we conclude the proof. O

Property P1 clearly follows from the above lemma and the fact that T" and T},
coincide on ICj,. As a first consequence, we have the next result, which was proved
to follow from property P1 in [12, Theorem 1].

Theorem 4.4. Let J C R be an open set containing o(T). Then, there exists
ho > 0 such that o(Ty) C J Yh < hg.
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As a consequence of the above theorem, we know that the proposed numerical
method does not introduce spurious modes (which would be the case, for instance,
if Lagrangian finite elements were used; see [4]).

Now, we are in a position to write the main result of this paper related to the
convergence of the proposed scheme.

Theorem 4.5. Let p € o(T) be an eigenvalue of finite-multiplicity m. Let €
be the corresponding eigenspace. There exists hg > 0 such that, for all h < hy,
o(Th) contains m eigenvalues /1511), . ,,uglm) (repeated accordingly to their respective
multiplicities) such that

,us)}j)u, 1=1,...,m.

Let €, be the direct sum of the corresponding eigenspaces. Then,

~

0 (87 Sh) S C’yha

and
(i)‘ 2

max — <C

1§i§m‘# by | = U,
where

Th = 5(832}1) = sup inf ||v7vh||cur1§2
veE  VhEZn ’
Hchurl,ﬂ:l

and

~

5(£,En) =max {5 (E,E).5(En. E)}.

Proof. Since we have already proved that properties P1 and P2 hold true, the results
are direct consequences of [12, Section 2] and Theorems 1 and 3 from [13]. O

To conclude spectral convergence with an optimal order of approximation from
the previous theorem, we only need an appropriate estimate for the term .

Theorem 4.6. Let v, be as in Theorem 4.5. Then, there exists C' > 0 such that
Th < Oh’f’k7
with i, as defined in (4.1).

Proof. Let v € € be such that |[v| . = 1. Since Tv = pv, from Lemma 4.1 it
follows that v € H*(curl; 2) and
C

C
Ioll o+ lleurloll, g < lvloq < -2

Let INv € N}, be the Nédélec interpolant of v; in what follows, we show that
INv € Z, (this has been proved in [16, Proposition 4.3] and [3, Lemma 2.2], but
only for lowest-order Nédélec elements and under different topological assumptions).
Let I} be the divergence-conforming Raviart-Thomas interpolant. Since v € € C
Z, we have that curlv-n = 0 on I'. Hence, curl (I)v)-n = (If curlv)-n =0 on
T, too, the first equality because of [18, Lemma 5.40] and the second one because of
the well known property that the Raviart-Thomas interpolant preserves vanishing
normal components on the boundary. Thus, I}JLVU EZNNyL=Z}.
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Therefore, using again the standard error estimate for the Nédélec interpolant
(cf. [18, Theorem 5.41(1)]), we obtain

C
EZ)< s o 1] g < OB (ol + leurloll, o) < —p™.
veE eurt ’ ’ H
1?1l ur1,0=1
Thus, we end the proof. O

As a consequence of the two previous theorems we conclude that the eigenvalues
and eigenfunctions of Problem 4 converge with optimal order to those of Problem 3.

5. IMPLEMENTATION ISSUES

For the implementation of Problem 4, it is necessary to impose the condition
curluy -n =0 on . To do this, we follow a similar approach to that used in [16]
and [3] for lowest-order Nédélec elements.

Since we have assumed that the domain €2 is simply-connected, each connected
component of its boundary is simply-connected, too. In such a case, curluy,-n =0
on I' if and only if the tangential component of u satisfies

(5.1) nxu,xn=Vrp, onl,

where ¢, € [,1}: = {1/)11 €C(D): Yp|lrp € P(F) VF € 7'hF} and Vr denotes the
surface gradient (i.e., the two-dimensional gradient on each plane face of T'; see [8]
for its proper definition). In fact, it is shown in [8, Section 4] that curluy, - n =
curlp (n X up X n) on I'; where curlr denotes the scalar surface curl. Hence, from
[8, Theorem 5.1], we know that there exists ¢, € HY(T') such that nxu, xn = Vrgy,
on I'. Moreover, by using [18, Remark 5.29], it is easy to show that @5, € L] .

Let

Eh = {’(/)h S C(Q) : wh|T c ]Pk(T) VT € 771}

Let {¢; }j(:l be the nodal basis of £;,. Without loss of generality we order these
basis functions so that the first J of them correspond to all the nodal values on

the boundary T". Therefore {wj\p}jzl is a basis of L. Moreover, <{Vp<pj}‘j]:1> =

Vr(LY). However, these functions are not linearly independent. To obtain a basis
of Vr(£L), we must choose one vertex on each connected component I', ..., I'; of
I'" and drop out the basis function corresponding to these vertices. Let us assume
for simplicity that these basis function are the last ones. Then, it is straightforward
to show that {Vpgoj}jL:l (L:=J—1I—1)is a basis of Vp(L}).

Let {¢m}f\f:1 be the nodal basis of N,; without loss of generality we also assume
that the last ones, {d)m}n]\f: N1 are those corresponding to the degrees of freedom
related to the faces or edges on I'. Notice that all the other basis functions lie
in Z5. Thus, we have the following proposition that characterizes a basis of this
space.

Proposition 5.1. The set {d)m}gzl U {V(pj}le is a basis of Zp,.

Proof. Tt is essentially identical to that of Proposition 4.2 from [16], where a similar
result is proved in the case that I' is connected for lowest-order Nédélec elements.
We include it for completeness.
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. N L Do
First we prove that {¢,,},,_; U{Vyp; }j:17 which is clearly a subset of Z},, spans

this space. Let ¢, € Zj,. Because of (5.1), n x ¢,|r x n € Vr(L}) and, hence,
there exist 3;, 7 =1,..., L, such that

L
n X ¢,lr xn = Zﬁjij.

j=1

Then, the degrees of freedom of ¢, — Zle B;Vy; € Nj, corresponding to edges
or faces lying on the boundary vanish. Therefore,

L
b — Y BV € (b1, )
j=1

It only remains to prove that {(,z’)m}f\[n:1 U {Ve; }le is a linearly independent
set. Let us assume that

N L
Z @, + ZﬁngDj =0.
m=1 j=1

Since n X ¢,,|r x n vanish for all m = 1,..., N and n X Vg;|r x n = Vpp; is a
basis of VF(L’E), we have that 8; = --- = 8, = 0. Thus the result follows from the
linear independence of {(bm}zzl. O

Actually, the constraint curluy - n = 0 on I' in the definition of Z}; can be
imposed without the need of using the basis functions {Vgpj}le. We illustrate
this in the case of lowest-order Nédélec elements, which are the ones that we have
implemented in the code used for the numerical tests reported in the next section.

Let {e1,...,ear} be the set of all edges in T, and {cl)m}%:l be the associated

nodal basis of Nj,. Then, for any u;, € N,

M
up = Z amd”m'
m=1

where a,, := fe up, - ty,, with £, a unit tangent to e,,, m =1,..., M. We assume
as above that the edges lying on I' are the last ones: en41,...,€ear.

Let {P; };‘7:1 be the set of vertices of 7}, lying on I', where the last I +1 have been
chosen one on each connected component of I', also as above. Let {¢, };.]:1 be the

corresponding nodal basis of LE. In such a case, according to the Proposition 5.1,
for uj, € Z},, there exist complex numbers of,...,a/y and fi,..., 3 such that

N J
up =Y ah,d,+ Y BV,
m=1 7j=1

where 41 = -+ = 7 = 0. Then, from the definition of «,, and the above
relation, we obtain:
ap,, ife, NT'=10,
Oé;n:l:ﬁj, 1femﬂF:{PJ},
Ay =

an, £ (B —Br), ife, NI'={P;,P} (em 1),
+ (85 — Br), if e;, C I', with end points P;, Py,
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the signs above depend on the chosen orientation of the tangent vector ¢,,.

These relations allow us to define a matrix C € RM*(N+L) guch that o = Ca,
where a := (a1, ...,ap)" and & := (af,..., &), B1,..., L)' Notice that most of
the entries of this matrix vanish and the others are +1.

Let A := (4;;) and B := (B;;) be the M x M matrices defined by

A= / curl ¢; - curl ¢, and B;; = / P - ?;, i,j=1,..., M.
Q Q

Then, using the basis of Z; from Proposition 5.1, the matrix form of Problem 4
reads as follows:

Aa = )\ Ba,
with Hermitian matrices A := C*BC and B := C"AC, which are positive semi-

definite and positive definite, respectively. Thus, this is a well-posed generalized
matrix eigenvalue problem.

6. NUMERICAL EXPERIMENTS

We have developed a MATLAB code based on lowest-order Nédélec elements
(k = 1) to solve Problem 4. We report in this section some numerical experiments
which confirm the theoretical results proved in the previous sections.

6.1. Validation. As a first numerical test, we have solved a particular problem
with a known analytical solution, which allowed us to validate the computer code
and to check the performance and convergence properties of the scheme. When the
domain €2 is the unit sphere, the least positive eigenvalue is the smallest positive
solution of the equation A\ = tan A, namely, A = 4.493409... Moreover, A is an
eigenvalue of multiplicity three (for further details see [9, Theorem Al).

Because of the symmetry of the domain, it is easy to check that (A, u(x)) is a
solution of Problem 1 if and only if (—\,u(—=x)) is a solution, too. Therefore, \?
is an eigenvalue of Problem 3 with multiplicity six. Whence, by virtue of Theo-
rem 4.5, we know that, for i small enough, there exist six eigenvalues A}, ..., A} g
of Problem 4 (repeated accordingly to their respective multiplicities) such that

Ani — A2, i=1,...,6.
h—0

The code has been used on several meshes 7, with different levels of refinement;
we identify each mesh by its respective number of tetrahedra Nj,. We have compared
the average A, := (Ap1 + ...+ Ap) /6 with the analytical eigenvalue A. Table 1
shows the obtained results. The table also includes an estimate of the order of
convergence, the so-called experimental rate of convergence:

tog (1A = ul/ 1 = )
log (N4 /Np!)

Since the domain is smooth, the theoretical order of convergence for the eigen-
values is in this case O(h?"), with r; := min{s,1} = 1. It can be seen from
Table 1 that the obtained results show an estimated order of convergence close to
the theoretical one. Figure 1 shows a log-log plot of the errors versus the number
of tetrahedra Nj. The slope of the line shows a clear quadratic dependence on the
mesh-size.

erc := —3




NUMERICAL APPROXIMATION OF THE SPECTRUM OF THE CURL OPERATOR 17

TABLE 1. Unit sphere. Computed and exact eigenvalues, errors,
and experimental rates of convergence.

Nh ‘ Xh A |)\ — B\\h ‘ ‘ €erc
53506 | 4.495885 4.493409 0.002475 | —
91286 | 4.495117 4.493409 0.001708 | 2.08
157765 | 4.494620 4.493409 0.001210 | 1.89
259404 | 4.494283 4.493409 0.000874 | 1.96

10°

—e—error
—— o’

error

10

10" .
10

N,

FIGURE 1. Unit sphere. Error [A— | versus number of tetrahedra
Np, (log-log scale).

According to the theoretical results, the invariant subspace spanned by the six
eigenfunctions of Problem 4 corresponding to Ap1,...,Ap 6 yields an approxima-
tion of the eigenspace of A2 in Problem 3. However, the latter is the direct sum of
two three-dimensional eigenspaces of Problem 1, those corresponding to A and —A\.
Therefore, the eigenfunctions of Problem 4 are not in general eigenfunctions of Prob-
lem 1, but linear combination of eigenfunctions corresponding to both eigenvalues,
A and —\. Because of this, the present method does not necessarily furnish ap-
proximations of the eigenfunctions. To compute the eigenfunctions we have solved
numerically Problem 2. With this aim, we have used the finite element discretiza-
tion given in Problem 6. More details about this numerical method, including the
corresponding convergence analysis, are reported in the appendix.

Figure 2 shows the vector field and some integral curves for one of the eigen-
functions. This minimum-eigenvalue field is the well-known spheromak introduced
in [11] (see also [10, 23, 24]) and reported in [9].

We have also applied our method to a problem in which the boundary of the
domain is not connected: a spherical shell {a: eR?: a< lz| < b}. In this case, two
basis functions of £} has to be eliminated for the implementation, each of them
corresponding to a vertex on each connected component.

We have compared the obtained results with the analytical ones reported in
[9] for the spherical shell {x € R : 0.540183 < |z| < 1.05}. Table 2 shows results
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F1GURE 2. The spheromak.

similar to those reported in Table 1 for the eigenvalue of least absolute value of this
problem. Once more, the estimated rates of convergence are close to O(h?).

TABLE 2. Spherical shell. Computed and exact eigenvalues, errors,
and experimental rates of convergence.

Nh ‘ Xh A |)\ — /):h | ‘ erc
11875 | 6.369146 6.423856 0.054711 | —
31969 | 6.394034 6.423856 0.029823 | 1.84
63693 | 6.404705 6.423856 0.019151 | 1.92
131470 | 6.412565 6.423856 0.011291 | 2.19

6.2. Eigenvalues of the curl on a rectangular box. For the last test, we have
chosen a simple geometry for which, to the best of the authors’ knowledge, there is
no known analytical solution: a rectangular box. In particular, we have considered
the hexahedron  := (—0.5,0.5) x (—0.4,0.4) x (—0.6,0.6). Notice that, as in
the previous tests, because of the symmetry of the domain, A is an eigenvalue of
Problem 1 is and only if —\ is another eigenvalue of the same problem. Therefore
each eigenvalue A\? of Problem 3 has multiplicity at least two.

We have used several regular meshes as those shown in Figure 3.

On each mesh we have computed the six smallest eigenvalues \j | < ... < A7 ;.
In this case, )\,217%_1 and )\i% converge to a same limit A2, k = 1,2, 3, which is a
double eigenvalue of Problem 3.

In absence of an analytical solution, we have estimated the order of convergence
by means of a least-squares fitting of the model

Xh,k ~ )\cx + Cht,
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FIGURE 3. Meshes on the rectangular box.

where >\h,k = (>\h,2k—1 + )\h,Zk) /2

Table 3 shows the three smallest eigenvalues computed on several meshes. As in
the previous examples, Ny denotes the corresponding number of tetrahedra. For
each eigenvalue, the table also includes the extrapolated more accurate approxima-
tion Aex and the estimated order of convergence t obtained with this fitting. The
obtained orders of convergence are again close to O(h?), as predicted by the theory.

TABLE 3. Rectangular box. Computed and extrapolated eigenval-
ues and computed orders of convergence.

| Nn = 10368 Nj =34992 Nj = 82944 Nj, = 162000 | Aex | order

/):h,l 7.4360 7.4337 7.4329 7.4325 7.4319 | 2.02
Xh,z 7.7666 7.7724 7.7741 7.7751 77763 | 2.19
/)\\h,3 8.0530 8.0726 8.0802 8.0836 8.0909 | 1.81

To compute the eigenfunctions, we have used Problem 6 as in the previous test.
Figure 4 shows the eigenfunction corresponding to the third smallest positive eigen-
value. Those corresponding to the first and the second one are essentially similar to
rotations of this. Finally, the eigenfunctions corresponding to the negative eigen-
values are obtained from those of the positive ones by means of a symmetry.

APPENDIX

In this appendix, we consider a finite element approximation of Problem 2. The
simplest minded approach would consist of using the finite element spaces N}, C
H(curl; Q) and £, € HY(Q) for a direct discretization of this problem. However,
such a procedure leads to a spectral problem for an operator which is not compact
and a property analogous to P1 (typical for the spectral approximation of non-
compact operators) does not seem to hold, either. To circumvent this drawback,
we consider the following problem, which only differs from Problem 2 in that the
space H(curl; Q) has been substituted by Z.

Problem 5. Find A € C and (u,p) € Z x HY(Q)/C, (u, ) # 0, such that

/curlu-cur117+/ch-ﬁ:/\/u-curlﬁ Vv € Z,
Q Q Q

/u.w‘; =0 WeH(Q)/C.
Q
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FI1GURE 4. Eigenfunction of the curl on a rectangular box.

The following result shows that this is actually equivalent to Problem 2.
Proposition 7.1. Problems 2 and 5 have the same set of solutions.

Proof. Let (A, u,¢) be a solution of Problem 2. By virtue of Proposition 3.1,
curlu-n =X u-n=0onT, so that w € Z. Hence, (A, u, ) solves Problem 5.
Conversely, let (A, u, ) be a solution of Problem 5. Proceeding as done to prove
Proposition 3.1, we obtain ¢ = 0, u € Ho(div’;Q), and curl (curlu — Au) = 0 in
Q. Hence, for u € Z, we have that curlu — Au € H(curl’; Q) NHy(div®; Q) = {0}.
Consequently, curlu = Mu, and, whence, (A, u, ¢) solves Problem 2. O

Let Z;, C Z and L;, C HY(Q) be the finite element spaces defined in Sections 4
and 5, respectively. We consider the following discretization of Problem 5:

Problem 6. Find A\, € C and (up,on) € Zn X L/C, (up,on) # 0, such that
/ curluy, - curl vy, +/ Von - op = )\h/ uy, - curl vy, Yoy € Zy,
Q Q Q

/uh~V1/_Jh:0 theﬁh/(c.
Q

Our aim is to prove that the eigenvalues and eigenfunction of Problem 5 are well
approximated by those of Problem 6. With this end, we will apply the classical
theory for mixed eigenvalue problems of the so-called type Q1 reported in [17, Sec-
tion 3]. The first step is to show that all the following properties, which correspond
to assumptions (3.12)—(3.16) from this reference, are fulfilled in our case:
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e there exists a; > 0 such that
(7.1) / lcurlv|® > ay ||v||ilmLQ Yv eV,
Q

where, we recall, V={ve Z: [,v-Vy=0 Vy € H(Q)/C};
e there exists 51 > 0 such that
[Jov- VY|

(7.2) sup “=——— > By Y] g vip € HY(Q)/C;
veZ ||U||curl,Q ’

e there exists ap > 0, independent of h, such that
(7.3) / curlvy|* > as vpllogre  Yon € Vi,
Q

where, we recall, V), = {vh € Zy: fQ vy Vi =0 Yy, € ﬁh/(C};
e there exists B2 > 0, independent of A, such that
UQ Uh - vdjh’

(7.4) sup ——0———— > [ |,¢)h|1’Q Vb, € L1/ C;
vpEZ) th”curl,ﬂ

e for each (v,7) € Z x HY(Q)/C,

: I inf (Ilo - _ ) =0
(7.5) hli% (vh,wh)énzh,xllh/c v vh”curLQ + ¥ 77[1h|179 0

The ellipticity in the kernels (7.1) and (7.3) follow from [1, Corollary 3.16] and
[1, Proposition 4.6], respectively. The inf-sup conditions (7.2) and (7.4) are easily
checked by taking v = Vi and v;, = Vi, respectively. Finally, the density result
(7.5) follows immediately from Proposition 3.4, the fact that for a smooth v € Z
its Nédélec interpolant satisfies I¥v € Zj, (cf. the proof of Theorem 4.6), and
standard approximation properties of the Nédélec and the Lagrange interpolants.

The solution operator for Problem 5 is defined as follows:

G: ZxH'(Q)/C — Z x H(Q)/C,
(f.9) — G(f,9) == (w,9),
with (w, &) € Z x HY(Q)/C such that

/curlw-curlﬁ—i—/Vf-ﬁ:/f-curlﬁ Yv e Z,
Q Q Q

/ w-Vi=0 YyeH(Q)/C.

Q

Once more, A is an eigenvalue of Problem 5 if and only if p = % is a non-zero
eigenvalue of GG, with the same eigenfunctions. An additional assumption needed
to apply the approximation results for mixed eigenvalue problems of type Q1 from
[17, Section 3] is that G has to be compact. This and other properties of this
operator are established in the following lemma.

Lemma 7.2. Forall (f,g) € ZxHY(Q)/C, G(f,9) = (w,0), withw € Ho(div’; Q).
Moreover, w € H*(curl; Q) and G is compact.

Proof. Let (f,g) € Z x HY(Q)/C. Proceeding again as done to prove Proposi-
tion 3.1, we obtain G(f,g) = (w,0), with w € Ho(div’; Q) and curl (curl w) =
curl f in Q. Therefore, w, curlw € H(curl; Q) N Hy(div’; Q) < H*(Q). Hence,
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w € H*(curl; ), which is compactly included in H(curl;2), and we end the
proof. [l

The spectral approximation theory for mixed problems of type Q1 from [17,
Section 3] also involves a formal adjoint operator G,. In the present case, this op-
erator is defined for (f,g) € Z x HY(2)/C by G.(f,9) := (ws, &), with (w,, &) €
Z x HY(Q)/C being the solution of the adjoint problem:

/curlv~curlﬁ7*+/v-vg*:/v-curlf Yv € Z,
Q Q

Q
/ Vi -w, =0 Ve H(Q)/C.
Q

In general, for each eigenvalue p of G, [i is an eigenvalue of G, with the same ascent
a and with invariant subspace £ := Ker ((a — G+)"). In our case, u € R and, as
an immediate consequence of Proposition 3.3, we have that G, = GG. However, since
G, is just a formal adjoint, we cannot claim that G is self-adjoint. Nevertheless,
we prove in the following lemma that its eigenvalues are non-defective.

Lemma 7.3. The ascent of any non-zero eigenvalue of G is one.

Proof. By contradiction. Let (u, (u,¢)) be an eigenpair of G, u # 0, and let us
assume that G has a corresponding generalized eigenfunction; namely, G(u, ) =
wlu, ), (u,p) # 0, and there exists (u, @) such that G(u, @) = p(w, @) + (u, v).
Hence, ¢ = ¢ = 0 and, by using the definition of G for f = u with test function
v = u and for f = u with test function v = u, we respectively obtain

M/curlu~cur1'ﬁ:/u~cur1§7
Q Q

M/ curlwu - curla + / curlu - curlu = / u - curl a.

Q Q Q

Subtracting the conjugate of the first equation from the second one and using that
u € R, we have that

,u/ |curlu|2:/ (w-curla — @ - curlu) = 0,
Q Q

the last equality because of Proposition 3.3. Therefore, for p # 0, by virtue of (7.1),
u = 0. Since ¢ = 0, too, this leads to a contradiction and we end the proof. (I

Now, we are in a position to write the following convergence result, which is a
direct consequence of [17, Theorem 3.1].

Theorem 7.4. Let A be an eigenvalue of Problem 5 of finite-multiplicity m. Let
E C Z x HY(Q)/C be the corresponding eigenspace. Then, there exist exactly m
eigenvalues )\Ell), cee )\glm) of Problem 6 (repeated accordingly to their respective mul-
tiplicities) which converge to X as h goes to zero.

Let €y, be the direct sum of the eigenspaces corresponding to )\21), ey Azm) and
'/Y\h = 5(£7Zh X ﬁh/(C) Then,

5(E,&n) < CT

and

‘)\fAﬁf) <032, i=1,....m.
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Lemma 7.2 and the same arguments used in the proof of Theorem 4.6 allow us
to show that there exists C' > 0, independent of h, such that 5, < Ch"™, with r; as
defined in (4.1). This, together with Theorem 7.4, imply that the eigenvalues and
eigenfunctions of Problem 6 converge to those of Problem 5 with an optimal order.

The matrix form of Problem 6 is a generalized eigenvalue problem which involves
two non-definite matrices. However, in spite of this, it is well-posed. In fact, it is
easy to check that (A, wn, p) is a solution of Problem 6 if and only if ¢, = 0 and
(An,up) is a solution of the following one: find Ap € C and uy, € Vy, up # 0, such
that

(7.6) / curluy, - curlv,, = )\h/ uy, - curl vy, Yvy, € V.
Q Q

The matrix form of the above problem involves two Hermitian matrices, that of
the right hand side being so because of Proposition 3.3. Moreover, the matrix on
the left hand side is positive definite because of (7.3). Therefore, the eigenvalues
of this discrete problem are real and non-defective.

Problem 6 is equivalent to the well-posed generalized eigenvalue problem (7.6).
However, since there is no basis available for V), its computer implementation
requires dealing with Problem 6, in spite of its degeneracy, rather than with (7.6).
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