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ABSTRACT. We introduce hybridization and postprocessing techniques for the Raviart-
Thomas approximation of second-order elliptic eigenvalue problems. Hybridization reduces
the Raviart-Thomas approximation to a condensed eigenproblem. The condensed eigen-
problem is nonlinear, but is smaller than the original mixed approximation. We derive
multiple iterative algorithms for solving the condensed eigenproblem and examine their
interrelationships and convergence rates. An element-by-element postprocessing technique
to improve accuracy of computed eigenfunctions is also presented. We prove that a pro-
jection of the error in the eigenspace approximation by the mixed method (of any order)
superconverges and that the postprocessed eigenfunction approximations converge faster
for smooth eigenfunctions. Numerical experiments using a square and an L-shaped domain
illustrate the theoretical results.

1. INTRODUCTION

The subject of this paper is the Raviart-Thomas mixed approximation to the following
eigenproblem: Find eigenvalues A in R satisfying

—V-(aVu)=Au inQ, u=0 ondQ, (1)

for some nontrivial function u. While this problem has been extensively studied by many
authors [3, 7, 9, 17], the aim of the present paper is an investigation of its facets hith-
erto left largely untouched, namely computation by hybridization, postprocessing, and
superconvergence of mixed eigenfunctions. Notational definitions and assumptions on the
matrix-valued function o and the domain €2 appear later.

The main features of this work are as follows:

(1) We develop a hybridization technique to “condense” the mixed eigenvalue problem
to lower dimensions. The condensed eigenproblem is nonlinear, but has significantly
fewer degrees of freedom than the original mixed approximation.

(2) We show that the mixed eigenfunctions can be postprocessed locally to obtain more
accurate eigenfunction approximations. We also prove that a projection of the error
in the eigenspace approximation by the mixed method superconverges.

(3) We derive iterative algorithms for numerically solving the mixed eigenproblem by
two different ways: (i) hybridization followed by linearization, and (i) linearization
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followed by hybridization. We show that the two algorithms are mathematically
equivalent in the sense that they yield the same approximate eigenpairs at every
iteration. We also give an algorithm which exhibits cubic convergence numerically.

Hybridization [1, 5] is now a well-known technique for dimensional reduction in the finite
element context. It achieves reduction in the number of globally coupled unknowns by
condensing out interior unknowns, thus essentially discretizing a three-dimensional bound-
ary value problem on a two-dimensional manifold (the union of mesh faces) if (2 is three
dimensional. This results in efficient numerical methods, especially when finite elements of
high polynomial degree are used. Hybridization techniques, thoroughly studied for source
problems, poses interesting questions when applied to eigenvalue problems. The primary
motivation to consider hybridization of eigenvalue problems is to achieve the same reduc-
tion in size for the eigenproblem that one achieves for the source problem. However, as we
shall see, when this dimensional reduction is performed on the linear discrete eigenproblem,
we obtain a nonlinear discrete eigenproblem.

Other examples, where dimensional reduction converts linear eigenproblems to nonlinear
ones, can be found in computational chemistry. Here one approximates the spectra of a
linear Schrédinger operator in high (thousand) space dimensions by a reduced eigenproblem
in three space dimensions, obtained e.g. via the density functional theory [14, 4]. While such
drastic dimensional reduction poses serious theoretical challenges, our simple dimensional
reduction via hybridization offers an example for rigorous study. In this example, we
reduce a (mixed) linear eigenproblem in n space dimensions to a (hybridized) nonlinear
eigenproblem in n — 1 space dimensions. We show that despite this dimensional reduction,
we can capture all the relevant low energy modes.

To briefly review the background literature on application of mixed finite elements to
eigenproblems, we recall that the first paper to state a result on the convergence of the
Raviart-Thomas eigenproblem is [17]. This paper uses the abstract theory of spectral
approximations developed by Osborn [18]. The results of [17] were further clarified and
expanded upon in [3].

More recently, the superconvergence of (a projection of) mixed eigenfunctions has at-
tracted the attention of researchers [3, 10]. Considering that for the mixed approximation
of the source problem, such superconvergence results are well known [1, 22], it is natural
to ask if a similar result can be found for the mixed eigenfunction approximations as well.
However, technical difficulties have obscured a clear understanding of this issue so far, ex-
cept in the case of the lowest order Raviart-Thomas method. The fact that the lowest order
method is equivalent to a non-conforming method [16] was utilized in the eigenvalue context
by [3]. In [10], Gardini used techniques similar to those in [3], to prove a superconvergence
result for lowest order Raviart-Thomas eigenfunctions.

However, such techniques do not extend to the higher order case. In this paper, we
lay out a new approach for proving such superconvergence properties for eigenfunctions.
We first analyze a postprocessing operator, prove that it yields eigenfunctions of enhanced
accuracy, and as a corollary to this analysis, derive the superconvergence properties. (In
the known techniques for the source problem, one usually proceeds in the reverse order.)

In the next section, we begin with the preliminaries on the hybridized Raviart-Thomas
method for both source and eigenvalue problems. In Section 3, we present the nonlinear
eigenproblem resulting from hybridization of the mixed eigenproblem, as well as a “close-
by” condensed linear eigenproblem. Section 4 is devoted to the study of a postprocessing
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scheme and superconvergence of the eigenfunctions. Iterative algorithms for the numerical
solution of the hybridized eigenproblem are described in Section 5. Finally, we present
numerical results in Section 6.

2. THE HYBRIDIZED RAVIART-THOMAS METHOD

In this preliminary section, we recall several well known features of the hybridized
Raviart-Thomas (HRT) mixed method [1, 5, 20].

2.1. The source problem. Given any “source” f in L?(Q2), this problem is to find the
flux ¢/ and solution u/, satisfying

F+avu =0 on 2, (2a)
V¢ =Ff on €2, (2b>
ul =0 on 0N). (2¢)

All functions are real-valued in this paper. Throughout, 2 C R" is a polyhedral domain
(n > 2), a: Q+— R denotes a variable matrix valued coefficient, which we assume
to be symmetric and positive definite on all points in €. To facilitate our analysis, we
introduce notation for the “solution operator” T : L?(Q) — L?(Q), which is defined simply
by T'f = uf. It is well known that 7" is compact and self-adjoint. Its spectrum, denoted by
o(T), consists of isolated points on R accumulating at zero. Clearly, p is an eigenvalue of
T if and only if g = 1/X for some A satisfying (1).

Consider the standard finite element setting where the domain ) is subdivided into
simplices forming a mesh .7, satisfying the usual finite element (geometrical conformity)
conditions. We also assume that .7, is shape regular. The collection of interior mesh faces
(i.e., the intersections of two adjacent simplices) is denote by &,. Let k be a non-negative
integer. Define

Vi, = {#] for every mesh element K, ¥|x € P, (K)" + ZPy(K)},
W), = {w| for every mesh element K, w|x € Pi(K)},
M, = {,u| for every interior mesh face e, u|. € Py(e), and ulsq = 0}.

Given f in L?(€2), the HRT approximations to ¢ and u/ satisfying (2), are given as follows:

qf, u{, and in addition 77}{ (a variable approximating the trace of u/ on element interfaces),

are functions in Vj,, W), and M}, respectively, satisfying

(¢, @) g — (ul,V-F)g + 0], 7 @)ag =0, Vi € Vi, (3a)
(V : q_']];w)yh - (f7 w)ﬂh, Vw S Wh7 (Bb)
(1, @;{ ) ag, =0, Vi € My, (3c)

where ¢ = o~ ! and 7. denotes the unit outward normal on element boundaries. The dif-

ferential operators above must be applied element by element. This, and the fact that
functions (such as 7) in (3) can have unequal traces from either side on the element inter-
faces, motivates the notations therein, namely

(v,w) g, = Z (v,w) g and (v, WYaz, = Z (v, W)oK,

Ke9y, Kegy,
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where (u,v)p = [, uv dz whenever D is a domain of R", whereas whenever D is an n — 1
dimensional domain, the same is denoted by (u,v)p. When no confusion can arise, we omit
the subscript .7, to simplify notation. A general version of the method (3) is considered
in [6] wherein it is also proved that the above method is uniquely solvable for all the three
variables. In analogy with 7', we define the discrete solution operator 7}, and the discrete
flux operator Qy by T, f = u{l and Qpf = cf,fl. Here ui and cf,{ solve (3).

The hybridized formulation (3) is attractive because it yields a “reduced” system. To
state it, we need more notation. Define A : V}, — V,, B: V;, — W, and C: V}, — My, by

(Aﬁvf‘)ﬂ - (Cﬁ,’f“)g}“ (Bﬁ U)Q - _(U7 AV mﬂha <e]77 :U’>(9yh - <:u7ﬁ ﬁ>a7h (4)

for all p, 7€ Vi, v € Wy, and p € M. Additionally, we need local solution operators
Q: My — Vi, W: My, — Wy, Qp : L2(Q) — Vi, Uy : L*(Q) — W),. These operators are
defined using the solution of the following systems:

(o) ()= (5) G -Cay) @

for any u € Mj, and f € L*(Q2). Here, and throughout, P} denotes the L?(Q)-orthogonal
projection into Wj,. The locality and other properties of these operators are discussed at
length in [5, 6], where we also find the following theorem.

Theorem 2.1 (The reduced system [5, 6]). The functions qf,uﬁ,n{b in Vi, Wy, and My,
respectively, satisfy (3) if and only if 77,{ is the unique function in M, satisfying

an(, 1) = bu(p) Vi € My, (6)
@ =l + Qu f, and (7)
uj, = Unj + Uy f, (8)

where ap (1, po) = (¢ Quy, Qua) and by (1) = (f, Up).
We will need one more result. Denote the norm in X by || - ||x, the L*(Q)-norm by
simply || - ||, and set h = max{diam(K) : K € Z,}. Let II/" denote the Raviart-Thomas

projection [20]. Then we have the following superconvergence result for the source problem.

Theorem 2.2. [1, 6, 8] Suppose the solution v/ of (2) and its flux § satisfies
w115 (@) + 167 || (2 < CIFII, (9)
for some 1/2 < s <1 for all f in L*(Q). Then
luy, — P ul || < CR™™ D@ — I || a0

Although this theorem is often stated with s = 1 only, the proof in [6] applies for any
s for which one can apply /1" to ¢. For instance, the assumed condition that s > 1/2
is sufficient for II;*"q to be well-defined. Above, and in the remainder in the paper, C
will be used to denote a generic constant (whose value at different occurrences may vary)
independent of mesh sizes, but possibly dependent on the shape regularity of the mesh and
polynomial degrees.
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2.2. The eigenproblem. While (3) represents the source problem, our primary interest in
this paper is the eigenproblem. This is to determine a nontrivial (g, up, n,) in Vi x Wy, x My,
and a number )\, in R, satisfying

(C Jh; fj,?h - (Uh, V : 77)% + <77h7 7? ﬁ)aﬂh = 07 VF € Vh7 (10&)
(V- @h,w) g, = Ap(up, w) g, Yw e Wy, (10Db)
(1 @h - M)az, = 0, Y € My, (10c)
or equivalently,
A Bt C! qn 0
B 0 0 Up | = _)\h Up | - (11)
¢ 0 0 Nh 0

This is a generalized eigenvalue problem of the type Ax = \;Bx, but is nonstandard because
of the large kernel of B. Such eigenvalue problems have been considered previously in [2]
where preconditioned iterative techniques are suggested. Our aim here is to reformulate it
into a smaller eigenproblem via hybridization.

Equation (11) can be recast as a standard eigenvalue problem for T},. Indeed, it is easy
to see that Thu, = ﬁuh if and only if A\, and wy, satisfy (11). Furthermore, note that

although we defined T}, as an operator on L?(2), by the definition of the HRT method,
T,PY =T, (12)

where P}V, as before, denotes the L?(2)-orthogonal projection into W},. Hence the nonzero
part of the spectrum of 7}, is the same as that of T} |, .

Recall that T}, is a self-adjoint operator. This follows from the easy identity (f,Trg) =
(cQng, Qnf) which holds for any f, g € L*(Q). Moreover, Ty |w, is positive definite because
if T, f = 0 then by the above equation, we find that @, f = 0, which in turn implies that
f = 0 by (3b) whenever f is in W). Hence, the mixed eigenvalues \; are all positive.
Since the domain and range of T |w, equal W}, the numbers {1/A,} are eigenvalues of a
square matrix of dimension dim(W},). Therefore, the number of mixed eigenvalues, counting
according to multiplicity, is exactly dim(1/},).

Finally, we recall that the problem of convergence of the mixed eigenvalues and eigenspaces
has been studied by several authors [3, 17]. In particular, it is known that the elements of
the discrete spectrum o(7},) converge to the corresponding exact eigenvalues in o(77). In
fact, given any neighborhood (no matter how small) of 1/\ € ¢(T) containing no other
eigenvalue of T', there is an hy > 0 such that for all h < hg, there are m eigenvalues of
T}, denoted by 1/A§ll), 1//\,(12), e 1/)\5:71) (counting according to multiplicity) in the same
neighborhood. Here, m is the multiplicity of 1/A. Moreover, the following theorem on the
rate of convergence is also known [3, 17] (although it is not stated in this form in these
references). Throughout this paper, we let E\ denote the eigenspace of T' corresponding
to eigenvalue 1/\ while we use E) 5, to denote the direct sum of the eigenspaces of T}, cor-

responding to 1/ /\,(f) for all 2 = 1,2,...,m. Whenever we use these notations, it is tacitly

understood that h has been made “sufficiently small” so that quantities such as 1/ )\g) can
be identified.

Theorem 2.3. [3, 17| Suppose 1/\ € o(T) and sy is the largest positive number such that

167 W[5 @) + 1 [Lirear @) < Cregll fllzzi)  VF € Ba (13)
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Assume sy > 1/2. Then there are positive constants hg and Cy (both depending on \) such
that for all h < hyg,

|/\ o /\2’)| S C)\ h2min(s>\,k+1) (14)
§(Ey, Exp) < Cy pmintsnktd) (15)

where §(E\, Ey 1) is the gap between E\ and Ey, as subspaces of L*(2).

The above mentioned “gap” between two subspaces X and Y of L?*(f2), denoted by
d(X,Y), is the number given by
(X,Y) =sup dist(z, ¥) = sup M (16)
wex 7] vey Iyl
Above, we have used the simplified definition of the gap in Hilbert spaces [13], since L?(() is
Hilbert. Another remark regarding Theorem 2.3 is that the condition s, > 1/2 is required
only because the proof uses the Raviart-Thomas projection II;"¢ into Vj;, which is well
defined as soon as the components of ¢ are in H*(2) for s > 1/2.

One of the aims of this paper is to prove that better eigenspace approximations (with
faster convergence rates than in (15)) can be found by postprocessing the computed basis
for Ey . We will return to this issue in Section 4. But before that, let us develop a
hybridization technique for the eigenproblem.

3. HYBRIDIZATION OF THE EIGENPROBLEM

In the previous section we recalled that the main advantage of hybridization for the
source problem is that all components of the solution can be recovered by means of a
reduced, or “condensed” system, namely

an(n, 1) = (f,Un)  Vu € My, (17)

given by Theorem 2.1. It is natural to ask if such a technique can be designed for the
eigenvalue problem. In particular, since the source problem condenses to (17), one may
hazard a guess that the eigenvalue problem may be related to finding X, and m Z 0
satisfying

an (7, 1) = M (Wilh, Upt) Vo € M, (18)
A few immediate questions then arise: First, what is the relationship between the mixed
eigenvalues A, of (11) with the above \,? Are they the same? On closer inspection, we
see that (18) is a generalized matrix eigenvalue problem of size dim(M},), so the number
of :\h’s, counting according to multiplicity, is dim(Mj). On the other hand, as we have
already seen (in § 2.2), the number of A\;’s equal dim(W}). Since dim(M},) is increasingly
smaller than dim(W},) as the polynomial degree k increases, condensed systems like (18)
can be expected to lose more and more eigenmodes as k increases. Have we lost any of
the physically important low energy modes? The purpose of this section is to answer such
questions.

3.1. Reduction to a nonlinear eigenvalue problem. Our first result towards answering
the questions raised above is the next theorem. Let hx = diam(K) for any element K in
the mesh, h = max{hx : K € Z,}, and || - |,z denote the Euclidean norm as well as the
norm it induces on n X n matrices.
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Theorem 3.1. There exists a constant C,, independent of the polynomial degree k and the
element sizes {hk}, such that any number

C.
An < 5 (19)
satisfies
an(May 1) = X (1 — AUy ) ™ U, Ups), Vi e M, (20)
with some nontrivial ny, in My, if and only if the number A\, and the functions
mhy,  up = (I —MUy) " Unp,  and  qn = o + A Quun, (21)

together satisfy (11). We may choose C, to be any constant satisfying
9

4 Cax

C, <

where cmax denotes the maximum of ||c(x)||z for all x in Q. Above, the operator I denotes
the identity on W, and the inverse in (20) ezists whenever (19) holds.

The implications of this theorem are as follows. First, the condensed form ay(-, ) does not
lose the low energy modes, as the lower eigenvalues satisfy (19). For the source problem, we
know that the condensed form is very useful for high degrees k, as the dimensional reduction
lowers the number of globally coupled unknowns from O(k") to O(k™™'). Theorem 3.1
shows that the condensed form retains this advantage for the eigenproblem.

Second, while (20) is indeed smaller than the original system (11), it presents a non-
linear eigenvalue problem, for which there are fewer algorithms than standard eigenvalue
problems. We will discuss our algorithmic options in Section 5.

Third, consider a fixed mesh and let the polynomial degree k£ increase. We know that
the extent of the spectrum increases. The theorem indicates that since C, remains fixed
independent of k, the condensed form (20) may miss the oscillatory eigenfunctions at the
high end of the spectrum. But the theorem guarantees that the lower end of the spectrum
can be recovered. High k computations are commonly used for capturing (the smoother)
low energy modes with high accuracy. These are the modes that the formulation (20) does
not miss.

Finally, the theorem also tells us that since (20) and (18) are not identical, we do not
expect A, and A, to coincide in general. Nonetheless, (20) opens an avenue to compare Ah
with A,. We shall do so in § 3.2.

In the remainder of this subsection, we prove Theorem 3.1. First recall from (4) that the
operator B! : W}, — V}, is the L2-adjoint of the divergence map from Vj, to W, i.e.,

(Btw,F)K:(w,V-F)K VwEWh, Vre Vh, VKE% (22)
We need the following lemma. Below, the notation || - ||p denotes the L?(D)-norm.

Lemma 3.1. For all w in W,

2
lwllx < 3 Al Blwllx.
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Proof. Consider the right inverse of the divergence map, denoted by D : L*(K) — H(div, K),
analyzed in [12]. It is proved in [12, Lemma 2.1] that

V- (DY) =1 (23)
D6l < Shcloll (24

for all ¢ in L?(K), and furthermore that, if ¢ € P, (K), then D is in ZP,(K). Therefore,
given any w € W}, we can choose 7 = Dw|k in (22) to get
(B'w, Dw)g = (w, V- Dw)x = |lwli

by (23). Thus, applying Cauchy-Schwarz inequality to the left hand side and using (24),
we finish the proof. O

Note that the inequality ||w||x < Chg||B'w]||x can easily be derived from a simple scaling
argument, but the constant C' so derived may depend on the polynomial degree. The use
of the D operator in the above proof gives us the k independent constant of Lemma 3.1.

Lemma 3.2. Let K be any mesh element and f,g € L*(K). Then

kel < e 5 Bl (26)
where cX__ denotes the mazimum of ||c(z)e for all x in K.
Proof. Recall from (5) that the local solution operators Qy, f and Uy, f satisfy
(€ [Tk — (W f, V- T)k =0, (27)
(w, V- flx = (f,w)k, (28)

for all 7 in V}, and all w in Wj. The proof of (25) follows immediately from the above
equations:

= (cQg, W fx by (27)'
To prove (26), first note that since By, f = —AQ,, f, using Lemma 3.1,

2 24
ko 1 < (—hKnvsquan) - §h§(||AQWf||%(

ghKcmax(C Qva QWf)K 9 Kcmax(qu f)

by (25). Thus, an application of Cauchy-Schwarz inequality proves (26). OJ

Proof of Theorem 3.1. Suppose A\, up, ¢n, and 7y, satisfy (10). Then, set f = A\,u, and
apply Theorem 2.1 to get up, = Uny + WUy f = Unp, + Uy (Anup). Here 7y, is nontrivial as it
satisfies ap(np, 1) = (f, Up) for all p with a nonzero f. Now we can recursively apply this
identity, ad infinitum:
up = Unp + Uy (Apun) = Unp + A (Upu)
= Unh + )\hUW(Unh + UW()\huh))

= (T + (AnlUy) + AU )? + AUy )* + - ) Unpy, (29)
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The series in (29) converges in norm, as we now show. By Lemma 3.2, ||[A\yUy flx <

Mnco 5 || fll - Hence, whenever

—h2 <1 (30)

the L?*(K)-operator norm of A,y (-) is less than one and the series in (29) converges. Set
C, to be any constant satisfying

1 4
c >5 max{c® K € }.

Then whenever (19) holds, the inequality (30) holds and the series in (29) converges. The
limiting sum of the series is obviously given by

(I = MUy) ™' =T 4 (M) + AU )? + (AU )® + -
Hence, returning to (29), we find that
Up = ([ — )\hUW)*IUnh. (31)
Applying Theorem 2.1 and setting f = \,uy, with the above expression for uy, we conclude
that Ay, satisfies (20).

To prove the converse, suppose (20) holds for some nontrivial 7, and some number
A\, satisfying (19), with the above defined C,. Then, as we have shown above, the inverse
in (31) exists. Set uy, by (31) and f = Ajuy,. Multiplying (31) by I — A\, Uy, and rearranging,
we obtain

Next, set
Gn = Qnp + Qv f- (33)
Also, (20) is the same as
an (1, i) = (f, Ups).- (34)
Equations (32),(33) and (34) imply, by virtue of Theorem 2.1, that the functions ny, @, up,
and f = Apuy, satisty (10). O

3.2. The perturbed eigenvalue problem. This subsection is devoted to comparing the
mixed eigenvalues A, with the eigenvalues A, of (18). Clearly, A, can be computed by
solving a standard symmetric generalized eigenproblem, for which the algorithmic state
of the art is well developed. On the other hand, the mixed eigenvalues A, satisfy the
nonlinear eigenvalue system (20). We will now show that the easily computable A, provide
good approximations for A\, in the lower range of the spectrum. In particular, they can be
used as initial guesses in various algorithms to compute A, (discussed later in Section 5).

Theorem 3.2. Suppose A, is an eigenvalue of (10) satisfying (19). Then there is an
ho > 0 (depending on A) and a Cy (independent of \y) such that for all h < hq, there is
an eigenvalue N, of (18) satisfying

A — Ml

< Oy Ay B2
A
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Proof. This proof proceeds by identifying two nearby operators for which A, and A, are
eigenvalues. First, define an operator Sy : M} — M), by

ap(Spp,y) = (Up, Uy) Vy € My,

Then (18) implies that the reciprocals of {\,} form the spectrum o(S), i.e.,

1
Shﬁh - ~—77h.
An
Next, for any number x > 0 such that I — xU, is invertible, define another operator

S;;” : Mh — Mh by
an(Spp,y) = (I — KlUw) " Up, Uy) ¥y € My

The eigenvalues of S; are functions of k and we enumerate all of them by {1/ A;f)(n)}. We
know from Theorem 3.1 that if we set x to any of the mixed eigenvalues \, satisfying (19),
we have

1
Sinn = —nn when k = Ay,
An

where 7, is the nonlinear eigenfunction corresponding to A,. In other words, there is an
index ¢ such that

AP () = . (35)
The index ¢ may depend on Ap, but for every eigenvalue \, satisfying (19), there is such
an /.

As anext step, we observe that both S, and Sy are self-adjoint in the ay (-, -)-innerproduct.
While the self-adjointness of S}, is obvious, to conclude that of Sf, first note that U, is self-
adjoint in the L?*(Q)-innerproduct. This is because of (25) of Lemma 3.2. Consequently,
so is (I — kU )~ . Thus

an(Spp,v) = (I — £Uy) " Up, Uy) = (U, (I — KUy )~ Uy) = an(p, Spy),

and the self-adjointness of Sy follows. Let N = dim(M},) and let us enumerate the eigen-
values of Sj, and S} monotonically by

AV (k) < AP () < - < AN (w),
MW<AP <<,

Applying Weyl’s theorem [23] on eigenvalues of self-adjoint operators, we conclude that

1 1

—i— = <7 | < IS = Salla, (36)
AR N

where the norm B}
155~ Sulle = sup eI 1)
vneM, an(Y, ) 2an(p, )V
is the operator norm induced by a(-,-).
The final step of this proof consists of estimating the above operator norm. Subtracting
the defining equation of S, from that of Sy,

an((Sy = Sp)y, 1) = (1 = kUy) ™" Uy — Uy, Up)
= (Wl (1 — £l )~ Uy, Ups).
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By Lemma 3.2,

Clhi
——||U
where C] = 4cE_ /9. Choosing hg to be sufficiently small, we can find a > 1 such that
(1 — kC1h3)~1 <0, for all h < hy. Hence,

an((Sy — Sp)y. 1) < 0C K B2 Uy || [[Upe]|- (37)

To bound the right hand side appropriately, we now recall two inequalities. The first,
proved in [6, Lemma 3.3], states that

Upll < Collplln, — where [lulli = > hillplFzom), (38)
Ke9y,

U (I — Rl Uy <

for all p in Mj. The second is the Poincaré type inequality
Cillpllh < an(p,p), Vi€ My, (39)

which is established in [11] (see proof of [11, Theorem 2.3]). (The constants Cs, C3 are
independent of h, but may depend on the shape regularity of the mesh and k.) These two
inequalities, when applied to the right hand side of (37), imply that

an((Sy = Sn)v, 1) < Crr BPan(y,7)" *an(p, 1)"/?

for all v, u € My, with Cy = 0C1C3/C%. Hence ||SF — Sulla < C1rh2.
To conclude, we return to (36), which now implies that

A () = AN < 0 AP AV (1) B2

We apply this inequality with x = A,. In view of (35), this means that for every A, we
have a 5‘1(5) satisfying |Ap, — S\Ef)| < C:\,(f))\% h?. O

In Section 6, we verify numerically that a few values at the lower end of ¢(5},) are indeed
O(h?*)-approximations of the corresponding eigenvalues in o(7},). Therefore we conjecture
that the convergence rate with respect to A given in Theorem 3.2 cannot be improved in
general. We conclude this subsection by noting that in the lowest order case k = 0, the
mixed eigenvalues )y, as well as the perturbed eigenvalues A, of S; converge to the exact
eigenvalue at the same rate of O(h?), assuming the eigenfunctions are smooth enough. Tt
pays to be wary of this coincidence, as it holds only in the lowest order case. Indeed, to
recover the full rate of approximation in the higher order case, we must compute Ay, not Aj.

4. SUPERCONVERGENCE AND POSTPROCESSING

It has long been known that the solution obtained by the mixed method for the source
problem, can be postprocessed to obtain new solutions of enhanced accuracy. This was
first shown in [1]. Better postprocessing procedures were obtained later in [22]. In this
section, our goal is to generalize the latter to the eigenproblem.

Before we embark on this, let us note a major difference in the analysis of postprocessing
between the source and eigenvalue problems. The efficacy of postprocessing for the source
problem works is proved using the superconvergence result of Theorem 2.2. However, for the
eigenproblem, such a superconvergence result is not yet available (except in the lowest order
case [10]). Therefore, we first present a technique to analyze the postprocessing scheme
directly, without any knowledge of superconvergence of eigenfunctions. Furthermore, we
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show afterward that this postprocessing result implies a superconvergence property for the
eigenfunction error.

Let us first define the local postprocessing operator Ly(u',q"), following [22]. Given a
pair of functions «/,q”, the operator gives a function v” = L,(v/,q") in Pyyq1(K), defined
element by element as follows:

(6UH,§1U]€+1)K = —(ccf’,ﬁwkH)K Vwkﬂ c PkJ:{ﬁ(K)? (40&)
(u",ve) = (U, vp) Vo, € Py(K), (40Db)
for all elements K € .7;,. Here P,iﬁ(K ) denotes the L?(K)-orthogonal complement of

Py(K) in Pi1(K). The following theorem is essentially contained in [22]. The estimate of
the theorem can be proved by a local scaling argument.

or all 0 < ¢ < k,
—aVu, we have

Theorem 4.1. [22] The system (40) uniquely defines u” in Pyy1(K
given u' and ¢' in L*(K). Furthermore, for any u in H'(Q), setting

Ju" = ull < C(h'|ulu) + bl = 7l + 1B (v = u)|])
forall0 <t<k+2andall) </l <k.

)
7=

The postprocessed eigenfunctions are obtained by first computing a mixed eigenfunction
up, and its corresponding flux ¢, (see (10) for their definitions) and then applying L, to this
pair:

U, = Lo(Gh, un)- (41)
To describe the corresponding eigenspace precisely, recall the notations and assertions of
Theorem 2.3. For sufficiently small h, We know that the direct sum of the eigenspaces

corresponding to all the eigenvalues Ah approximating A, namely F)j, approaches the

exact eigenspace E). If m is the multiplicity of A\, then there are m linearly independent

eigenfunctions ug), 1=1,2,...,m of T}, each corresponding to the eigenvalue /\( ) Let q}E’)

denote the flux of ug) . Then the postprocessed eigenspace is defined by
Ef, = span{uhe, ufé, . ﬁgz)} where th = L@, u™). (42)

The following theorem shows that the postprocessed eigenfunctions converges at a higher
rate than in Theorem 2.3, for sufficiently smooth eigenfunctions.

Theorem 4.2. Suppose sy is the largest positive number such that

17| anrr) < OYFl|fllzee) (43)

holds for all f in E\. Assume that sy > 1/2. Then, there are positive constants hy and C,
depending on X\, such that all h < hg, the postprocessed eigenspace satisfies

5(E)\,EA|§,h> < thmin(s>\,1)hrnin(S)\,k:+1)7 (44)

o) + |||

for all 0 < ¢ < k. We also have the superconvergence estimate
(S(P}?/E)\, EA,h) S Chmin(sx,l)hmin(shk—&-l). (45)

In the case of a simple eigenvalue A, for small enough h, there is just one element of
the spectrum o(7}) approximating A as h — 0. In this case, E) , is the one-dimensional
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eigenspace of that eigenvalue. If (43) holds with sy > k+ 1, and u € E), u;, € E), and
ay, € EX, are all functions of unit L?(Q)-norm, then Theorem 4.2 implies that

lu — (F)an|| < CH*
1P u = (£)un| < CH*

where the notation ||u — (£)v|| = min(||u — v||, |[u + v||) is used to disambiguate any direc-
tional mismatch between the eigenfunction and its approximation. For multidimensional
eigenspaces, we must of course, use the more general notion of the gap defined by 4(-,-).

Condition (43) is an assumption on the regularity of eigenfunctions. It is known to hold
with s, depending on the angles of reentrant corners as well as symmetries in €2, when «
is smooth. For example, suppose a = ¢ = 1 and 2 is a polygon having a vertex formed
by edges meeting at an angle 7/w measured from within Q. If w is an integer, then the
eigenfunction is infinitely smooth near that vertex. If not, it is of the form Cr* sin(wf)
near the vertex [15] (with r, 6 being the local polar coordinates), which limits the number
sy in assumption (43). In the case of an L-shaped domain in R? numerical experiments
with the lowest order Raviart-Thomas elements are reported in [10]. The eigenfunction wy,
computed there approximates an eigenfunction v in H*(Q) (with its flux ¢ € H*(Q)) with
s arbitrarily close to 2/3. The observed rate of convergence for ||P)"u — (£)us|| reported
in [10] is approximately 4/3, which is in accordance with Theorem 4.2. We will report
further numerical experiments in Section 6.

The remainder of this section is devoted to proving Theorem 4.2. The proof relies on

the properties of the operator T}E@ : L2(Q) — L*(Q) defined by
10 f = Lo(Quf, Thf): (46)
The following lemma establishes the important properties of this operator when ¢ = k.

Lemma 4.1. The nonzero eigenvalues of T,Ek) coincide with the nonzero eigenvalues of T,.
Furthermore, if uy is an eigenfunction of T, such that

Thuh = Buh (47)

for some 3 > 0, then,

A

T 4y, = B, (48)

where Up, = Lk (qh, un) and G, is the flur of uy. The multiplicity of 5, as an eigenvalue of
Ty, or T,Ek), is the same.

Proof. Let Wit denote the orthogonal complement of Wj, in L?(f2). Since the right hand
side of the equations of the method, specifically (3b), vanishes if we set f to any w' in
Wit, we find that Thw! = Quw* = 0, which implies that

’_Z;,Ek)wL =0, Vuw' e Wi

Therefore T ,Ek) can have at most dim(W},) nonzero eigenvalues, counting according to mul-
tiplicity.
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Let us now prove that each eigenvalue of T} is also an eigenvalue of T}Ek) Let uy, sat-
isfy (47) and set ap, = Ly (G, up). Then

Ty, = Le(Quitin, Thiiy) by (46),
= Lp(QnP) Up, Tr Py Gy, by (12),
= L (Qnun, Thup) by (40Db),
= Li(Bh, Bun) = By,

so we have shown (48).
That the multiplicity of 3 is unaltered follows from the injectivity property that if 0 =
tp = Lk (qh, up), then u, = 0, an obvious consequence of (40b) when ¢ = k. O

Proof of Theorem 4.2. As a first step, we prove (44) when ¢ = k. In this case, by
Lemma 4.1, the postprocessed functions are eigenfunctions of the operators TA,gk) Hence the
distance between their span and the exact eigenspace can be bounded using the abstract
theory of eigenvalue approximations of [18, Theorem 1], yielding

. TF _7®
(B £) < € sup LTI (49)
’ feE, il
To bound the numerator above, we use Theorem 4.1 to get
luf — || < C (W2 ! |geeaq) + BIG — ¢ || + lluh — B ul]) (50)

where 4] = T, }Ek) f and t < k. Since we have assumed (43), we know that (9) holds with
s = Sy, so Theorem 2.2 implies

luf — B ul || < O (|| — || + | v - (@ — TE)))
< C«hmin(sx,l)(hr-l-l|g’f|Hr+1(Q) + hr+1| V-g?f|Hr+1(Q))

with 7 +1 = min(sy, k+ 1). Note that V-¢/ = f = A/ for all f in E), so the higher order
norm on V -¢’ can be bounded using higher norms of u/. We bound the right hand side
of (50) using the above, as well as the well known estimate

g, — |l < Cll¢ — |-
Then we obtain
! — @ < CH2uf |esaqay + CHM DG oy + B Nl ).

We set t = r so that ¢ +2 = min(sy + 1, k + 2) and the regularity estimate (43) can be used
to bound the higher order norms on the right hand side. Thus,

HTf . T’Ek)fH — “uf o ah” < C(hmin(sk+l,k+2) + hmin(s)\,l)+r+1)HfH
< Ohmin(sx,l)—i-min(sk,k—&-l)HfH,

for all f in F). Using this in (49), we prove (44) for the case { = k.
Our next step is to prove (45). By the definition of the gap (16),

dist(P)u, K
5(P}¥VE)\, E)\7h) — Sup 1S ( h U’? A,h)
ueE) [
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By the definition of the postprocessing in the ¢ = k case, we know that E,;, = P E’jh
Hence

: W w ik
S(PY By, Fry) = sup dist(P) u, P EX ;)
" uen, Il
Now, since
dist(PYu, P EX ) < dist(u, BY ),
we have
6(Py Ex, Exp) < sup
WER T
by using (44) with ¢ = k. Here 0 = min(sy, 1) + min(sy, k + 1). This proves (45).
The final step to end the proof of the theorem involves proving (44) for ¢ < k — 1. We
know from (45) that

= d(Ex, EY,) < OB, (51)

sup  dist(P u, Eyp) < Ch?,

u€Ey, |luf=1
with o as in (51). Therefore, for all v in F) with unit norm, we have

min |PYu — | < Ch. (52)

vh€EN
This minimum is attained by the function u), in E) ) satisfying
(P u— uy,vp) =0, Yo, € Ey . (53)
Expanding the above found wj, in terms of the eigenfunctions uﬁf) that span E) ,

m
=y iy,
i=1

for some numbers ~;, we define a postprocessed function ), in Ef{’h by

m
i, = Lo(@hup)  where  gp=> %Gy
i=1

By Theorem 4.1,

lu =@l < CCh P ul ey + By — 711 + [y, — Py7ull) (54)
with ¢ + 2 = min(s) + 1,k + 2). To bound the flux error on the right hand side, note that
(e(q = @n) "0 = @) = (u—uy, V- (77 = G,)) by (10a) and (10c),
= (Pw —w, B V-7 =V - q3)) as V-1 = BV -,

= (B'u — wj, APYu =3 N %) by (10b).
i=1

Because of (53), we can replace the last sum by any function in E) j,, in particular by Auj,.
Hence,

(e (@~ @), 116~ @3) = A Py — i
and consequently,
“(.7_ q]i” < C(HP}fVu — U;Z” + Hq’_ RT—»H)
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Now returning to (54) and using this estimate there, together with the standard approxi-
mation estimate for II;'", we obtain

|lu— || < C(ht+2|u|Ht+2(Q) + ht+2|§\Ht+1(Q) + ||up, — P,YVuH)
< Chit? 4+ Clluy, — Py ul|

Here used the regularity assumption (43). We could do so because t + 1 = min(sy, k + 1).
We have also used the fact that [Ju|| = 1. Since @, is in the postprocessed eigenspace EX ,,
the above estimate implies that

dist(u, EY ) < Ch"™? + C|luj, — P
The last term can be estimated using (52), because the minimum there is attained by u},.
Moreover, since these arguments hold for every w in F) with unit norm, we have

sup  dist(u, EY ) < C(R"T? + 17).
u€E,[lull=1

Since t + 2 < o, we have thus proved (44) for all ¢. O

Remark 4.1. That the dimensions of Eﬁ,h and E) coincide, was immediately clear for the
¢ = k case from Lemma 4.1. The spaces are of equal dimension even for other values of
¢. This follows as a corollary of (44), by which we can conclude that the gap between
the spaces becomes less than one for small enough h, and by standard results on the gap
(see, e.g., [13, Lemma 221]). Thus, for sufficiently small h, there is no danger of two
linearly independent eigenmodes being postprocessed into linearly dependent ones, even
when ¢ = 0.

5. ALGORITHMIC STRATEGIES

The aim of this section is to discuss various algorithmic options for solution of the mixed
eigenproblem. We begin by considering the nonlinear eigenproblem (20). Although it is
not easy to solve a general nonlinear eigenproblem, we are in the fortunate situation of
having very accurate initial approximations by solving one standard eigenproblem, namely
the perturbed problem analyzed in § 3.2. Therefore, standard locally convergent iterations
such as Newton’s method are well suited for solving (20), as discussed in § 5.1. We can also
solve the original mixed eigenproblem (11) directly by recasting it as a nonlinear system
ready for Newton iteration. The linearized system needing solution in each Newton step
can then be hybridized for efficiency. This process can be viewed as linearization followed
by hybridization. We investigate this approach in § 5.2. In contrast, the above mentioned
approach of § 5.1 consists of hybridizing (11) first to get a nonlinear eigenproblem and then
applying a Newton iteration, i.e., it is hybridization followed by linearization. One of our
results in this section (proved in § 5.3) is that both approaches yield the same algorithm.
This is pictorially illustrated in the commuting diagram of Figure 1. In § 5.4, we derive an
algorithm which exhibits cubic convergence numerically.

5.1. Solving the nonlinear eigenproblem. Hybridization of (11) gives rise to the non-
linear eigenproblem (20). Here, we will recast this as a problem of finding the zero of a
differentiable function, and apply the Newton iteration. This is a standard approach to
solve nonlinear eigenproblems [21]. First, define the operator A : Mj — M by

(Ap, ) = an(p,y) Y,y € M.
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Above, the notation (-, -) (without any subscript) denotes L?(&},)-innerproduct, i.e., (i, y) =
> e, (s V)e- Also define M(A) to be the operator valued function of A given by

(M(N)p, vy = (I = AUy )™ Uz, Ury).

The nonlinear eigenproblem then takes the following form: Find n € M, and A\ > 0

satisfying
F(n,\) = (A77<7; %]\{ (i)n) =0. (55)

The first equation of the above system is the same as (20), while the second is a normal-
ization condition. Other normalization conditions can also be used. We apply Newton’s
method to solve (55). Calculating the Fréchet derivative of F' at an arbitrary (n, A) and
writing down the Newton iteration, we find that the next iterate (', \') is defined by

(A= AM) (" =n) = (N = )N\ _
( S ) = -Fo) (56
where N(A\) = M(X) + AdM/d. It is easy to see that

(N ) = (1 = Ay ) 7*Ups, Uy).
Assuming that the initial approximation 7 satisfies (n,7) = 1, we can rewrite (56) as

(A= AMN)n" = (N = A)N(A)n, (57a)
(n,n') = 1. (57b)
This is the basis of our first algorithm. Observe that the first equation implies that 7’

depends linearly on A — A\. Hence we can decouple the above system, and rearrange the
computations, as stated in the next algorithm.

Algorithm 5.1 (Hybridization followed by linearization). To solve for a nonlinear eigenvalue
and eigenfunction satisfying (20), proceed as follows:

(1) First obtain an initial approximation 7y and A¢ by solving the linear eigenproblem
Ano = MM (0)no.

(2) For n =0,1,2,..., until convergence, perform the following steps:
(a) Compute 7 by solving the linear system

(A =AM An))i) = N(An) - (58)

(b) Set dx = 1/{n, 1)
(c) Update eigenvalue: A,11 = A, + dy.
(d) Update the nonlinear eigenfunction: 7,1 = d,7.

Step 1 of the algorithm gives good initial approximations, as already established in
Theorem 3.2. The value of d,, equaling the difference of successive eigenvalue iterates, is
determined by (57b).
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5.2. Linearization followed by hybridization. Now we wish to investigate what hap-
pens if we perform hybridization after we apply Newton iteration on the original mixed
eigenproblem. Let us first recast (11) as the problem of finding a zero of a nonlinear
function on V,, x W), x M} x R defined by

A Bt @ q 0
. B 0 O ul +A|u
(n,m) —1

A derivative calculation easily shows that the Newton iteration for this F' defines a new
iterate (¢”,u’,n', \'), given an initial iterate (¢, u,n, \), by

A Bt e [q 0
B D O vl ==-N=XN|ul, (59a)
¢ 0 0 n 0

(n',m) =1, (59b)

where D : W), — W), is defined by
(Du,v) = AMu,v) Yu,v € W,

The next step is to hybridize (59a). Our aim is to obtain an iteration (after hybridization) in
My, which has lesser degrees of freedom than W), as k increases. Notice that, in anticipation
of this possibility, we have chosen to normalize 7 in (59b), not u as one might typically do.

To hybridize (59a), we need local solution operators analogous to the earlier ones in (5).
Define the operators Q* U*, Q2. and U, by

EDE-() ED@-(8) @

Now an important difference from the situation in (5) arises, namely, the invertibility of
the above local operators depends on D, i.e., on A. From the identity

1 0\ (A B"\ [A B!
~-BAY IJ\B D) \0 D-BA !B’
and the fact that A is invertible, it is clear that (3‘3[ 793;) is invertible if and only if D — BA~1B!

is invertible. Thus, a sufficient condition for the local solution operators in (60) to be well
defined is that

Mu,u) — (A~ B, Blu) > 0. (61)
By Lemma 3.1, ||ul|% < &, (4/9)h% (A~ Blu, Blu) k. Hence, whenever \ satisfies (19) with

Cy < 9/4¢Cmax, the inequality (61) holds and consequently the local maps in (60) are well
defined. Then, we have the following result. Its proof proceeds like the proof of Theorem 2.1
(see [6]), so we omit it. (In fact a lower order term is included in [6, Theorem A.1], albeit

with a sign opposite to what we have here.)
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hybridize

Mixed eigenproblem » Nonlinear eigenproblem

linearize
ozLIRoUl]

hybridize

Newton iterations ~ Same algorithm

F1GURE 1. Two strategies yielding the same algorithm

Proposition 5.1. Suppose X\ satisfies (19). Then, the functions q’,u',n' in Vi, Wy, and
My, respectively, satisfy (59a) if and only if ' satisfies

an('s 1) = (N = A)(u, UPp) Vi € My,

7 = + (N -\, and

u = UM 4+ (N = DU,
where

ap (i, p2) = (€ Qpr, Qpia) — AUy, Upss).
In view of this result, we have the following implementation of (59). Again, we exploit

the linearity of the 1’ with respect to A’ — A to decouple the two equations of (59).
Algorithm 5.2 (Linearize & hybridize). To solve the mixed eigenproblem (11), follow:

(1) Set Ag and 7y by solving the linear eigenproblem Any = Ao M (0)np.
(2) Set Uy = (I — )\OUW)_IUnO.

(3) For n =0,1,2,..., until convergence, perform the following steps:
(a) Compute 7 by solving the linear system
ay" (0, 1) = (un, W) Yy € M, (62)

(b) Set oy = 1/(1), ).

(c) Update the eigenvalue by A\,11 = A, + da.

(d) Update the approximation from M), by 1,11 = d\7).

(e) Update eigenfunction u by u,11 = (I — Apy1 Uy ) Uy s

Notice that this algorithm maintains an iterate u,, in W}, in addition to the n,’s in M,,.
The computation of u, is local and inexpensive. The formula for updating u,, in step 3e is
motivated by the form of exact eigenfunction u; as seen from (21) of Theorem 3.1.

5.3. Equivalence of the algorithms. We are now in a position to precisely state what
we indicated in Figure 1. We show that the two algorithms presented earlier are mathe-
matically equivalent (assuming no round off) in the next theorem.

Theorem 5.1. The iterates n, and X\, of Algorithms 5.1 and 5.2 are identical.

Proof. Both algorithms start with the same initial approximation. Algorithm 5.1 updates
the iterates after solving (58), while Algorithm 5.2 requires the solution of (62). These two
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linear systems can be rewritten as
an (M, 1) = AL = AUy) ™ Ui, Upt) = (1 — Aly) ~>Un, Upe), (63)
ap (72, 1) = (1 = AUy ) ™" Un, Upt) (64)

where 7 and A are the iterates at any stage. To distinguish the solutions of (58) and (62),
we have denoted them 7); and 7),, respectively.

To compare these systems, we first examine the difference between Q*, U* and Q,U.
Rewriting the definition (60) of Q*u, Ui as

(3 ) () = (Sd) (65)

we find, by linear superposition, that UMy = Uy + Wy, (AUMu), and QM = Qu + Q, (AU ).
Therefore, we can express Qu, Ui using the original local solvers in (5) by

U = (I = AUy) ™ Ups, (66)
QM = Quu 4 Qu (AL — AUy ) ™ Up). (67)
Equation (66) already yields that the right hand sides of (63) and (64) coincide: Indeed,
(7 = AUy ) ™" Un, W) = (1 = AUy) ™ Unp, (1 = AUy) ™ Upr)
= (1 = AUy)~*Un, Ups),

where we have used that (I — AUy ) ! is self-adjoint in L*(Q), a fact immediate from (25).
We will now show that the left hand sides of (63) and (64) also coincide:

ay(n, 1) = (cQ), QM) — AUy, UM ) by Proposition 5.1,
= (cQ, Q%) — M((I — AUy) ~*Un, Up) by (66). (68)
Now we use (67). To simplify, we note that by [5, Lemma 2.2], (¢Qu, Qy f) =0, so
(¢Q), Q') = (¢Qn, Q) + (¢ Qv (AL = AUy) ™ Un), Qo (A1 = Aly) ™ Up))
= (cQn, Qu) + (M — AUyy) ™ Un, U (A1 = Al )~ Ups))
by (25) of Lemma 3.2. Using this in (68) and simplifying, we find that
ay(n, 11) = an(n, 1) = M — AUy )~ Un, Up),
hence the solutions 7; and 7y of (63) and (64) coincide. Therefore, all the remaining

quantities in both the algorithms coincide. U

5.4. A variant of the algorithm. We discuss one more algorithm, motivated by the
Rayleigh quotient iteration [19], known to yield cubic convergence (while Newton iteration
generally yields only quadratic convergence). To derive it we consider the iterates 1,41 of
Algorithm 5.2. Since (62) is derived from (59), we know that 7,1 solves

A Bt CN\ [ 0
B Dn 0 lNLn_H = —(5)\ Up |, (69)
¢ 0 0 T+ 0

where D,v = A\, u, = (I — A\, Uy)"'Un, and dy = A\,y1 — A, Hence, in place of step 3c
in Algorithm 5.2, the new algorithm updates A, 1 as the Rayleigh quotient of the current
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iterate, namely Api1 = (¢ Gn1, Gor1)/ | Tnra || Since tnpr = (1= AuUp) ™ (Unpgr + U Orun)
and ¢nv1 = Qpe1 + Qu (Anlpni1 + dauy,) by Theorem 2.1, we have the following algorithm:

Algorithm 5.3 (Hybridized Rayleigh quotient iteration). To solve (11), follow:
(1) Set Ag and 7y by solving the linear eigenproblem Any = Ao M (0)np.
(2) Set Uy = (I — )\QUW)_IUﬁQ.
(3) For n =0,1,2,..., until convergence, perform the following steps:
(a) Compute 7 by solving (58), i.e., (A — A M(A\,))7 = N(An) 0.
(b) Set dx = 1/, 7n)-
(c) Update:

M1 = OaT),
an—‘rl = (I - )\nruw)_1<u77n+1 + ILW(;Aun)a
Jn—&—l = an—l—l + QW<)\nan+1 + 5Aun>>

(C Tn+1, €7n+1)

Mgt =
" [[Tpr1][?

In our numerical studies in Section 6, this algorithm yields the best performance.

6. NUMERICAL RESULTS

In this section we present numerical examples to illustrate the theoretical results of
Section 3 and 4. Moreover, we investigate the performance of various algorithms proposed
in Section 5. Numerical results are presented for a square and an L-shaped domain.

6.1. Square domain. We consider the domain ©Q = (0,7) x (0,7). In this case, the
exact eigenvalues and eigenfunctions are given by A = m? + n? and u™(z,y) =
sin(max) sin(ny), respectively, for m,n € N;. These eigenfunctions have infinite regularity.

We obtain an initial mesh of 2 by subdividing it into a uniform 4 x 4 grid of congruent
squares (h = m/4) and splitting each square into two triangles by its positively sloped
diagonal. Successively finer meshes are obtained by subdividing each triangle into four
congruent subtriangles. The mesh of “level £” (h = 7/2/2) is obtained from the original
mesh by ¢ refinements.

We first present the error and order of convergence in Table 1 for some eigenmodes.
The approximate eigenvalues converge at order 2k + 2, in accordance with Theorem 2.3.
(For this example, we may choose s, in Theorem 2.3 to be as large as we wish due to the
infinite regularity.) Moreover, we observed that the proposed algorithms correctly capture
the multiplicity of the eigenvalue of the second and sixth eigenmodes.

Next, in Table 2, we report the difference between the mixed and perturbed eigenvalues
(A and \p) of § 3.2, as a function of h for kK = 0,1,2. We observe that |\, — A,| converges
at rate O(h?) (irrespective of k), as predicted by Theorem 3.2.

In Table 3, we present the convergence of both the approximate and postprocessed eigen-
functions for the first and fourth eigenmodes. The numerical results indicate convergence
of order k + 2 for the postprocessed eigenfunctions, in accordance with Theorem 4.2.

Finally, we report the performance of a few iterative algorithms considered in Section 5.
In Figure 2, we plot 9, versus the iteration level n in log scale for the first eigenmode for the
case { = 2 and k = 1. When we set the initial guess as the eigenpair of the linear discrete
eigenproblem (18), all the proposed algorithms required at most three iterations to achieve



22 B. COCKBURN, J. GOPALAKRISHNAN, F. LI, N.-C. NGUYEN, AND J. PERAIRE

degree | mesh first mode second mode fourth mode sixth mode
k l error  order | error  order | error order error  order
0 3.24e-2 —— 1.66e-1 —— 7.66e-2 —— 5.86e-1 ——
1 8.45e-3 194 | 3.60e-2 2.20 | 1.19e-1 —0.63 | 1.85e-1 1.66
0 2 2.13e¢-3 1.98 | 8.83e-3 2.03 | 3.32e-2 1.84 | 4.84e-2 1.93
3 5.35e-4  2.00 | 2.20e-3 2.01 | 8.50e-3 1.97 1.23e-2 1.98
4 1.34e-4  2.00 | 5.49e-4 2.00 | 2.14e-3 1.99 3.08e-3  2.00
0 1.78¢-3 —— | 1.13e-2 —— | 8.99¢-2 —— 7.34e-2 ——
1 1.17e-4 3.93 | 7.32¢-4 3.95 | 7.0le-3 3.68 | 5.96e-3 3.62
1 2 7.35e-6  3.99 | 4.58¢-5 4.00 | 4.63e-4 3.92 | 3.88¢-4 3.94
3 4.60e-7  4.00 | 2.85e-6 4.01 | 2.93e-5 3.98 | 2.44e-5 3.99
4 2.87e-8  4.00 | 1.78¢-7 4.00 | 1.84e-6 4.00 1.52e-6  4.00
0 2.78e-5 — 3.11e-4 —— 5.91e-3 —— 7.59e-3 —
1 4.52e-7 594 | 5.94e-6 5.71 1.10e-4 5.74 1.45e-4  5.71
2 2 7.12e-9  5.99 | 9.73e-8 5.93 | 1.80e-6 5.94 2.39e-6  5.92
3 1.10e-10  6.01 | 1.53e-9 5.99 | 2.85e-8 5.99 | 3.78-8 5.98
4 4.83e-12  4.52 | 2.51e-11  5.93 | 4.17¢-10  6.09 | 6.37e-10 5.89
TABLE 1. Convergence of the eigenvalues \.
degree | mesh first mode second mode fourth mode sixth mode
k 12 error  order | error order | error order | error order
0 7.33¢-2 —— [437e-1 —— |1.30e-0 —— |18le-0 ——
1 1.74e-2  2.07 | 1.08e-1 2.02 | 2.93e-1 2.15 | 4.31le-1 2.07
0 2 4.30e-3  2.02 | 2.68e-2 2.01 | 6.97e-2 2.07 | 1.07e-1 2.01
3 1.07e-3  2.00 | 6.70e-3 2.00 | 1.72¢-2 2.02 | 2.68¢-2 2.00
4 2.68e-4 2.00 | 1.67e-3 2.00 | 4.29e¢-3 2.00 | 6.69e-3  2.00
0 511e-2 —— |3.19e-1 —— |8.20e-1 —— |1.24e-0 ——
1 1.28e-2  1.99 | 8.01e-2 1.99 | 2.04e-1 2.00 | 3.18e-1 1.96
1 2 3.21e-3  2.00 | 2.0le-2 2.00 | 5.13e-2 1.99 | 8.0le-2 1.99
3 8.03e-4  2.00 | 5.02e-3 2.00 | 1.28e-2 2.00 | 2.01le-2 2.00
4 2.0le-4 2.00 | 1.25e-3 2.00 | 3.21e-3 2.00 | 5.02¢-3 2.00
0 3.34e-2 —— | 2.1le-1 —— | 5.52e-1 —— |873e1 ——
1 8.26e-3 2.02 | 5.18e-2 2.03 | 1.34e-1 2.05 | 2.09e-1 2.06
2 2 2.06e-3 2.00 | 1.29e-2 2.01 | 3.30e-2 2.02 | 5.16e-2 2.02
3 5.14e-4 2.00 | 3.21e-3 2.00 | 8.23e-3 2.00 | 1.29e-2 2.01
4 1.29e-4 2.00 | 8.03e-4 2.00 | 2.06e-3 2.00 | 3.21e-3 2.00

TABLE 2. The differences |\, — Ay for various h and k.

dy less than 107'2. To better see the convergence rates, we repeated by setting the initial
guess as a random perturbation of the solution of (18). The results are in Table 4, where
we report dy versus the iteration level n for £ = 1,2,3 and k£ = 1. Algorithm 5.1 appears to
converge quadratically, and Algorithm 5.3 cubically. Similar convergence behaviors were
observed for many other eigenmodes on different meshes and polynomial degrees.

6.2. L-shaped domain. To study the limitations imposed by singularities of eigenfunc-
tions, we consider the L-shaped domain Q = Q\, where Q4 = (0,2) x (0,2) and
Q= (1,2) x (1,2) are the square domains. Since 2 has a reentrant corner at the point
(1,1), the exact eigenfunctions are singular. Specifically, we may only expect (43) to hold
with s, = % — ¢ for an arbitrarily small € > 0. We shall focus on the numerical approxi-
mation of the ground state. As before, we consider triangular meshes that are successive
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eigenmode first fourth
degree [mesh || Ju—un] Tu— ] Tu =l Tu— ]

k J4 error order | error order error order | error order
0 2.43e-2 —— |5.90e-2 —— | 5.56e-1 —— |5.79e-1 ——
1 6.13e-3  1.99 | 1.50e-2 1.97 || 8.92e-2 2.64 | 9.79e-2 2.56

0 2 1.53e-3  2.00 | 3.77¢-3  1.99 || 1.99¢-2 2.16 | 2.27e-2 2.11
3 3.82¢-4 2.00 | 9.44e-4 2.00 || 4.85e-3 2.04 | 5.58e-3 2.02
4 9.55e-5 2.00 | 2.36e-4 2.00 || 1.21e-3 2.01 | 1.39¢-3 2.01
0 1.64e-3 —— |6.10e-3 —— | 2.39e-2 —— |5.09-2 ——
1 2.06e-4 1.98 | 7.66e-4 2.99 || 2.34e-3 1.94 | 6.28e-3 3.02

1 2 2.60e-5 2.00 | 9.56e-5 3.00 || 2.35e-4 1.98 | 7.70e-4 3.03
3 3.25e-6  2.00 | 1.19¢-5 3.00 || 2.70e-5 2.00 | 9.56e-5 3.01
4 4.07e-7  2.00 | 1.49e-6 3.00 || 3.29¢-6 2.00 | 1.19e¢-5 3.00
0 1.09¢e-4 —— |5.84e-4 —— | 3.05¢e-3 —— |9.09¢-3 ——
1 6.66e-6 2.98 | 3.7le-5 3.98 || 1.20e-4 2.92 | 5.86e-4 3.96

2 2 4.18¢-7 2.99 | 2.33e-6 3.99 || 6.83e-6 2.98 |3.7le-5 3.98
3 2.63e-8  3.00 | 1.46e-7 4.00 || 4.23e-7 2.99 | 2.33e-6 3.99
4 2.56e-9 3.00 | 1.04e-8 3.81 || 3.68¢-8 3.00 | 1.58e-7 3.88

TABLE 3. Convergence of the approximate (u;,) and postprocessed (u}) eigenfunctions.

FIGURE 2. A plot of J, versus n for Algorithm 5.1 (dashed line) and Algo-
rithm 5.4 (solid line) for the first eigenmode (using ¢ = 2 and k = 1).

Iter. Algorithm 5.1 Algorithm 5.4
n (=1 (=2 (=3 =1 (=2 =3
0 2.13e-0  2.03e-0 2.03e-0 || 2.75e-0  3.09e-0  3.15e-0
1 1.30e-2  3.19e-2  3.29e-2 || 5.02e-2  6.28e-2  5.93e-2
2 1.62e-4 4.23e-4 4.92e-4 || 6.07e-6  1.45e-5  1.29e-5
3 || 2.62¢-8 7.12¢-8 1.05e-7 || 4.61e-15 9.85e-15 4.24e-15

TABLE 4. The value of 9, versus the iteration level n for £ = 1,2, 3 for the
computation of the first eigenmode using k = 1.

uniform refinements of an initial uniform mesh. The initial mesh is obtained as in § 6.1 us-
ing a 4 x 4 uniform grid of €2y, except we now omit all triangles in €2;. Since the exact values
are not known, errors are estimated using the approximate eigenvalue and postprocessed
eigenfunction computed with degree k = 2 on the mesh level ¢ = 5.
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degree | mesh (1A= Anll lu — up| lu — uj]

k l error order | error order | error order
0 7.77e-1 —— [3.92e-1 —— |247e-1 ——
1 3.18¢-1 1.29 | 1.95e-1 1.01 | 7.41e-2 1.74

0 2 1.30e-1  1.29 | 9.73e-2 1.01 | 2.38¢-2 1.64
3 5.22e-2  1.31 | 4.85e-2 1.00 | 8.26e-3 1.53
4 2.06e-2 1.34 | 2.42e-2 1.00 | 3.0le-3 1.45
0 1.38¢-1 —— [1.03e-1 —— |6.23¢-:2 ——
1 5.89e-2 1.22 | 2.76e-2 1.90 | 1.67e-2 1.90

1 2 2.32e-2 1.34 | 7.61le-3 1.86 | 4.92e-3 1.76
3 8.85e-3 1.39 | 2.20e-3 1.79 | 1.56e-3 1.66
4 3.15e-3  1.49 | 6.56e-4 1.75 | 4.98¢-4 1.65

TABLE 5. Convergence history for the eigenpair (A, uy,) and postprocessed
eigenfunction uj for the L-shaped domain.

FIGURE 3. The approximate eigenfunction u;, (left) and postprocessed eigen-
function u} (right) on the mesh level ¢ =1 for k = 1.

The apparent orders of convergence for the approximate and postprocessed eigenfunc-
tion are reported in Table 5 for £k = 0 and £ = 1. The convergence rates agree with
Theorem 2.3. Furthermore, the postprocessed eigenfunction converges close to the order
4/3, in good agreement with Theorem 4.2. Figure 3 shows the approximate and post-
processed eigenfunctions on the mesh level ¢ = 1 for k£ = 1. Clearly, the postprocessing
technique visually improves the approximation of the eigenfunction even in this singular
case. Note however that Table 5 shows that improvement obtained by postprocessing is
limited by the regularity of the eigenfunction. In particular, the gain in accuracy after
postprocessing is not as significant for the k = 1 case as the k = 0 case.

REFERENCES

[1] D. N. ARNOLD AND F. BREZZ1, Mized and nonconforming finite element methods: implementation,
postprocessing and error estimates, RAIRO Modél. Math. Anal. Numér., 19 (1985), pp. 7-32.

[2] C. BAKER AND R. LEHOUCQ, Preconditioning constrained eigenvalue problems, Linear Algebra and
its Applications, 431 (2009), pp. 396 — 408. Special Issue in honor of Henk van der Vorst.

[3] D. BorFl, F. BREZzI, AND L. GASTALDI, On the problem of spurious eigenvalues in the approxzimation
of linear elliptic problems in mized form, Math. Comp., 69 (2000), pp. 121-140.

[4] E. Cancis, C. LEBRIs, N. C. NGUYEN, Y. MADAY, A. T. PATERA, AND G. S. H. Pau, Feasibility
and competitiveness of a reduced basis approach for rapid electronic structure calculations in quantum
chemistry. In Proceedings of the Workshop for High-dimensional Partial Differential Equations in
Science and Engineering (Montreal), volume 41, pages 15-57, 2007.



HYBRIDIZATION & POSTPROCESSING FOR EIGENFUNCTIONS 25

[5] B. COCKBURN AND J. GOPALAKRISHNAN, A characterization of hybridized mized methods for the
Dirichlet problem, STAM J. Numer. Anal., 42 (2004), pp. 283-301.
[6) ——, Error analysis of variable degree mized methods for elliptic problems via hybridization, Math.
Comp., 74 (2005), pp. 1653-1677 (electronic).
[7] R. G. DURAN, L. GASTALDI, AND C. PADRA, A posteriori error estimators for mized approzimations
of eigenvalue problems, Math. Models Methods Appl. Sci., 9 (1999), pp. 1165-1178.
[8] R. FALK AND J. OSBORN, Error estimates for mized methods, RAIRO, 14 (1980), pp. 249-277.
[9] F. GARDINI, A Posteriori Error Estimates for Eigenvalue Problems in Mized Form, PhD thesis,
Universita degli Studi di Pavia, 2005.
[10] ——, Mized approzimation of eigenvalue problems: A superconvergence result, To appear in Mathe-
matical Modelling and Numerical Analysis, (2009).
[11] J. GOPALAKRISHNAN, A Schwarz preconditioner for a hybridized mized method, Computational Meth-
ods in Applied Mathematics, 3 (2003), pp. 116-134.
[12] J. GOPALAKRISHNAN AND L. F. DEMKOWICZ, Quasioptimality of some spectral mized methods, J.
Comput. Appl. Math., 167 (2004), pp. 163-182.
[13] T. KATO, Perturbation theory for nullity, deficiency and other quantities of linear operators, J. Analyse
Math., 6 (1958), pp. 261-322.
[14] C. LE BRis, ed., Handbook of numerical analysis. Vol. X, Handbook of Numerical Analysis, X, North-
Holland, Amsterdam, 2003. Special volume: computational chemistry.
[15] R. S. LEHMAN, Developments at an analytic corner of solutions of elliptic partial differential equations,
J. Math. Mech., 8 (1959), pp. 727-760.
[16] L. D. MARINI, An inexpensive method for the evaluation of the solution of the lowest order Raviart-
Thomas mized method, STAM J. Numer. Anal., 22 (1985), pp. 493—496.
[17) B. MERCIER, J. OSBORN, J. RAPPAZ, AND P.-A. RAVIART, Eigenvalue approzimation by mized and
hybrid methods, Math. Comp., 36 (1981), pp. 427-453.
[18] J. E. OSBORN, Spectral approzimation for compact operators, Math. Comput., 29 (1975), pp. 712-725.
[19] A. M. OSTROWSKI, On the convergence of the Rayleigh quotient iteration for the computation of the
characteristic roots and vectors. I, Arch. Rational Mech. Anal., 1 (1957), pp. 233-241.
[20] P.-A. RAVIART AND J. M. THOMAS, Primal hybrid finite element methods for 2nd order elliptic
equations, Math. Comp., 31 (1977), pp. 391-413.
[21] A. RUHE, Algorithms for the nonlinear eigenvalue problem, STAM J. Numer. Anal., 10 (1973), pp. 674
689.
[22] R. STENBERG, Postprocessing schemes for some mized finite elements, RAIRO Modél. Math. Anal.
Numér., 25 (1991), pp. 151-167.
[23] H. WEYL, Das asymptotische Verteilungsgesetz der Eigenwerte linearer partieller Differentialgleichun-
gen (mit einer Anwendung auf die Theorie der Hohlraumstrahlung), Math. Ann., 71 (1912), pp. 441-
479.

SCHOOL OF MATHEMATICS, UNIVERSITY OF MINNESOTA, 206 CHURCH STREET S.E., MINNEAPOLIS,
MN 55455, USA.

E-mail address: cockburn@math.umn.edu

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF FLORIDA, GAINESVILLE, FL 32611-8105.
E-mail address: jayg@math.ufl.edu

DEPARTMENT OF MATHEMATICAL SCIENCES, RENSSELARE POLYTECHNIC INSTITUTE, TROY, NY 12180.
E-mail address: 1if@rpi.edu

DEPARTMENT OF AERONAUTICS AND ASTRONAUTICS, MASSACHUSETTS INSTITUTE OF TECHNOLOGY,
CAMBRIDGE, MA02139, USA.
E-mail address: cuongng@mit.edu

DEPARTMENT OF AERONAUTICS AND ASTRONAUTICS, MASSACHUSETTS INSTITUTE OF TECHNOLOGY,
CAMBRIDGE, MA02139, USA.
E-mail address: peraire@mit.edu



