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SPECTRAL APPROXIMATIONS BY THE HDG METHOD

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

ABSTRACT. We consider the numerical approximation of the spectrum of a
second-order elliptic eigenvalue problem by the hybridizable discontinuous
Galerkin (HDG) method. We show for problems with smooth eigenfunctions
that the approximate eigenvalues and eigenfunctions converge at the rate 2k+1
and k+1, respectively. Here k is the degree of the polynomials used to approx-
imate the solution, its flux, and the numerical traces. Our numerical studies
show that a Rayleigh quotient-like formula applied to certain locally postpro-
cessed approximations can yield eigenvalues that converge faster at the rate
2k + 2 for the HDG method as well as for the Brezzi-Douglas-Marini (BDM)
method. We also derive and study a condensed nonlinear eigenproblem for the
numerical traces obtained by eliminating all the other variables.

1. INTRODUCTION

We study the HDG (hybridized discontinuous Galerkin) approximation to the
following eigenproblem: Find eigenvalues A in R and corresponding nontrivial eigen-
functions wu satisfying

(1) —V-(aVu) = Au in €, u=0 on O

Assumptions are placed on a and € in Section @l Several HDG discretizations
were introduced in [§] to discretize corresponding source problems. The purpose of
this paper is to study the application of one such method to eigenproblems. The
particular HDG method considered here (referred to as the H-LDG method in [§],
but simply as the “HDG method” in this paper) is chosen for our study because
we now have a fairly complete theoretical understanding of its application to the
source problem.

Two well-known advantages of the HDG method, when applied to source prob-
lems, are reduced system size and flexible stabilization. The latter arises due to
a transparent stabilization mechanism in the definition of numerical flux. It al-
lows one to use, for example, polynomials of the same degree k to approximate
the solution v and components of its flux ¢ = —aVu. While use of these spaces
would have resulted in an unstable mixed method, the resulting HDG method is
stable, and provides optimal order approximations for all variables. To discuss the
former, namely the advantage of reduced system size, recall the process of static
condensation, which, for source problems, removes all interior variables to yield a
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“condensed” system for inter-element variables. The HDG condensed system, when
compared to condensed systems from other DG methods, is attractive because of
its smaller size and favorable sparsity patterns. One of the questions we address
in this paper is whether such condensed systems are useful in eigenproblems. Note
that the condensation process, by reducing the system size, also reduces the size
of the spectrum. How much of the spectrum can be approximated despite this
reduction is a question answered in Section Bl There, we also derive the nonlinear
equation that needs to be solved in the reduced dimensions to compute the spectral
approximations.

Apart from these results on the condensed eigenproblem, we prove convergence
results for the HDG eigenproblem in Sections Bl and @l We show that the approxi-
mate eigenvalues obtained by the HDG method exhibit no spectral pollution. They
converge to the exact eigenvalues at the rate O(h?**1), under suitable regularity
assumptions, if we use polynomials of degree at most k for all the HDG variables.
We also show, under similar assumptions, that the gap between the correspond-
ing discrete eigenspace and the exact eigenspace in L?(f2) converges at O(hk*1).
Roughly speaking, this shows that the rate of convergence of eigenfunctions in
L?(Q) is optimal for the HDG method.

These results compare favorably with many other DG eigenvalue approxima-
tions [2[I3]. The unified presentation of [2] facilitates comparison. They show
that many traditional Hermitian DG methods approximate eigenvalues at the rate
O(h?*). For non-Hermitian DG methods, they find that the eigenvalue convergence
rate is even poorer, in general no better than O(h*). The HDG method, which can
be considered to fall in the Hermitian class, yields eigenvalues that converge faster,
when compared to both the Hermitian and the non-Hermitian DG methods consid-
ered in [2]. However, let us note that the convergence rate of HDG eigenvalues (or,
for that matter, any DG eigenvalues) do not compare favorably with the O(h?++2)
convergence rate of the mixed hybridized Raviart-Thomas (HRT) method [5L0O1[16].
Our analysis also points to other differences when comparing the HDG and HRT
eigenproblems. For example, comparing Theorem [5.3] below with [9, Theorem 3.2],
we note that the extent of the spectrum recovered by the condensed system may
be shorter (up to O(1/h)) for the HDG method in comparison to the HRT method
(which is up to O(1/h?)).

The method of convergence analysis in this paper is motivated by the many
early works that developed abstract approaches to analyze approximation of eigen-
problems [6,[1T)[16,17], and in particular, the application of the abstract theory
to DG methods in [2]. The critical new tool that helps push the analysis forward
in the HDG case, and yield better convergence rates than [2], is the projection
operator of [10]. The projection allows our analysis of HDG eigenvalue errors to
proceed along the lines of similar analyses for mixed methods [5]. A few important
differences arise due to the fact that the HDG projection possesses only a weak
analogue of a well-known commutativity property. The analysis in the second as-
pect of this study, involving the condensed system, is motivated by our previous
such analysis [9] for the HRT method.

Reports of extensive numerical experiments are provided in Section 6l Of partic-
ular interest is a local and inexpensive postprocessing presented there. The post-
processed eigenvalues seem to converge at O(h2¥*+2)-rate thus making the HDG
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method competitive with the mixed method. The intuition behind the construc-
tion of this postprocessing is inherited from our previous experience with the mixed
method [9], where we proved that the postprocessed eigenfunctions have better con-
vergence rates. However, the argument used there to provide a rigorous proof does
not seem to extend to the HDG method.

In the next section, we introduce the HDG eigenproblem and essential notations
used throughout the paper. In Section Bl we show that there is no pollution of
the spectrum when approximating it by the HDG method. This result is improved
in Section @ where we establish (in Theorem [AT]) the convergence rate of HDG
eigenvalues. Section [l investigates the condensation (or hybridization) of the HDG
eigenproblem to obtain a smaller condensed nonlinear eigenproblem for the inter-
face variable, otherwise known as the numerical trace. The condensed nonlinear
eigenproblem is given in Theorem [5.3] and a closely related linear eigenproblem is
investigated in Theorem [5.41

We conclude in Section [0l with the results of our numerical studies and a brief
discussion of the eigenproblem using mixed-degree polynomial spaces.

2. THE HDG SOURCE AND EIGENVALUE PROBLEMS

Consider the Dirichlet boundary value problem (rewritten as a first order system)
of finding ¢/ € H(div,Q) and v/ € L%(Q2), given any “source” f in L?((2), such

that

(2a) 7 +avul =0 on €,
(2b) v-q'=¢ on €,
(2¢) ul =0 on ON).

All functions, unless explicitly stated otherwise, are real-valued in this paper.
Throughout, 2 C R™ is a polyhedral domain (n > 2), a :  — R™ " denotes
a variable matrix valued coefficient, which we assume to be symmetric and positive
definite at all points in 2. We assume that there is a fixed constant that bounds
the norms of a and ¢ = a~! for all z € Q, on which dependence is not tracked in
the estimates of this paper. To facilitate our analysis, we introduce notation for
the “solution operator” T : L*(Q) — L?(f2), which is defined simply by

(3) Tf:uf.

It is well known that T is compact and self-adjoint. Its spectrum, denoted by o(T),
consists of isolated points on the positive real line accumulating at zero. Clearly,
there is a one-to-one correspondence between the eigenvalues of ({Il) and those of T'.
Indeed, p is an eigenvalue of T' if and only if = 1/ for some X satisfying ().

2.1. The source problem. The HDG method provides an approximation T}, to
T. To understand this approximation, we first describe the HDG source problem
and introduce known results we shall use later. Afterward, we will present the HDG
eigenvalue problem.

The HDG method defines a scalar approximation uy to u and a vector approxi-
mation ¢ to ¢ in the following spaces, respectively:

4) Wi, = {w : for every mesh element K, w|x € Py(K)},
(5) Vi, = {¥: for every mesh element K, ¥|x € Py(K)"}.
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Note that functions in these spaces need not be continuous across element interfaces.
Above and elsewhere, we use Py(D) to denote the space of polynomials of degree
at most £ > 0 on some domain D. The subscript A denotes the mesh size defined
as the maximum of the diameters of all mesh elements.

For any (scalar or vector) function ¢ in V}, or Wy, the trace ¢|g is, in general, a
double-valued function on any interior mesh face F' = 0K+ N 0K~ shared by the
mesh elements K+ and K~. Its two branches, denoted by [q]x+ and [q]x-, are
defined by [q]x+ (%) = lim¢jo (% — €[] =) for all ¥ in F. Here and elsewhere, 7
denotes the double-valued function of unit normals on the element interfaces: on
a face F' C OK, its branch [ff]x equals the unit normal on K pointing outward
from K. For functions u and v in L?(D), we write (u,v)p = [, uv dz whenever D
is a domain of R™, and (u,v)p = fD uv dx whenever D is a domain of R*~!. To
simplify the notation, define

(v, W)z, = Z (v, W) and (v, w)ag, = Z (v, W)oK,

Keo, Keo,

where in the latter, we understand that for double-valued v and w, the integral
(v, w)gk is computed using the branches [v]x and [w]x from K. For vector func-
tions ¢ and o, the notations are similarly defined with the integrand being the dot
product v - .

In addition to the spaces V3, and W}, introduced above, our method also uses
one other discrete space My, consisting of functions defined on the mesh faces (or
mesh edges if n = 2), namely

(6) My = {p: for every mesh face F, u|p € Pi(F), and if F' C 09, pu|rp = 0}.

The HDG method defines the approximate solution ug, the approximate flux qj{ ,

and the numerical trace ng , as the functions in W}, V},, and M}, respectively,

satisfying

(7a)  (c@ ™)z — (ul, V- Pz, + (0,7 Aoz, =0, for all 7 € Vj,
(7b) —((jg, ﬁw)g, + ((Y,’; c,w)ag, = (f,w)g, for all w € Wy,
(7c) (i, qA,{Z -M)oz, =0 for all p € My,

where c?,f is a double-valued vector function on mesh interfaces defined by

(8) Zl\;{ :Cf,{—I—T(ui —n,{)ﬁ.

Note that this defines all branches, i.e., on the boundary 0K of every mesh element
K, the value of the branch of qu{ from K is [qA}fl}K = [(j}fl]K + [T]K([uﬂK - n}fl) [7i) k-
Here 7 is a nonnegative penalty function, which is also double-valued on the element
interfaces and [7]x above denotes the branch of 7-values from K. For simplicity, we
assume that any branch of 7 is a constant function on each mesh edge. It is proved
in [§] that the system () is uniquely solvable if [7]k is positive on at least one face
of K for every element K. This unique solvability result is assumed throughout
this paper. Given any f in L?(Q), the component ui of the unique solution of (7))
is used to define the discrete version of the operator T" in (B]), namely

(9) Thf = u£
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We will need a projection ITj,(q,u), into the product space Vj, x W}, originally
designed in [I0]. Its domain is a subspace of H(div,) x L?(f2) consisting of suf-
ficiently regular functions, e.g., H(div,Q) N H*(Q)" x H*(Q) for s > 1/2. When
its components need to be identified, we also write 1T}, (g, u) as (II}§, II}Y u) where
11}/ @ and II}"u are the components of the projection in V}, and W), respectively.
(Despite this notation, note that I}’ ¢ depends not just on ¢, but rather on both ¢
and u. The same applies for II}"u.) The components are defined by

(10a) (I} q, ")k = (4, ")k for all ¥ € Pr_1(K)",
(10b) (I} u,w)ig = (u,w) g for all w € P,_;1(K),
(10c) (I G-+ 7w, p)yp = (G- 7+ Tu, pyp for all u € Py(F),

for all faces F' of the simplex K. Let sy, s, € (1/2,k + 1]. We recall the following
approximation property, proved in [I0, Theorem 2.1] for integer values of s, s,

and extended to remaining values of s,, s, € (1/2,k + 1] in [7]:
For all (¢,w) € H(div, Q) N H%(Q)" x H%(Q),

(11a) T § = G ll2(x) < C R |dlmsa (1) + O bt i [ul e (1)
s h
(11b) HH}‘;VU - u||L2(K) < Ch;}‘ |u|HSu(K) +C 7_111% |(ﬂqu(K)
K

Above and throughout we use C' to denote a generic constant independent of the
mesh element sizes and the stabilization parameter 7. The notations appearing
above are defined as follows, letting Fy.x denote the face of K where 7]gk is
maximum:

max

TR =MaxTlpx, Ti =MaxT|pr\p,.., h"hx =diam(K), h= max hi.

The following error estimate is known [7,[10].

Theorem 2.1 (see [7]). Let the exact solution (¢',u’) of @) be in H(div,Q) N
H* ()" x H*(Q) for some s > 1/2. Then,

(12) lu = ufll 7 < Cllu— I} ul| 7, + b-C| 7~ IT} T
(13) 17— lle < 2/17— Y G|l

where by = max{l + hx7i + hx /7> : K € T}, and |||l = (ccj,(f)é/;h with ¢ =
ot

2.2. The eigenproblem. The HDG discretization of the eigenproblem () defines
an approximation to the eigenfunction u, € Wy, an approximation to the eigenflux
Gn € Vi, and an approximation to the eigenfunction trace n, € My, as a nontrivial
set of functions satisfying

(14a) (cqn,7) g, — (up,V-7)z, + (np, 7 Moz, =0, for all 7€ Vp,
(14Db) —(@h, ﬁw)gh + (@n - T, whaz, = M (up,w) g, for all w € Wy,
(14c) (W, @ - Moz, =0 for all p1 € My,

where @, is defined by g, = ¢, + T(’U,h - nh)fi, cf. ®). Here, A\, € R is the
corresponding discrete eigenvalue.

The unique solvability of the source problem () implies that A, is nonzero. One
can easily verify that uy, is an eigenvalue of T}, if and only if pj, = 1/A;, for some Ay,
solving ([4l). Moreover, )\, is positive as can be concluded from the next lemma.
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Lemma 2.2. T}, is self-adjoint and positive definite in L*(£2).

Proof. To show that (f,Thg) = (Tf,g), where (-,-) denotes the L?(Q)-inner prod-
uct, we calculate as follows:

(f:Thg) = (@), Vul) 7, + (@ - i, ul)oz, , by (7B) with w = Thg = uj

=(v- [f{,’u,i)gh + ((fj£ - ) i, “Z>a7h by integration by parts
= (G2, @) 7, + . Aoz, + (@] - qh> i, ul) oz, by (@) with 7= q;/
=(cq?, i)z, — @ - Aul =)oz, + @ Aul — oz, by @ with p=n]

= (cql @) 7, + (W] —n)), () — n))oa, by @).

The last expression is symmetric in f and g and is nonnegative if f = g. This
proves that T}, is self-adjoint and positive semidefinite in L?(£2). As already noted
previously, zero is not an eigenvalue of T}, hence T}, is positive definite. O

3. CONVERGENCE OF THE SPECTRUM

The convergence of the discrete eigenvalues to the exact ones is proved by estab-
lishing convergence of T}, to T' in operator norm. (Recall that T and T}, are defined
in @) and (@), respectively.) Such operator convergence was used as the basis for
the early analyses of spectral approximations using conforming methods [6,16[17].
It has also been used to analyze approximations of eigenvalue problems using older
discontinuous Galerkin methods (like the interior penalty method) [2]. To apply
this technique to the HDG eigenproblem, we need the following basic result.

Theorem 3 1 (Operator convergence). Suppose there is an s > 1/2 such that any
solution (77, uf) of @) satisfies

(15) 177 - @ + l[u || 7= s@) < Ol fllz2 )

for all f € L?(2). Then

(16) IT =Ty < e pmintsk+D)

where || - || denotes the L?(Q)-operator norm and c¢; = Cmax{l + h%(15)* +

(rmax)=2 . K € T2,
Proof. The convergence results for the HDG source problem imply
ITf = Thfllr2(e) < Cllu — I ul| 23, + 0-C|| — I} G|e, by Theorem 2T eq. (12),
< Cer k™™ M (g s ) + [ule(ey), by (D
Hence the result follows from (I3)). O

Note that assumption (IH) is a regularity assumption that holds, for example,
when s = 1 and € is a polygonal domain (with no cracks) in R2.

By virtue of Theorem B.I] and the well-known consequences of operator con-
vergence [ILI2[I7], we conclude that the spectrum of T}, approximates that of T
i.e., there is no “pollution” of the spectrum when it is approximated by the HDG
method. To formulate the statement of this approximation precisely in a form we
can use later, let us recall some standard terminology. The “gap” between two
subspaces X and Y of L?(Q) is defined by

S(X,Y) = s dist(z,Y) - dist(y, X)
7 vex l7lle2)  wey Ilylleae
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Now, suppose p is an eigenvalue of T' of multiplicity m and let I" be a positively
oriented circle, contained in the resolvent set of T', centered at u, and enclosing no
other eigenvalue of T'. Define two operators, E{ and ET, both on L2(2), by the
following integrals over I" in the complex plane:

1 1
El = —T,)"'d ET = 7{ —T) 'dz.
h 27rij€(z W) dz, omi F(’Z ) dz

Hereon, we omit the superscript I' in E} and E' as I' will always be taken as
stated above. A well-known result is that F is a projection onto the eigenspace of
T corresponding to the eigenvalue p. The discrete analogue of this result for Fj,
appears in results collected below. The collection summarizes a few consequences of
operator convergence. The arguments proving these consequences are standard [2,
T6L[17], and since they apply to the HDG context with few modifications, we shall
not repeat them. We use R(A) to denote the range of any operator A and C to
denote generic constants independent of h, but dependent on 7.

Corollary 3.2 (Convergence of eigenvalues and eigenfunctions). Let p and I" be
as above and let the assumption of Theorem 3] hold for some s > 1/2. Then, there
exists hp > 0 such that for all h < hp the following statements hold:

(1) There are exactly m eigenvalues of Ty, within I, which we count according

to multiplicity and enumerate as [ip 1, bh,25- - - 5 fbh,m-
(2) The operator Ey, is a projection onto the span of the eigenfunctions of T,
corresponding to all the eigenvalues py ; for j=1,...,m.
(3) The operator Ey converges to E as h — 0 and
(17) |E — Ey| < C|T = Tp|| < Cp™0kFD,

m

(4) The evact and discrete eigenspaces (of w and {un,;}72;, respectively) are
R(E) and R(E}), respectively. The discrete eigenspaces converge in the
sense that

(18) S(R(E), R(Ep)) < C pmin(sk+1),
5) If, in addition, the eigenfunctions of i have a higher regularity index, i.e.,
1
if
|‘§f||H5/‘r(Q) + HufHHSM(Q) < Ol fllz2c), Vf e R(E),
with s, > s, then (I7) can be refined to

1) [B = )y | < ClNT = T) g | £ Cohmintonstrn

|r(E

and, consequently, (I8) can be revised to S(R(E), R(Ey)) < Cphmin(suk+1),

4. RATE OF CONVERGENCE OF EIGENVALUES

In this section, we prove that under favorable regularity conditions, the HDG
eigenvalues converge at the rate O(h?**1) when we use polynomials of degree at
most &k > 0 for all variables. To do so, we begin with the setting of Corollary 3.2 and
refine a few estimates through a duality argument. Accordingly, we keep the same
notations as in Corollary B2 and tacitly assume throughout this section that the
assumptions in the corollary hold. In particular, recall that R(FE) is the eigenspace
of T corresponding to an eigenvalue p and py, ; are the discrete eigenvalues near p.
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Theorem 4.1. Suppose there is an s, > 1/2 such that

(20) 177N o () + ! | o) < CllF Nl L2 () Vf € R(E).
Then there is an h, > 0 such that for all h < h,,,
(21) |M — un ]| < Chmin(su,k-l—l)-i-min(s#,k).

This is the main result of this section, and in the remainder of this section, we
prove it. As we shall see, we are able to apply the needed duality techniques for this
proof, thanks to properties of the projection operator IT; (g, w) of [10], recalled in
Subsection 211 Given any eigenfunction e € R(E), let us denote its corresponding

flux by
(22) g = —aVe.
Then II}"e is the component of 11}, (ge,e) in W},. Define

Jhe = EhH,VlVe

for all e in R(F). Using these notations, we begin the analysis with the following
two lemmas.

Lemma 4.2. Ej, is a self-adjoint operator in L*(£2).
Proof. By Lemma 2.2], T}, is self-adjoint. It is well known that the spectral projec-

tion of any normal operator is self-adjoint [I5]. Since E}, is the spectral projection
of Ty, the lemma follows. O

From now on, to simplify notation, let us abbreviate the norm || [/ z2(q) to simply
| - |I, whenever it cannot be confused with the previously defined L?(§2)-operator
norm, which we continue to also denote by || - |-

Lemma 4.3. Suppose (20) holds. Then, there exists an hg > 0 such that for
all h < hg, the operators Jy, : R(E) — R(E}) and Eh|R(E) : R(E) — R(E}) are
bijections, and there are h-independent constants Cr ; such that

(23) Crallell < [ Jnell < Crz
(24) Crsllell < [ Enell < le]l,
for all e in R(E).

Proof. By item [l of Corollary B2 the gap between R(E) and R(E},) becomes less
than one when A is small enough and, consequently, dim(R(E)) = dim(R(E},)) (see,
e.g., [14, Lemma 221]). Therefore, to prove the stated bijectivity, we only need to
prove injectivity.

In preparation, we recall that by Lemma 2] E), is self-adjoint, and by Corol-
lary B2[2), E} is a projector. Hence Ej is an orthogonal projector. Orthogonal
projectors have unit norm, hence

lell,

(25) IBholl < Jloll, Vo e L2(9Q).
A second preparatory inequality we need is
(26) le = II}Yel| < C-h[lell, Ve € R(E),

with r = min(s,, k + 1). This is a consequence of (IIL)), by which
lle = I ell < Crh"(lel goue + |Gelmen ()
where ¢, is as in ([22]). Thus, (26]) follows from the regularity assumption (20).
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Let us now prove (23)), beginning with the lower bound

[Jnell = [lell = [le = En I €]l
= |le|| — |[(Ee — Ere) + Ep(e — II}) €| since e € R(E)
> lell = (B — En)e|l = lle = 1T} el by (@3)
> (1= Cn")|ell by [26) and (I9).
Therefore, the lower bound follows by choosing small enough h. The injectivity

of Jp is an obvious consequence of this lower bound. The upper bound of (23]
immediately follows by combining (26]),

I ell < (1+ Crh7)]le]l Ve € R(E),
with (2H).

To finish the proof, note that the upper bound in (24)) is already proved in (25)).
The lower bound in [24]) (and the consequent injectivity of Ej on R(E)) follows by
an simpler argument similar to the above. (Il

Proof of Theorem .1l As a first step, we define two finite dimensional operators
whose eigenvalues are p and pp ;. Let h be so small that we can conclude by

Lemmal3that J, ' : R(E,) — R(E) exists. Set T'=T)| () and Ty, = J;, " T Ju|r(m)-
Both the operators

T:R(E)— R(E) and Tj:R(E)— R(E)

are finite dimensional. 7' has u as its (only) eigenvalue of of multiplicity m. More-
over, it is easy to see that u, ;’s are the eigenvalues of Tj,. Hence, by the Bauer-Fike
theorem [3],

(27) = pn gl < CIT — T

The remainder of the proof bounds the abovg rigbt—hand side appropriately.
To this end, let f € R(E), and consider (T'— T}) f. Then,

Cral(T = T) SNl < 1Tn(T = Ti)f by (23) of Lemma A3
= |Endl Tf — ThEn L) f|
(28) = ||Ex(II}Tf — T, I} )l as Tj, and Ej, commute.

We bound the norm in ([28) by duality, as follows. By Lemmad3] any g, in R(E}R)
can be written as Fjg for some g in R(E). Therefore,

|EW (I T = TuITY f)| (En(IT}'Tf = TWIT}Y ), gn)

gn€R(E) llgnl|
~ sup (En(I)Tf — TWIl}Y f), Eng)
9ER(E) I Engll
(29) < Iy Tf —TW I f, Ehg)'
7.3 geR(E) lgll

Note that to obtain the numerator above, we used the self-adjointness of Ej, given
by Lemma 2] while to obtain the denominator, we used Lemma 3]
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It will now be convenient to split the numerator in (29) into several terms. With
f and g in R(E), we write
(I, Tf = Tpll}" f, Eng) = (I, Tf — T f, Eng) + (Tn(f — Iy f), Eng)
=ttt +ilg+1ls
where
t1=(I,Tf —Thf Eng — 9),
ty = (II,'Tf = Thf,9),
= (Th(f = 11 f), Eng — 9),
t4 = (Tu(f =1} f), 9),
and proceed to estimate the ¢;’s, beginning with ¢;. Let r; = min(s,,k +1). We
use Theorem 2Tl and ([I9) to get
t = (I u! —uf, (B ~ E)g)
< Crh"™ ([u [ o) + 167 [ @) g
< G2 £ gl
by 20).

Next, for ta, we use a previously known duality identity [10, Lemma 4.1] by
which

to = (I u! —ul,g) = (c(@ = @), 1) — 79 + (§7 — 11}/, Vu?d — V) 7,

for any wp, € Wp. The first term on the right-hand side can be bounded by
C-h* || f]l llg|l using @) and Theorem Il For the second term, we use the
standard result

inf  ||[Vud — V|| < Ch™|uf| g
w;LHElW;L Vu V| < |u?| g 0+1(Q)

with 7o = min(s,, k), to get
t2 < R | gl + O™ (1 Lrs oy + 1’ Lars ) 7l s g
< G (W + R )| gl

by the regularity assumption (20).
Now consider t3. Since T is a bounded operator in L?(2), by Theorem Bl we
have

(30) ITyoll < Crlloll - Vo€ L3(Q).
Hence,
ts = (Th(f — 0} ), (En — E)g) < C:||f = I fI] CR™ |g]]

by ([@) and @20). To control f—1II} f let us first note that u/ = uf since f € R(E).
Hence absorbing the p-dependence into C-, we can write

(31) If = I L < Coh™ (! | () + |0 [ 0)-
Using the regularity assumption (20)) again, we conclude that

ts < Ch*™[|fIl ll]l-
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Finally, consider t4. By Lemma 2.2 T}, is self-adjoint, so
ta = (f — I} f,upy)

(32) = (f =1 foup —upy g y)

where uj_, € L*(1) is the solution of the HDG method using polynomials of degree

k —1 in place of k for all & > 1, while when k = 0, we set uf_;, = 0. We may
introduce u§_; in ([B2) because of (I0D). By Theorem 2l and (20),

luf, — ool < Hluf — ull + flu = uj | < C-R™g]l.
Hence, using (B1]) also, we find that
ta < CR™F f[ gl
Combining the estimates for all #; to bound the right-hand side of ([29)), we find
from (28)) that
(T = Th) fl| < Crh™ || £
Using this in (Z7) the proof is finished. O

5. THE HYBRIDIZED EIGENPROBLEM

The main advantage the HDG method possesses over other DG methods, in
source problems, is that one can eliminate (all) the interior variables (u{b,cf,{ ) to
obtain a single equation for the Lagrange multiplier ng . Since 77}{ is defined on mesh
faces of dimension n — 1, the reduced system for n;’i can be significantly smaller in
size for high degrees k. It is natural to ask if this reduction in system size can be
carried over to the eigenproblem. In this section we study this issue. The analysis
here is modeled after [9].

First, let us review the above mentioned elimination result for the source prob-
lem. Define local solution operators 9. My, — Vi, UW: My, — W, QW (L2(Q) = Wy,
Uy : L2(Q2) — Wy, element by element, by the following two systems: For any K

in .7,

(33a) (cOu, Pk — (U, V-7 = —(u, 7 Aox  for all ¥ € Vi,
(33b) (w,V-Op) i + (7(Up — 1), wox =0 for all w € W),
and

(34a) (cOu Pk — Uy f,V-F) =0 for all 7 € V,
(34b) (w,V-QWf)K+<Tqu,w>3K:(f,w)K for all w € Wy,

The properties of these operators are amply discussed in [7,[8] and will not be

repeated. Let an(n,p) = (cOn,0p) 7, + (r(Un—n), (Un — p))az, and by(u) =
(f, Up) 73,

Theorem 5.1 (The reduced source problem; see [8, Theorem 2.1]). The functions
cj’,{ eV, u{L € Wy, and 77}: € My, satisfy [@) if and only if 7]}’: is the unique function
in My, satisfying

(35) an(nf, ) = bu(n)  for all p € My,
(36) Gl =0Onf +0uf and uf =Unf+Uf.
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Our aim is to obtain an analogue of Theorem [5.1] for the eigenproblem. To this
end, we will need the next lemma. Let

K|
K)ok
We assume throughout this section there is a mesh-independent C, > 0 such that

(dEV2hg <C, and £ <C..

This certainly holds for the most commonly used choice of 7 = 1.

die = 14+ (2™ hee) 72, e = 1 (richse) 2, Il i = llulZe

Lemma 5.2. The local solution operators satisfy the following bounds: There are
positive constants Cy and Cy (independent of hx ) such that

(37) U fll 225 < Coldf) RN fllp2xe) V fe LK),
(38) [Upllz2crey < Cretillpllnx YV u € My,

Moreover, whenever 0 < k < 1/(Co(dE )2h3%.), the operator I — kly, is invertible
and

(39) (= &)~ fllzzce

1
< 2 v f e L*(K).

Proof. The estimates ([B7) and (B8] are proved in [7]. To prove [B9), we use [B1),
by which
WU fll 22 () < VS ll22(k)>

where v = r(dE )2Coh%. By the given assumption v < 1, so the L?*(Q)-operator
norm of kU, is less than one. Consequently, I — ki, is invertible and the norm of
the inverse is less than (1 — )~ O

Theorem 5.3. Let 0 < C3 < (CoC.)~ ! and let Ay, be any positive number less than
C3/h. Then I — AUy is invertible, and moreover, A, satisfies

(40) an(mn, 1) = M (1= M U) " Wi, Up) 7, Vi € My,
with some nontrivial ny, in My, if and only if the number A\, and the functions
(41) My un = (I = MUy) " Uny,  and gy = Onp + A Gwun

together solve the HDG eigenproblem (4.

Proof. The argument proceeds as in [9], so we will be brief. Setting f = Apuy, in ()
and applying Theorem Bl (B6]), we get up, = Uny, + U (Apuy). Hence,

(42) up = (I = AUy )~ U,

where the inverse exists by Lemma B2, whenever )\, < 1/(Co(dX )?h%). Note
that the later inequality is satisfied whenever A, < C5/h because )\hCodhKTh%( <
ACoCihx < MCoCih < C3C,Cy < 1. Now, using ([@2)) in the right-hand side
of B8) and proceeding as in [9], the proof is finished. O

Theorem [(£.3] is the analogue of Theorem [B.1] for the eigenproblem. It shows,
roughly speaking, that the reduced form of the eigenproblem, namely @0), does
not lose eigenvalues up to O(1/h). In particular, the physically important lower
range of the spectrum is preserved. The difficulty with (0] is that in spite of being
a smaller system ([I4]), it is a nonlinear eigenvalue problem. Fortunately, the result
we present next shows that good initial guesses for the nonlinear eigenproblem ([{0)
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can be calculated by solving a standard symmetric generalized eigenproblem. This
standard eigenproblem is to find an eigenvalue A, > 0 and a corresponding eigen-
function 7, # 0 in M), satistying

(43) an(in, 1) = M (Ui, Upt) 7, P € My

and algorithms for solving (@3] are well developed. Although A may not equal Ay,
it is a good approximation to Ay (see Theorem [54]) and hence can be used as an
initial iterate for iterative algorithms (such as those studied in [9]) for the nonlinear
eigenproblem.

Theorem 5.4. Let 0 < C3 < (CoC.)~t and consider any eigenvalue A, of (I4)
satisfying Ay, < Cs/h. Then there are two constants, hg > 0 (depending on )\ﬁ)
and C > 0 (independent of Ay, ), such that for all h < hg, there is an eigenvalue \p,
of [ 3) satisfying
An = Al
44 _—
(1) -
Proof. The idea, as in [9], is to compare two operators which have A; and An as
eigenvalues. The operators are S,(f) : My, — My, and Sp: M), — M), defined by

an (S, ) = (I = KlUy) ™ U, Ur) 7, Yy € My,
an(Snp,y) = (Up, Uv) 7, Vy € M.

We will use S}(L”) with kK = \p, noting that the inverse of I — A\,U, appearing
in the definition of S,(L’\h) exists since A, < Cs/h (due to Lemma [52} see also
proof of Theorem [5.3)). Both operators are self-adjoint in the ay, (-, -)-inner product:
The self-adjointness of Sj, is obvious. It is also easy to see that (f,Uyg)k =
(c ﬁwg, éwf)K + (U £, Uwg)orc due to @B3), so Uy in self-adjoint in the L2()-
inner product. Therefore, S,(L’\") is self-adjoint in the ay (-, -)-inner product.

Now, Q) and [{3)) imply, respectively, that

z e O'(S}(L)\h)) and N\t € a(Sh),

hence, by Weyl’s theorem [19] on eigenvalues of self-adjoint operators, we conclude
that

< CApp h.

an (S = Sp)v, 1)
12"

(45) ]A—l—x—1] < ISP — Gylla=  sup
h h h T 0ty ey an(7,7) Y 2an (i, 1)

In the remainder of the proof, we bound the right-hand side.
By Lemma [5.2] choosing hg appropriately small, we have, for all h < hg,

an((S™ = 8)7, 1) = Ay (T — Apy) ™ Uy, Ups)

)\hCOC*hK
At U L SRRNTY FPNITRTE VY b d
< 1_)%000*}”(” A W] y B7) and (39),
< CARh|| Wy || [[Upsl]
< CAnhl[yllnllplln by @3),

where ||ulli = Y i llpllf - We now use the Poincaré-type estimate [7, Theo-
rem 3.4, ||u]|? < Cap(u, 1) to conclude that

an((S™) = Su)v, 1) < Chn b an(v,7)" an(p, 1) /2.
Returning to ({#H) and using this estimate, the theorem is proved. ([l
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6. NUMERICAL EXPERIMENTS

In this section, we present numerical results to illustrate the theoretical results
of the previous sections. We consider model eigenproblems on a square and an
L-shaped domain and compute the spectral approximations using the HDG dis-
cretization. The model problems are the same as those considered in [9] so as
to facilitate comparison with the HRT mixed method. We also present a local
postprocessing technique that enhances the eigenfunction and eigenvalue accuracy
beyond the convergence orders predicted by the theory. We begin by describing
this postprocessing in the next subsection and present the numerical results in the
later subsections.

6.1. Local postprocessing. To postprocess the eigenfunction, we are motivated
by the theoretical results that show that the approximate gradient ¢ converges at
the same order as the approximate eigenfunction uy. Accordingly, following [I8],
we define (element by element) the postprocessed eigenfunction uj € Pyi1(K) by

(46a) (Vui,Vw)g = —(c@n, Vu)k, Yw € Py (K),
(46b) (u;;, ]-)K = (uh, 1)1(,

for all elements K € .9},. A convergence theory for this postprocessing (that predicts
that u} converges at the rate O(h**+2) for k > 1) is available for solutions of the
source problem [18] and for the HRT mixed eigenproblem [9]. Next, we define a
postprocessed eigenflux ¢;* as the unique element of [Py (K)|" + &Py (K) satisfying

<((T};,k _Zjh) ﬁnu’>F :Oa VMG Pk(F)a VFgaKa

47
) (@7 — Gn,U)c =0, Vo€ [Pq(K)* ifk>1,

for all elements K € .7;,. Note that ¢ is H(div, 2)-conforming.

Using this postprocessed eigenfunction and eigenflux, we are now motivated by
the Rayleigh quotient to define the following expression for computing an approxi-
mate eigenvalue:

(aVuj, Vup) 7, + (@ - 7, u})oz,

(U‘Z’ u;kz)gh,

(48) X, =

As the numerical results below indicate, this postprocessed eigenvalue A; can be a
superior approximation to Ap.

6.2. 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™" =
sin(maz) sin(nz), respectively, for m,n € N . Clearly, the eigenfunctions are in-
finitely smooth, so the convergence rates should be limited only by the degrees of
the approximating polynomials. We obtain an initial mesh by subdividing € into
a uniform grid of 4 x 4 squares and splitting each square into two triangles by its
positively sloped diagonal. Successively finer meshes are obtained by subdividing
each triangle into four smaller triangles. The mesh at “level £” is obtained from the
initial mesh by ¢ refinements. We compute the solution of the HDG eigenproblem
in each of these meshes. The results obtained are collected below.
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TABLE 1. Convergence of the approximate eigenvalues A, for 7 = 1.

degree | mesh first mode second mode fourth mode sixth mode
k 14 error order error order error order error order
0 4.49e-2 —— | 1.26e-0 —— | 3.03¢-0 —— | 4.58¢-0 ——
1 3.45e-2  0.38 | 7.1le-1 0.82 | 1.86e-0 0.70 | 3.00e-0 0.61
0 2 2.05e-2  0.75 | 3.82¢e-1 0.90 | 1.07e-0 0.79 | 1.78¢-0 0.75
3 1.11e-2  0.89 | 1.99¢-1 094 | 5.84e-1 0.88 | 9.81e-1 0.86
4 5.74e-3  0.95 | 1.0le-1 097 | 3.06e-1 0.93 | 5.16e-1  0.93
0 5.97e-3 —— | 1.40e-1 —— | 7.35e-1 —— | 1.77e-0 ——
1 8.44e-4 2.82 1.58e-2  3.14 | 9.52e-2 2.95 2.36e-1 291
1 2 1.10e-4  2.94 | 1.84e-3 3.11 | 1.11e-2 3.10 | 2.65e-2  3.15
3 1.39¢e-5 2.98 | 2.20e-4 3.06 | 1.32e-3  3.07 | 3.08¢-3  3.10
4 1.75e-6  2.99 | 2.69e-5 3.03 | 1.6le-4 3.04 | 3.7le-4 3.06
0 1.38e-4 —— | 3.65e-3 —— | 4.15e-2 —— | 1.27e-1 ——
1 4.53e-6 493 | 1.04e-4 5.13 | 1.26e-3 5.04 | 3.51e-3  5.18
2 2 1.43e-7 498 | 3.12¢-6 5.06 | 3.82¢e-5 5.05 | 1.02e-4 5.10
3 4.50e-9  4.99 | 9.52e-8 5.03 | 1.17e-6 5.03 | 3.06e-6 5.06
4 1.41e-10  5.00 | 2.94e-9 5.02 | 3.60e-8 5.02 | 9.37e-8 5.03

TABLE 2. Convergence of the postprocessed eigenvalues A} for 7 = 1.

degree | mesh first mode second mode fourth mode sixth mode
k 4 error order error order error order error order
0 3.42e-1 —— 1.79e-0 —— | 3.56e-0 —— 5.23e-0 ——
1 2.04e-1 0.75 1.13e-0 0.66 | 2.42e-0 0.55 3.69e-0  0.50
0 2 1.09e-1 0.90 6.40e-1 0.82 | 1.48¢-0 0.71 2.28e-0  0.70
3 5.62e-2 0.96 3.40e-1 0.91 | 8.25e-1 0.84 1.28¢-0  0.83
4 2.84e-2 0.98 1.75e-1 0.96 | 4.36e-1  0.92 6.78e-1 0.92
0 2.64e-3 - 2.75e-2 —— | 1.93e-1 —— 5.04e-1 ——
1 1.51e-4 4.12 1.03e-3 4.74 | 6.60e-3  4.87 1.20e-2 5.39
1 2 8.95e-6 4.08 | 4.88e-5 4.39 | 2.56e-4  4.69 3.79e-4  4.98
3 5.42e-7  4.05 2.65e-6 4.20 | 1.18e-5 4.44 1.57e-5 4.60
4 3.33e-8 4.02 1.54e-7  4.10 | 6.17e-7 4.25 7.73e-7  4.34
0 5.40e-5 —— 7.03e-4 —— | 1.06e-2 —— 2.14e-2 ——
1 8.04e-7  6.07 | 9.39e-6 6.23 | 1.43e-4 6.20 2.14e-4  6.64
2 2 1.11e-8 6.18 1.09e-7  6.43 | 2.0le-6 6.16 2.73e-6  6.29
3 1.28e-10 6.44 1.32e-9 6.37 | 2.74e-8  6.20 3.34e-8  6.35
4 1.56e-12  6.35 | 2.19e-11 591 | 3.3e-10 6.38 | 2.88¢-10 6.86

In Table I the error and order of convergence of the approximate eigenvalues
for 7 = 1 is presented. We see that the approximate eigenvalues A, converge to the
exact values at the rate of O(h?**1). This is in good agreement with the theoretical
result of Theorem [l To compare with the HRT result, see [9, Table 1], which
shows that the HRT eigenvalues converge faster at the rate O(h2¥+2).

Curiously, however, we found that the simple local postprocessing 8] can give
eigenvalues competitive with the HRT eigenvalues. In Table 2] we present the error
and order of convergence of the postprocessed eigenvalues Aj. There is no change
in the convergence order for £k = 0 as both the approximate and postprocessed
eigenvalues converge linearly. However, observe that when k > 1, the postpro-
cessed eigenvalues converge at a faster rate of O(h?*+2). Presently, we do not have
a rigorous proof for this convergence rate. This seems to be the fastest rate we
can expect. Indeed, we also observed, in unreported experiments, that when the
postprocessing (@8] is applied to the HRT method, no further improvement in the
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TABLE 3. Convergence of the approximate (uy) and postprocessed
(u}) eigenfunctions for 7 = 1.

eigenmode first fourth
dogree | mesh | u—unllz, | Tu-wllz, || Tu—unlz, | Tu-ulz,
k 0 error order error order error order error order
0 4.19e-2 —— | 8.65e-2 —— 5.55e-1 —— | 6.1le-1 ——
1 1.97e-2  1.09 | 2.72e-2 1.67 1.68e-1 1.73 | 1.91e-1 1.68
0 2 9.46e-3 1.06 | 1.03e-2 1.40 6.83e-2 1.30 | 7.27e-2 1.40
3 4.62¢-3 1.03 | 4.65e¢-3 1.15 3.09e-2 1.14 | 3.14e-2 1.21
4 2.28e-3  1.02 | 2.27e-3 1.04 1.47e-2 1.07 | 1.47e-2 1.09
0 5.02e-2 —— 8.84e-3 —— 3.21le-1 —— 7.84e-2 ——
1 1.26e-2  2.00 | 1.14e-3 2.96 8.10e-2  1.99 | 9.23e-3  3.09
1 2 3.14e-3  2.00 | 1.44e-4 2.98 1.92e-2  2.07 | 1.13e-3  3.03
3 7.85e-4  2.00 | 1.82e-5 2.99 4.67e-3 2.04 | 1.39e-4 3.02
4 1.96e-4  2.00 | 2.28e-6 2.99 1.15e-3 2.02 | 1.72¢-5 3.01
0 5.28e-3 - 8.36e-4 - 6.98e-2 - 1.31e-2 -
1 6.70e-4 298 | 5.29e-5 3.98 || 8.10e-3 3.11 | 7.26e-4 4.17
2 2 8.41le-5 2,99 | 3.32¢-6 4.00 9.78e-4 3.05 | 4.37e-5 4.06
3 1.05e-5  3.00 | 2.07e-7  4.00 1.20e-4  3.02 | 2.70e-6  4.02
4 1.32e-6  3.00 | 1.30e-8 4.00 1.49e-5 3.01 | 1.68e-7 4.00
TABLE 4. Convergence of |Ap, — Ap| to 0 for 7 = 1.
degree | mesh first mode second mode fourth mode sixth mode
k ¢ error order error order error order error order
0 6.29e-1 —— | 2.83e-0 —— |6.65e-0 —— | 8950 ——
1 2.70e-1 1.22 | 1.40e-0 1.01 | 3.36e-0 0.99 | 4.72¢-0 0.92
0 2 1.25e-1 1.11 | 7.07e-1  0.99 | 1.72¢e-0 0.96 | 2.54e-0 0.89
3 5.99e-2 1.06 | 3.56e-1 0.99 | 8.85e-1 0.96 | 1.34e-0 0.92
4 2.93e-2  1.03 | 1.79¢-1 0.99 | 4.50e-1 0.97 | 6.94e-1  0.95
0 6.2le-2 —— | 5.26e-1 —— | 1.85e-0 —— | 3.33¢e-0 ——
1 1.41e-2  2.13 | 1.05e-1  2.33 | 3.38e-1 2.45 | 6.0le-1 247
1 2 3.37e-3  2.07 | 2.30e-2 219 | 6.70e-2 2.33 | 1.12e-1 2.42
3 8.23e-4  2.03 | 5.37e-3  2.10 | 1.47e-2 2.19 | 2.39e-2 2.24
4 2.03e-4 2.02 | 1.30e-3 2.05 | 3.44e-3 2.10 | 5.48e-3 2.12
0 3.23e-2 —— 2.09e-1 —— 5.86e-1 —— 9.78e-1 ——
1 8.11le-3 1.99 | 5.10e-2 2.03 | 1.32e-1 2.15 | 2.09e-1  2.23
2 2 2.04e-3 199 | 1.28e-2 2.00 | 3.28e-2 2.02 | 5.13e-2 2.03
3 5.12e-4  1.99 | 3.20e-3 2.00 | 8.20e-3 2.00 | 1.28e-2  2.00
4 1.28e-4  2.00 | 8.02e-4 2.00 | 2.05e-3 2.00 | 3.21e-3 2.00

convergence rate beyond the O(h?%*2)-rate was obtained. To conclude the discus-
sion on the postprocessing, see Table [3 where the error and order of convergence
of the approximate and postprocessed eigenfunctions is presented. We see that the
convergence rate of the approximate eigenfunctions is O(h**1), while the conver-
gence rate of the postprocessed eigenfunctions is O(h**2) for k > 1 and O(h*+1!)
for Kk = 0. These results illustrate that the local postprocessing is effective for
k > 1 as it increases the convergence rate of both the eigenvalue and eigenfunction
approximations by one order.

In Table M, we display the absolute value of difference between the approximate
eigenvalues )\; and the perturbed eigenvalues A of Section 5, namely |Ap — S\h\ We
see that the numbers )\, can serve as good approximations of A,. The difference
|An, —5\h| is seen to decrease with h at the rate O(h) for £ = 0. This is in accordance
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TABLE 5. Convergence of the approximate eigenvalues A, for 7 = h.

degree | mesh first mode second mode fourth mode sixth mode

k 14 error order error order error order error order
0 1.42e-1 - 1.72e-0 - 3.76e-0 - 5.45e-0 -
1 3.74e-1 —1.39 | 2.0le-0 —0.22 | 4.15e-0 —0.14 | 5.82e-0 —0.09

0 2 4.33e-1 —0.21 | 2.09¢-0 —0.05 | 4.27e-0 —0.04 | 5.91e-0 —0.02
3 4.48e-1 —0.05 | 2.11e-0  —0.01 | 4.30e-0 —0.01 | 5.93e-0 —0.01
4 4.52e-1 —0.01 | 2.11e-0  0.00 | 4.31e-0  0.00 | 5.94e-0 —0.00
0 1.29e-2 - 2.45e-1 —— 1.31e-0 - 2.47e-0 ——
1 4.44e-3  1.54 | 9.15e-2 142 | 5.57e-1  1.23 | 1.24e-0  0.99

1 2 1.38¢-3  1.69 | 2.55e-2 1.84 | 1.76e-1  1.66 | 4.64e-1  1.42
3 3.62e-4 193 | 6.56e-3 1.96 | 4.73e-2 1.90 | 1.37e-1  1.76
4 9.15e-5  1.98 | 1.65e-3  1.99 | 1.20e-2  1.97 | 3.60e-2  1.93
0 1.81e-4 - 6.85e-3 - 7.60e-2 - 2.19e-1 -
1 1.57e-5 3.53 | 6.21e-4 3.46 | 7.18e-3  3.40 | 1.89e-2  3.54

2 2 1.25e-6  3.65 | 4.24e-5 3.87 | 4.93e-4 3.87 | 1.26e-3  3.90
3 8.23e-8  3.92 | 2.70e-6  3.97 | 3.15e-5  3.97 | 8.0le-5  3.98
4 5.21e-9  3.98 | 1.70e-7 3.99 | 1.98¢-6 3.99 | 5.02¢-6  3.99

TABLE 6. Convergence of the approximate eigenvalues \;, for 7 = 1/h.

degree | mesh first mode second mode fourth mode sixth mode

k 14 error order error order error order error order
0 2.53e-1 - 7.42e-1 - 2.19e-0 - 3.57e-0 -
1 5.73e-1 —1.18 | 7.76e-1 —0.07 | 8.88¢-1 1.30 | 6.80e-1  2.39

0 2 6.68e-1 —0.22 | 1.33e-0 —0.78 | 2.18¢e-0 —1.29 | 2.75e-0 —2.01
3 6.92e-1  —0.05 | 1.49¢-0 —0.16 | 2.56e-0 —0.23 | 3.39e-0 —0.30
4 6.99e-1 —0.01 | 1.53e-0 —0.04 | 2.66e-0 —0.05 | 3.56e-0 —0.07
0 1.46e-2 - 5.70e-2 —— 3.88e-1 - 2.92e-1 ——
1 5.84e-3  1.32 | 1.95e-2 1.55 | 5.78¢-2 275 | 9.5le-2  1.62

1 2 1.59¢-3  1.88 | 6.75e-3  1.53 | 2.33e-2 1.31 | 3.05e-2  1.64
3 4.06e-4  1.97 | 1.80e-3 191 | 6.36e-3  1.87 | 8.70e-3 1.81
4 1.02e-4 199 | 4.57e-4 1.98 | 1.62e-3 1.97 | 2.24e-3  1.96
0 2.78e-4 - 1.12e-3 - 1.76e-2 - 2.47e-2 -
1 2.55e-5  3.45 | 1.82e-4  2.62 | 1.11e-3 3.99 | 2.10e-3  3.57

2 2 1.72e-6  3.89 | 1.51le-5 3.59 | 1.02e-4 3.44 | 1.42e-4  3.87
3 1.10e-7  3.97 | 1.00e-6 3.91 | 6.89e-6 3.89 | 9.97e-6  3.83
4 6.88¢-9  3.99 | 6.34e-8 3.98 | 4.39e-7  3.97 | 6.40e-7  3.96

with the estimate of Theorem However, the same difference decreases at the
rate O(h?) for k > 1, which is one order higher than that predicted by Theorem 5.3l
These results show that by solving a standard generalized eigenproblem for An, We
obtain very effective initial iterates for nonlinear iterative algorithms to solve the
condensed nonlinear eigenproblem for Aj. At the same time, we note that A by
itself does not converge to the exact eigenvalue A\ at as fast a rate as Ap.

Next, we examine the performance of the HDG method for different choices of
7. In particular, we show the error and order of convergence of the approximate
eigenvalues for 7 = h in Table[Bland for 7 = 1/h in Table[ll We observe in both cases
that the approximate eigenvalues converge at the rate O(h?*). This convergence
rate is one order less than the convergence rate of the approximate eigenvalues for
7 = 1. A theoretical explanation for this phenomena follows from ([I): When either
T=h or 7=1/h, one of the bounds in (II]) deteriorate by one order in h. When
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TABLE 7. Convergence of the approximate (A) and postprocessed
(A1) eigenvalues for the L-shaped domain problem.

eigenmode first third
degree | mesh A= An| A =A% A= Anl A =A%
k 0 error order error order error order error order
0 3.48¢-0 —— | 4.20e-0 —— 1.06e-9 —— | 1.12¢9 ——
1 2.12e-0 0.72 | 2.71e-0  0.63 7.39e-0  0.52 | 8.10e-0 0.46
0 2 1.18¢-0 0.84 | 1.56e-0 0.80 || 4.64e-0 0.67 | 5.21e-0 0.64
3 6.24e-1 092 | 8.34e-1 0.90 || 2.66e-0 0.80 | 3.02¢e-0 0.79
4 3.19e-1  0.97 | 4.29e-1 0.96 1.44e-0  0.89 | 1.64e-0 0.88
0 5.04e-1 —— 1.24e-1 —— 4.04e-0 —— 7.98e-1 ——
1 1.02e-1  2.31 | 5.93e-2 1.07 5.68e-1 2.83 | 4.43e-2 4.17
1 2 2.82¢-2 1.85 | 2.36e-2 1.33 6.19e-2  3.20 | 2.35e-3 4.24
3 9.85e-3  1.52 | 9.37e-3 1.33 7.10e-3  3.12 | 1.39e-4 4.08
4 3.77e-3 139 | 3.73e-3  1.33 8.50e-4  3.06 | 8.15e-6  4.09
0 6.93e-2 —— | 5.78¢2 —— 3.03e-1 —— | 3.91le2 ——
1 2.35e-2  1.56 | 2.36e-2 1.29 7.73e-3 529 | 3.48¢-4 6.81
2 2 9.32e-3  1.33 | 9.41e-3 1.33 2.19e-4 5.14 | 4.48¢-6  6.28
3 3.73e-3 132 | 3.75e-3  1.33 6.50e-6  5.07 | 6.13e-8  6.19
4 1.49e-3  1.33 | 1.49¢-3 1.33 1.98e-7 5.04 | 7.9e-10 6.28

these revised estimates are used in the ensuing eigenvalue convergence analysis, we
obtain the reduced O(h?*)-rate.

6.3. L-shaped domain. To study the limitations imposed by singularities of eigen-
functions, we consider the L-shaped domain ©Q = Q\€1, where Qy = (0,2) x (0, 2)
and Q; = (1,2) x (1,2) are the square domains. This domain has both singular
and smooth eigenfunctions, so offers an interesting example to study the changes
in convergence rates due to singularities. As before, we consider triangular meshes
that are successive uniform refinements of an initial uniform mesh. The initial mesh
is obtained as in the previous example using a 4 x 4 uniform grid of g, except we
now omit all triangles in ;.

Since 2 has a reentrant corner at the point (1,1), some eigenfunctions are sin-
gular. Specifically, we may only expect Theorem 4.1 to hold with sy = % — ¢ for
an arbitrarily small € > 0 for singular eigenfunctions. For this L-shaped domain
the first eigenmode is singular and the corresponding eigenvalue is calculated in [4]
as A1 = 9.63972384464540. It is interesting to note that the third eigenmode is
smooth and the third eigenvalue is known exactly as \s = 272.

The errors and resulting order of convergence for the approximate and post-
processed eigenvalues are reported in Table [1 for the first and third eigenmodes.
We observe that the convergence rate of the approximate smallest eigenvalue is at
most O(h4/ 3) which agrees with the a priori error estimate given by Theorem 4.1.
Furthermore, the postprocessed smallest eigenvalue also converges at the same or-
der 4/3 for k > 1. However, for the third eigenmode, the approximate eigenvalue
converges at order O(h?**1) and the postprocessed eigenvalue converges at order
O(h?k*2) for k > 1.

6.4. Other polynomial spaces. So far the presentation focused on the case when
the same polynomial degree k is employed to approximate the solution, the flux,
and the trace. It is interesting to examine the case of mixed degrees. Since M,
determines the size of the global system, let us hold M), fixed as set in ({@]) consisting
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TABLE 8. Summary of convergence rates for smooth eigenfunctions

Method Convergence rates

An AL qn Up uy
HDG, equal degree k > 0,7 =1 2k+1 2k +2 k+1 k+1 k+2-—9k
HDG, equal degree k > 1,7 =h 2k 2k +2 k+1 k k+2
HDG, equal degree k > 1,7 =1/h 2k 2k k k+1 k+1
HDG, Case 1, k> 1, 7=1 2% — 1 2k k k k41
HDG, Case 2, k> 1, 7=1 2k —1 2k — 61 k k k+1
Interior penalty DG [2], k > 1 2k - - k+1 -
HRT [9] (k >0, 7=0) 2k+2  2k+2 k41 k+1 k42
BDM (Case 1, k > 1, 7 =0) 2k 2k+2  k+1 k k+2

of functions of degree k on the element interfaces, while varying the degrees of W,
and V}, as follows:

Case 1. [t]x > 0 on 0K for all K € 9, k > 1, and
Wi, ={w : for every mesh element K, w|x € P,_1(K)},
Vi, = {¥: for every mesh element K, ¥|x € Py(K)"}.
Case 2. [T]g >0 on 0K for all K € 9, k > 1, and

Wi, = {w : for every mesh element K, w|x € Py(K)},
Vi, = {0 for every mesh element K, ¥|x € Py,_1(K)"}.

These cases are interesting because the source problem (7)) is uniquely solvable [8]
see eq. (3.5) and Proposition 3.2]. One can now follow the same techniques in [7]
Lemma 3.2 and Theorem 3.1] to obtain a bound for the norm of the operator Uy,
leading to results analogous to Theorem for the reduced eigenproblem in both
of these cases. On the other hand, rigorous proofs of eigenvalue convergence rates
for general 7 are yet to be developed for these cases: Ingredients (of Section M)
that need generalization include the projection satisfying ([Il) and the 7T-explicit
estimates (I2)—(13).

Nevertheless, numerical results are not encouraging in these cases. Returning to
the eigenproblem on the square described in §6.2, the convergence of approximate
and postprocessed eigenvalues in both cases, obtained with 7 = 1, are presented
in Tables[@HI21 We observe that the approximate eigenvalues converge at the rate
O(h?k=1) in both cases. It also appears that the postprocessed eigenvalues converge
at the rate O(h?*), except in Case 2 with k = 1, where A} converges at the same
rate as A\p. Comparing the results from approximation spaces of mixed and equal
degree, we find that the equal-degree spaces give two orders faster convergence rate,
so is clearly preferable in the eigenvalue context.

The special case of 7 = 0 deserves further remarks. In this case, if V}, is changed
to the (larger) piecewise Raviart-Thomas space, then the resulting HDG eigenprob-
lem is the same as the hybridized Raviart-Thomas eigenproblem. This case is fully
studied in [9]. Next, consider the special case of 7 = 0 in Case 1. Then, the HDG
formulation reduces to the (hybridized) mixed Brezzi-Douglas-Marini (BDM) eigen-
problem, for which a complete convergence theory is available in [5]. In particular,
it follows from their results that the BDM eigenvalue convergence rate is O(h2").
However, the postprocessing of §6.1] provides a way to make the BDM eigenvalues
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more competitive: We observe, in Table [[3] that postprocessed BDM eigenvalues
converge at O(h?%*2), the rate also observed for the HRT and HDG eigenvalues
after the same postprocessing.

We conclude with a summary of the convergence rates in Table B Its entries
are based on the observed and known convergence rates in various cases for the
first eigenpair of the square domain example in §6.21 Note that, as before, the
convergence of all functions is measured in the L?(£2)-norm.

TaBLE 9. Convergence of the approximate eigenvalues A, for (the
mixed-degree) Case 1 with 7 = 1.

degree | mesh first mode second mode fourth mode sixth mode
k l error order | error order error order error order
0 1.12e-0 —— | 2.68¢0 —— |490e0 —— | 7.05e-0 ——
1 5.78e-1 0.96 | 1.33e-0 1.01 | 2.50e-0  0.97 | 3.64e-0 0.95
1 2 2.93e-1 0.98 | 6.53e-1 1.03 | 1.23e-0 1.03 | 1.67e-0 1.12
3 1.48e-1 0.99 | 3.23e-1  1.02 | 6.05e-1 1.02 | 7.91le-1 1.08
4 7.41e-2  0.99 | 1.60e-1 1.01 | 3.00e-1 1.01 | 3.84e-1 1.04
0 3.41e-2 —— | 1.54e-1  —— [ 5.39%-1 —— | 813el1 ——
1 4.72e-3 2.85 | 2.13e-2 2.85 7.93e-2 2.76 1.12e-1 2.85
2 2 6.18e-4 293 | 2.76e-3 2.95 | 1.03e-2 2.94 | 1.43e-2 2.98
3 7.90e-5  2.97 | 3.49e-4 298 | 1.30e-3 2.99 | 1.78¢-3  3.00
4 9.99e-6 298 | 4.38¢-5 2.99 | 1.62e-4 3.00 | 2.22e-4 3.01
0 5.81e-4 —— | 4.88¢-3 —— | 3.56e-2 —— | 5.23e2 ——
1 1.99e-5  4.87 | 1.76e-4 4.80 | 1.31e-3 4.76 | 1.87e-3  4.80
3 2 6.44e-7 495 | 5.68e-6 4.95 | 4.25e-5 4.95 | 5.97e-5 4.97
3 2.04e-8  4.98 | 1.79e-7 499 | 1.33e-6 4.99 | 1.86e-6 5.00
4 6.43e-10  4.99 | 1.13e-8 3.99 | 4.16e-8 5.00 | 5.78e-8 5.01

TABLE 10. Convergence of the postprocessed eigenvalues A} for
(the mixed-degree) Case 1 with 7 = 1.

degree | mesh first mode second mode fourth mode sixth mode

k l error order error order error order error order
0 1.20e-1 - 3.54e-1 - 7.98e-1 - 1.06e-0 -
1 3.74e-2 1.68 | 9.45e-2 1.90 | 2.57e-1 1.64 1.98e-1 2.43

1 2 1.07e-2 1.81 2.51e-2 1.91 7.70e-2 1.74 | 3.22e-2 2.62
3 2.88e-3 1.89 | 6.55e-3 1.94 | 2.11e-2 1.86 | 6.26e-3  2.36
4 7.51e-4 1.94 1.68e-3 1.96 | 5.52e-3 1.94 1.39e-3  2.17
0 5.98e-3 —— 2.80e-2 —— 1.13e-1 —— 1.50e-1 ——
1 4.86e-4  3.62 | 2.22¢e-3  3.65 | 8.95e-3  3.66 1.21e-2  3.63

2 2 3.46e-5  3.81 1.54e-4  3.85 | 6.03e-4 3.89 | 8.4le-4 3.85
3 2.3le-6 391 1.00e-5 3.94 | 3.87e-5  3.96 | 5.40e-5 3.96
4 1.49¢-7  3.95 | 6.39e-7 397 | 2.44e-6 399 | 3.39e-6  3.99
0 7.95e-5 - 6.94e-4 - 6.15e-3 - 8.36e-3 -
1 1.42e-6  5.80 1.25e-5 5.79 1.05e-4  5.87 1.46e-4  5.84

3 2 2.37e-8 591 2.04e-7 594 1.64e-6  6.00 | 2.24e-6  6.02
3 3.77e-10  5.97 | 3.23e-9 5.98 | 2.55e-8  6.01 3.45e-8  6.02
4 6.08¢-12  5.95 | 5.04e-11  6.00 | 3.77e-10  6.08 | 5.14e-10  6.07
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TABLE 11. Convergence of the approximate eigenvalues A, for (the
mixed-degree) Case 2 with 7 = 1.
degree | mesh first mode second mode fourth mode sixth mode
k l error  order | error order | error order | error order
0 3.89%-1 —— [1.92e-0 —— |3.88¢e0 —— |6.18¢e-0 ——
1 2.15e-1  0.85 | 1.19¢-0 0.69 | 2.61e-0 0.57 | 3.88¢-0 0.67
1 2 1.12e-1  0.94 | 6.60e-1 0.85 | 1.54e-0 0.76 | 2.35e-0 0.72
3 5.73e-2  0.97 | 3.47e-1 0.93 | 8.45e-1 0.87 | 1.31e-0 0.85
4 2.89¢-2 0.99 | 1.78e-1 0.96 | 4.44e-1 0.93 | 6.89¢-1 0.92
0 1.75¢-2 —— |3.33¢-1 —— |1.19e-0 —— |2.18e-0 ——
1 2.19e¢-3  3.00 | 4.28e-2 2.96 | 1.6de-1 2.86 | 3.39e-1 2.68
2 2 2.69e-4 3.03 | 5.08e-3 3.08 | 1.88e-2 3.12 | 3.83e-2 3.15
3 3.32e-5  3.02 | 6.12e-4 3.05 | 2.23e-3 3.08 | 4.44e-3 3.11
4 4.12e-6 3.01 | 7.50e-5 3.03 | 2.70e-4 3.04 | 5.32¢-4 3.06
0 2.78¢-4 —— |857e-3 —— |897e-2 —— |219%-1 ——
1 8.71e-6 4.99 | 2.52¢e-4 5.09 | 2.52¢-3 5.15 | 5.67e-3 5.27
3 2 2.70e-7 5.01 | 7.54e-6 5.06 | 7.36e-5 5.10 | 1.60e-4 5.15
3 8.36e-9  5.01 | 2.30e-7 5.04 | 2.21le-6 5.06 | 4.75e-6  5.08
4 2.6e-10  5.01 | 7.08e-9 5.02 | 6.77e-8 5.03 | 1.44e-7 5.04
TABLE 12. Convergence of the postprocessed eigenvalues A} for
(the mixed-degree) Case 2 with 7 = 1.
degree | mesh first mode second mode fourth mode sixth mode
k 1 error  order | error order | error order | error  order
0 3.77e-1 —— 1.87e-0 —— | 3.80e-0 —— | 6.24e-0 ——
1 2.13e-1  0.83 | 1.17e-0  0.68 | 2.56e-0  0.57 | 3.83e-0  0.70
1 2 1.12e-1 093 | 6.55e-1  0.83 | 1.53e-0 0.74 | 2.33e-0 0.72
3 5.72e-2  0.97 | 3.46e-1 0.92 | 8421 0.86 | 1.30e-0 0.84
4 2.89¢-2  0.99 | 1.78e-1 0.96 | 4.43e-1 0.93 | 6.89e-1  0.92
0 2.26e-4 —— 1.95e-3 —— 1.01e-2 —— 2.36e-2 ——
1 3.18e-5  2.83 | 5.02¢-4 196 | 1.66e-3 2.61 | 3.05e-3  2.95
2 2 2.58e-6  3.62 | 4.48e-5 3.48 | 1.34e-4 3.63 | 2.15e-4  3.83
3 1.80e-7 3.84 | 3.20e-6 3.81 | 1.08e-5 3.62 | 1.52¢-5 3.82
4 1.18e-8  3.93 | 2.12e-7 3.92 | 7.40e-7 3.87 | 1.0le-6 3.92
0 4.92¢-6 —— 1.20e-4 —— 3.98e-3 —— 1.11e-2 ——
1 4.93e-8 6.64 | 7.34e-7 735 | 1.77e-5 7.82 | 7.32¢e-b 7.25
3 2 5.53e-10  6.48 | 5.59e-9  7.04 | 1.44e-7 6.94 | 8.61le-7 6.41
3 5.63e-12  6.62 | 4.44e-11  6.97 | 1.69e-9 6.41 | 1.25e-8 6.11
4 1.04e-13  5.76 | 4.01e-13  6.79 | 2.40e-11 6.14 | 1.71e-10 6.19
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TABLE 13. Convergence of the postprocessed BDM eigenvalues A},
obtained using the implementation of mixed-degree Case 1 with

7=0.
degree | mesh first mode second mode fourth mode sixth mode
k l error  order | error order | error order | error  order
0 8.30e-4 —— 2.40e-2 —— 1.35e-1 —— 2.32e-1 ——
1 3.33e-b  4.64 | 1.17e-3  4.35 | 9.96e-3 3.76 | 1.47e-2  3.98
1 2 1.65e-6  4.33 | 6.63e-5 4.15 | 6.43e-4 3.95 | 9.44e-4  3.96
3 9.31e-8  4.15 | 3.98e-6 4.06 | 4.02e-5 4.00 | 5.92e-5 4.00
0 6.54e-5 —— | 1.37e-3 —— | 1.33¢-2 —— | 2.03e-:2 ——
1 1.12e-6  5.86 | 2.62e-5 5.71 | 2.7le-4 5.62 | 4.76e-4 541
2 2 1.80e-8  5.97 | 4.31e-7 593 | 4.53e-6 5.90 | 8.60e-6 5.79
3 2.82e-10  5.99 | 6.82¢-9 598 | 7.21e-8 5.98 | 1.39¢e-7  5.95
0 5.73¢-7  —— | 1.97e-5 —— | 5.2le4d —— | 7.9le4 ——
1 2.32e-9 795 | 2.30e-7 6.42 | 2.33e-6 7.80 | 3.66e-6 7.75
3 2 7.82e-12  8.21 | 9.08e-10 7.99 | 9.36e-9 7.96 | 1.47e-8 7.96
3 3.12e-14 797 | 1.89e-12 8.91 | 3.15e-11 8.22 | 5.24e-11 8.13
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