A POSTERIORI ERROR ESTIMATORS FOR
CONVECTION-DIFFUSION EIGENVALUE PROBLEMS*

JOSCHA GEDICKE AND CARSTEN CARSTENSEN

ABSTRACT. A posteriori error estimators for convection-diffusion
eigenvalue model problems are discussed in [Heuveline and Ran-
nacher, A posteriori error control for finite element approximations
of elliptic eigenvalue problems, 2001] in the context of the dual-
weighted residual method (DWR). This paper directly addresses
the variational formulation rather than the non-linear ansatz of
Becker and Rannacher for some convection-diffusion model prob-
lem and presents a posteriori error estimators for the eigenvalue
error based on averaging techniques. Two different postprocessing
techniques attached to the DWR paradigm plus two new dual-
weighted a posteriori error estimators are also presented. The first
new estimator utilises an auxiliary Raviart-Thomas mixed finite
element method and the second exploits an averaging technique
in combination with ideas of DWR. The six a posteriori error es-
timators are compared in three numerical examples and illustrate
reliability and efficiency and the dependence of generic constants
on the size of the eigenvalue or the convection coefficient.

1. INTRODUCTION

While the numerical approximation of eigenvalues of symmetric second-
order elliptic partial differential equations (PDEs) with real eigen-
pairs is relatively well understood, much less is known about non-
symmetric problems with possibly complex eigenvalues. A posteriori
error estimators for symmetric eigenvalue problems can be found in
[Ver96, Lar00, OPW103, DPR03, MSZ06]. The convergence of the
adaptive finite element method (AFEM) for the symmetric case is
considered in [GG09, GMZ09, Saul0, CG11]. A posteriori error es-
timators for some non-symmetric eigenvalue problems can be found in
[HRO1, HR03, CHH10]. It is the aim of this paper to review the results
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of Heuveline and Rannacher in a direct approach rather than in the non-
linear setting of the DWR paradigm following [BR98, HR01, BRO3].
These results are also applicable to the averaging techniques as for the
symmetric eigenvalue problem in [MSZ06]. Numerical experiments in-
dicate that the efficiency indices for the residual-type a posteriori error
estimators depend strongly on the convection coefficient 8. There-
fore, this paper investigates the dual-weighted residual paradigm from
Becker and Rannacher [BR98, BRO1, BR03] and presents two new
dual-weighted a posteriori error estimators. The first new estimator is
based on the Raviart-Thomas mixed finite element method (MFEM)
[BF91, RT77] of first-order and the second one on averaging tech-
niques. Hence, they are named dual-weighted mixed (DWM) and dual-
weighted averaging (DWA) a posteriori estimators. The paper presents
numerical evidence that the DWR methodology in combination with
the L? interpolation scheme of [WL94] is empirical reliable and ef-
ficient for unstructured triangular meshes while [HRO1] is restricted
to structured meshes because of the approximation of the weights by
second-order difference quotients.

The convection-diffusion model eigenvalue problem reads: Seek an

eigenpair (\,u) € C x {H}(Q;C) N HE (2;C)} with
(1.1) —Au+f-Vu=Au in Q.

The given data 3 € H(div,Q;R?) is assumed to be divergence free in
the bounded Lipschitz domain 2 C R?, i.e., vadivﬁda: = 0 for all
veV:=H}(QC0).

The weak problem considers the two complex Hilbert spaces V' with
energy norm [|-| = || g1 (;c) (which is a norm on V') and W := L*(Q2; C)
with norm ||-||2¢c). The weak form reads: Seek an eigenpair (A, u) €
C x V with [Ju|| = 1 such that

(1.2) a(u,v) = Ab(u,v) for all v e V.

The bilinear form af(-, -) is elliptic and continuous in V' and the bilinear
form b(-,-) is continuous, symmetric and positive definite, and hence
induces a norm ||-|| := b(-,-)/2 on W. For the above model problem,

Il = |I"llz2(2,c) and the bilinear forms (where (-) denotes complex
conjugation) read

a(u,v) = /Q (Vu-Vo+ (B-Vu)v) de  and  b(u,v) = /Qu@dx.

Since [ is assumed to be divergence free, an integration by parts yields

[ voar—— [ (590

Q
Hence, for all v € V| it holds that

Ilvl* = Rea(v, v).
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Thus, the ellipticity constant (which is one) of the bilinear form af(-,-)
is independent of .

The analysis of the non-symmetric eigenvalue problem requires the
dual eigenvalue problem: Seek a (dual) eigenpair (A*, u*) € Cx V' with
|lu*|| = 1 such that

a(v,u*) = Xb(v,u*) forallve V.

Since the embedding of V' in W is continuous and compact, the spectral
theory for compact operators [Kat80, OB91] is applicable. The Riesz-
Schauder theorem shows that the primal and dual spectra consist of
finite or countable infinite many eigenvalues with no finite accumulation
point. In particular, the algebraic multiplicities are finite.

Throughout this paper, suppose that A is a simple eigenvalue in the
sense that the algebraic multiplicity and hence the geometric multiplic-
ity is one and that A is well separated from the remaining part of the
spectrum.

Given any finite-dimensional subspace V, C V', the discrete problems
read: Seek primal and dual (discrete) eigenpairs (Ag, ug) and (A}, u})
with [|ue]| = 1 = |Ju}|| such that

a(ug, vg) = Aeb(ug,vy)  for all v, € Vi,
(1.3) a(ve,uj) = Aib(vg,uj)  for all v, € V.

The primal and dual eigenvalues A; and A} as well as the primal and

dual discrete eigenvalues \¢; and A7 ; are connected by

A=A forj=1,2,3,... and X=X, forallj=1,... dim(V,).

The abstract a priori theory yields the following upper bounds in
terms of the maximal mesh-size Hy,

A=XNf S HPTR e -l S H Sl -l S HP

where 0 < s; <1 and 0 < s3 < 1 depend on the regularity of the pri-
mal and dual eigenfunctions [OB91, Chapter 10.3]. This paper employs
standard notation on Lebesgue and Sobolev spaces and norms. More-
over, x < y denotes an estimate x < C'y with some generic constant
C > 0, which is independent of the maximal mesh-size H,. Similarly
x & y abbreviates the inequalities z < y and y < z.

The outline of the remaining parts of this paper is a follows. In Sec-
tion 2 an optimal error estimate for the eigenvalue error is derived. For
this, the basic algebraic properties and identities of the non-symmetric
eigenvalue problem are reviewed. In contrast to [HRO01], the direct vari-
ational formulation is used, rather then the more general non-linear
DWR framework of Becker and Rannacher [BR98, BR03]. The weak
regularity assumptions and the suboptimal L? error estimate of [HRO01]
prove the L? contribution to the residual identity to be of higher-order.
Section 3 summarises some old and some new results on several a pos-
teriori error estimators, namely the residual, the averaging, and the



ERROR ESTIMATORS FOR CONVECTION-DIFFUSION EVPS 4

dual-weighted DWR1, DWR2, DWM and DWA a posteriori error es-
timators. Section 4 describes the adaptive finite element method, the
interpolation scheme, used for the calculation of the weights, and the
computation of the error estimators. In Section 5 the error estimators
are compared in numerical benchmarks on three different domains for
higher eigenvalues and various convection coefficients. Section 6 draws
some conclusions.

2. ALGEBRAIC PROPERTIES

This section is devoted to the primal and dual residual and the es-
timation of the eigenvalue and energy error in the primal and dual
eigenfunctions.

For the primal and dual discrete eigenpairs (Mg, ug) and (Af, uj), the
residuals are defined by

Resy := a(ug, ) — Ab(ug,-) € V* and Res} := a(-,u}) — Nb(-,u}) € V¥,
for the dual space V* of V. Notice that V, C ker(Res;) and V; C
ker(Res)).

It is the goal of this section to derive the following optimal error
estimate for the eigenvalue error of simple eigenvalues

(2.1) A= Ael S [IResell? + IResg?
which is valid only for H, < 1. Throughout this paper let e, := u — uy
and e) :=u* — uj.

Lemma 2.1 (Primal-Dual Error Residual Identity). Suppose that (A, )
and (N}, u}) are the discrete primal and discrete dual eigenpairs to the
primal and dual eigenpairs (A, u) and (\*,u*). Then it holds that

(A= o) (b(w, u*) + bug, uy) — bleg, €;)) = Resy(e}) + Resj(eq).

Proof. Direct algebraic manipulations and the definition of the residu-
als and using that A = A*, A\, = A} leads to

alug, u* —wl) — Aeb(ug, u* — uf) + alu — g, up) — Npb(u — g, u})
= a(ug, u*) — Neb(ug, u*) + a(u, u}) — A\pb(u, u})
= (M = A)b(ug, w”) + (A = A)b(u, up)
= (A=) (b(u,u™) + b(ug, uy) — bleg, €7)). O
Lemma 2.2. Suppose that the maximal mesh-size Hy tends to zero as
¢ — oo, then
elLrgO bes,ep) =0 and elirgo b(ug, uy) = b(u, u*).
Proof. The convergence of |le/|| and |lej| implies the convergence of

llee|| and ||e}]| to zero as £ — oo because of the compact embedding.
Hence, the assertions follow from |b(ey, €})| < |lec]|||e}]] and

[b(u, u”) = b(ue, ug)| = [b(w — ug, w”) + b(ug, u” — ug)| < [lec]| + [z .0
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Remark 2.1. Since all eigenvalues converge as H, — 0, A\, is, as A, a
simple eigenvalue for sufficiently small H,. For a vector z € R™ let
2" denotes its complex conjugate transposed vector. The condition
number 1/|yf Byxy| of the discrete eigenvalue ), is defined for right
and left eigenvectors z, and 1, of the algebraic eigenvalue problems

Agre = NBery and  y/ A, = Ny By,

with non-symmetric convection-diffusion matrix A, and symmetric pos-
itive definite mass matrix B, [GV96, Section 7.2.2]. It is known that
yH Bz, # 0 for simple eigenvalues and that |y/ Byz,| > 0 if the simple
eigenvalue is well separated from the remaining part of the spectrum.
Hence, for well separated simple eigenvalues considered in this paper,
it is reasonable to assume b(u,u*) # 0. Furthermore, 1/|b(u, u*)]| is the
condition number of the continuous eigenvalue A and

|b(u, u*) + b(ug, up) — bleg, €;)| — 2|b(u, u*)| as H, — 0.

Suppose that A is simple such that b(u, u*) # 0 and let £ > 1 be such
that the maximal mesh-size H, of the triangulation 7, is sufficiently
small, i.e.,

(2.2) max{||ec[|, [lez]|[} < min{l, |b(u, u")[/2}.
Then |b(u, u*)| < |b(u, u*) + b(ug, u;) — bleg, e))| < 3, where the lower
bound follows from
|b(u, u*) 4+ b(ug, uy) — bleg, €))|
= 12b(u, u*) — b(u, u* —uy) — b(u — ug, u")|
> 2|b(u, u™)| — |b(u, u* — uy) + b(u — up, u™)|
> 20b(w, u”)| = [lulllleg]] — flu*llllec
= 2[b(u, u")| — flez]l — llecl]
and (2.2). Thus for simple eigenvalues A it holds that
(2.3) A — X\ = |Res(ey) + Resj(ef)].
This implies the suboptimal eigenvalue error estimate

(2.4) A=Al S IResef]+ + [[Resg].

Remark 2.2. The proof of the following Lemma 2.3 applies a suboptimal
L? error estimate that is based on the weak reqularity assumption of
the eigenvalue A with the eigenspace F(\). That is a condition on

a/\('v ) = CI,(-, ) - )‘b(v )
on the quotient space V/E()) in the sense that

ol <0y sup 12

———— for all w € V/E()).
vev/Ey IVl
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The constant C'\ depends on the distance of A to all other distinct
eigenvalues and does not depend on the mesh-size. This weak regularity
assumption implies the suboptimal L? error estimates [HRO1, (70)-(71)]

(2.5)  leel] S [Resefl« +[A = Al and  [lez ]| S [[Resgll« + [A = Ael.

Lemma 2.3 (Energy Estimate). Suppose that b(u,u*) # 0, the maz-
imal mesh-size Hy is sufficiently small according to (2.2), and (A, we)
and (X}, u}) are the discrete primal and discrete dual eigenpairs to the
primal and dual eigenpairs (A, u) and (X*,u*). Then it holds that

llecl + llezll < I Besell« + | Resg .

Proof. Since b(u,u) = 1 = b(uy, ug), the eigenvalue equations (1.2) and
(1.3) imply that

aleg, eq) = X+ Xp — Nb(u, ug) — a(ug, ).

The relation A\pb(ue, u) = Aeb(u, ug) = A\eRe b(u, ug)—ieIm b(u, uy) leads
to

aleg, e0) = (A4 M) (1 — Reb(u,ug)) + i (Mg — N)Im b(u, uy)
+ Aeb(ug, u) — a(ug, u).
From 0 = Im||u||? = Im b(uy, u,) it follows that
aleg,er) = (A 4+ Ao)(1 — Reb(u,up)) + i (e — N)Imb(u — g, up)
+ Aeb(ug, u) — alug, u).
Since
2Re b(u, ue) = [lull* + fluell* — llecl|* = 2 — [leell”,

this implies

A4 A

(26) ledl? = Rea(er.er) < [Ress(ea)| + A — Mlee] + 252 ey 2
The suboptimal estimates (2.4) and (2.5) imply
(2.7) A=A+ lleel] S lIResell + [[Resy .
Since [|.|| < |||, the inequalities (2.6),(2.7) yield

llecll < IResell. + [[Resg]]...
Similarly it follows that

lezll < Resell + [[Resg . 0

Theorem 2.4 (Eigenvalue Error Estimate). Suppose b(u,u*) # 0, the
mazximal mesh-size Hy is sufficiently small such that (2.2) holds and let
(Ao, up) and (Nj,up) be the discrete primal and discrete dual eigenpairs
to the primal and dual eigenpairs (A, u) and (N\*,u*) for the simple
eigenvalue X. Then it holds that

A= Nl S I Reslls + | Resg I3
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Proof. The aforementioned estimate (2.3), the Cauchy-Schwarz inequal-
ity and Lemma 2.3 lead to

A= Xl S [Rese(e;)] + [Resg(er)| S IResells + [[Resy 2. 0

3. A POSTERIORI ERROR ESTIMATES

This section is devoted to the residual, averaging and dual-weighted
residual a posteriori error estimators for the eigenvalue error of simple
eigenvalues. The first two residual and averaging based a posteriori
error estimators make use of Theorem 2.4

A=Al S IResell? + IResp -

Here, the dual norms of the primal and dual residuals are bounded
separately. The DWR based a posteriori error estimators are derived
from the asymptotic estimate (2.3) for simple eigenvalues,

A — \¢| = |Res(€}) + Res; (e/)],

where the constant tends to 1/(2|b(u,u*)|) as H, — 0. In general the
dual-weighted error estimators avoid any additional inequality, such
as approximation properties, with unknown constants. Thus, they are
robust with respect to strong convection which is also confirmed by the
numerical examples in Section 5. One question that arises from the
computation of Res(e}) or Resj(e) is the calculation of the unknown
errors ¢, and ej. The rather heuristic approach of [BR03] states that
it is numerically reliable and efficient to approximate these quantities
which occur only in the weights. The idea is that one does not need
to approximate the weights with higher accuracy than the size of the
residual terms. In practice, the unknown primal and dual solutions
u, u* are replaced by solutions of a higher-order method or by higher-
order interpolation. In Section 4 a higher-order interpolation ansatz
for general triangular meshes is described which leads to numerically
reliable and efficient dual-weighted a posteriori error estimators.

Throughout this paper, suppose (7;), is a family of shape-regular
triangulations of 2 into triangles, i.e. each T € 7T, is a closed triangle,
Q= UTen T, for any two distinct triangles 77,75 € T, and Ty N1 is
either empty, a common vertex or a common side. Suppose that the
minimal angle of every triangle is uniformly bounded from below. The
conforming finite element space of order k € N for the triangulation 7,
is defined by

Pu(Te) := {v e H'(C) : VT € T;, vris polynomial of degree < k} .

Let Vy :=P1(Te) NV and hy € Py(Te) be such that hyr := diam(T") for
all T' € T,. Given a triangulation 7, define &, as the set of inner edges
and N, as the set of inner nodes. Let hy := diam(7T) for T € T, and
hg = diam(E) for E € &. The jump of the discrete gradient Vu, €
Po(T¢)? in normal direction vg along an inner edge 9T, NIT_ = E € &,
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for T',, T € Ty, is denoted by [Vu] - vg = Vug|r, - vg — Vuglr. - vg
and [Vuy] - vg = 0 for boundary edges £ C 0f).

3.1. Residual Estimator. The first a posteriori error estimator is the
residual error estimator from [HRO1].

Lemma 3.1. Let (\y,up) and (N, u}) be the discrete primal and dis-
crete dual eigenpairs to the primal and dual eigenpairs (A, u) and (A*, u*).
Then it holds that

IResell? S Y W8 - Ve = Mewel oy + Y hill[Vued - vel ),

TET, Ec&,
| Res; |2 < Z hzll=8 - VU—? - )‘ZUZH%Q(T) + Z hEH[VU_ﬂ : VEH%Q(E)
TeT, Ee&y

Proof. Let v, denote the Scott-Zhang interpolation of v onto V,. Then
it holds that

Resg(v) = Resg(v — v) = alug, v — vg) — Neb(ug, v — vp)

=Y [ Ve VT + (3 V) T = [ wTnds

TET, T
= Z / B Vup — Apwg) (v — vg)dz + Z / ([Vue] - vg) (v —vy)ds.
TeT, Ee€&,

The approximation property of the interpolation operator [SZ90]

(B1) Dol (v = vliay + Y105 (0 = vl 7e) S Tol?

TeT, Ee&y

and the Cauchy-Schwarz inequality yield
ReSg Z hTHB VUg )\[Ug”[g ||h (U — UE)HL2

TeT,
1/2 —1/2
+ 3 W IVue] - vell s 1hg" (0 = ve)ll2s)
Ee&y
1/2
< (Z W26 - Vg — Awe!lizm> o]l
TeT,
1/2
+ (Z he|| [V - VE\|%2(E)) o).
Ee&y

For the second assertion notice that the dual bilinear form a*(u*,-) :=
a(-,u*) reads in the model problem

a*(u*,v) = a(v,u*) = /Q (Vo - Vu* + (8- Vo)u*) dz.
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An integration by parts leads to
a*(u*,v) = / (Vu* - Vv — (8- Vu*)v) de forallveV.
Q

The same arguments as for the first assertion lead to the assertion for
[Reszl-
g

3.2. Averaging Estimator. The averaging technique concerns oper-
ators A : Py(Te)* = {V2 NC(2)?} with the model example

1
A(Vug) = ol (/ Vg da:) 0.
2€Ny ? w2

Here and throughout this paper, ¢, denotes the nodal basis function
for an inner node z € N,. Alternative averaging operators from [Car03]
could be employed as well.

Lemma 3.2. Let (Mg, us) and (N;,u;) be the discrete primal and dis-

crete dual eigenpairs to the primal and dual eigenpairs (A, w) and (A*, u*).
Then it holds that

[ Resel. < llne(—div(A(Vur)) + 5 - Vg — M) e
+ | A(Vue) — Vg 120,

Resill S e~ din( ACVE)) — B Vg — T szco
+IAYE) - Vil

Proof. Asin the previous lemma, let v, denote the Scott-Zhang interpo-
lation of v onto V,, since A(Vuy) is globally continuous the divergence
theorem can be applied. This yields

Resy(v) = Resg(v — vp) = alug, v — vp) — Neb(ug, v — vy)

_ /Q (Vg — A(Vay)) - V(o =0p)de
_ /Q div(A(Vu)) (7 =7)dx

+ / (B - Vg — M) (v — vg)d.
Q

Holder’s inequality leads to
Resy(v)
<Y bl =div(A(Vu)) + B - Vg — M| 2y |hg (v = vo) | 2y

TeT,

+ Z Ve — A(Vug)|| 2y |V (0 = v0) || 21y

TeT,
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Using the stability and the approximation property (3.1)

Do IVorliagy STl and Y llhz! (0 = vo)llFay S ol

TeT, T€eT,
together with the Cauchy-Schwarz inequality yield

ReSg(U) S (th(—le(A(VUg)) + B -Vu, — )\gUg)HLz(Q)
+ [[A(Vue) = Vuell2ie) Iv]l-

In the same way one proves the assertion for ||Resj]|. O
3.3. DWRI1 Estimator. The first DWR a posteriori error estimator

(DWRI1) is derived from the DWR ansatz as in [HRO1] or [BRO3] plus
a result from [Car05].

Lemma 3.3. Let the eigenfunctions u,u* € H*(Q) N H3(T;), H*(T;)
denote the broken space of piecewise H? Sobolev functions, (g, ue) and
(A}, uy) be the discrete primal and discrete dual eigenpairs to the primal
and dual eigenpairs (A, u) and (\*,u*), and

nr = ||B - Vug — Apug|| L2 () + he' 2| [ Vg - vell2om),
e = || =B - Vg — Nug | r2ry + b V] - vil|2om)-
Then it holds that

| Reso(e7)| + | Resj(e)| £ hilnrll[Vuy] - vell 2 ea,)
TeT,

3/2 «
+ > BV - vl e, ) + HOT
TeT,

for suitable fized subsets Qr C ), which contain T € T,, with skeleton
U&a,, and a higher-order term

HOT: Z h%’r]THV@Z”LQ(QT) + Z hQTT]}HVegHLz(QT)
TeT, TeT,

(3.2)

Proof. Suppose u € H?(Q), then integration by parts and Holder’s
inequality show that

R,eSg< / VUg (U - ’Ug) (B VU[ )\ng)(’U - Ug)d

TeT,

< Z( B2 g - vl b o — vellpeor,

TeT,

+ ||B . VU( — )\gUg||L2(T)||U — UZHL?(T))

< Z Nrwr.

TeT,
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Here, nr is as defined in (3.2) and

1/2’

wr = HU_UKHLQ(T) +h |U_U€”L2(8T)-

Let v, = Zy,v € V, be the nodal interpolant of v. The interpolation
estimate [BS02]

v — IEUHZE + hrllv — IEU”H o) S hi HD2U||L2(T)
leads to

Resy(v Z hanr || D*0|| 27,
TeT,

In [HRO1] D?v is locally approximated on each quadrilateral @ by
D?vy|g using finite differences. While this is an appropriate ansatz for
structured meshes, for general triangular meshes considered here this
is not suited. In [Car05] it is shown that v € H3(7;) implies

—1/2 1/2
1D?v]|2zy < exhiII[Vod - vell 2 en,) + 2 V(0 = vl o,

The constant ¢; depends on the shape of elements and c; on ||v|| g3y
This leads to the estimate

Rese(ef)| S D by “nell[Vui] - velli2en,) + HOT,
TeT,

with higher-order term

HOT = hinrl|Veil| 2or)-
TeT;

Note that the jump term is formally equivalent to the energy norm and
that HOT involves an extra factor of th/ ? compared to the other term
of the estimate. Following the argumentation for the primal residual
yields the assertion for the dual residual

Resj(e)| £ > b * i ll[Vudl - vell 2 eq,) + HOT,

TeT,

with the higher-order term

HOT = 3 hini || Vel 2. -

TET,

Remark 3.1. From the theory in [Car05] it remains open to choose the
fixed size of the patches Q1 containing T' € 7,. However, the numerical
examples of Section 5 suggest, that, surprisingly, Q2 = T and thus
U&aq, = 9T might be sufficient. This seems to be in agreement with
[BRO3].
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3.4. DWR2 Estimator. The second DWR estimator (DWR2) ac-
cording to [BRO3| reads as follows. Observe that this error estimator
involves the unknown exact primal and dual errors e, and €;. In the
numerical examples of Section 5, these errors will be approximated by
the interpolation described in Section 4.

Lemma 3.4. The unknown exact errors e, and €} satisfy

|Resy(e;) + Res;(es)]

Z /T(ﬁ - Vg — Apug)ejda + Z /E([VW] -vg)eds,

TET, E€&,

+ D /T(—ﬁ'Vu_Z—W>eedx+ > /E([Vu_}‘]-ug)egds

TET, Ee&,

Proof. An integration by parts leads to

Rese(€)) = a(ug, u™ — uy) — Aeb(ug, u* — uy)

— Z /T(B - Vg — Aug) (u* — uj)de

TeT,

+ Z /E[Vw] -vg(u* — uj)ds.

Ee&

Similarly,

Res; (es) = a(u — ug,uj) — Npb(u — ug, u})

-y / (=8 - Vg — Xgug) (u — ug)d

TeT,

+ Z /E[Vu_’g] ~vp(u — uyp)ds. O

Ec&y

3.5. DWM Estimator. Utilising the non standard Raviart-Thomas
solution of an auxiliary problem leads to a new approach for a dual-
weighted a posteriori error estimator. Note that this error estimator
involves the unknown exact primal and dual errors e, and e_’g as well as
their unknown gradients Ve, and Ve;. In practice these errors need to
be approximated as described in Section 4.

Lemma 3.5. Let the two mized finite element functions (qu,ur) €
RTy(Te) x Po(Te) and (qys, uhy) € RTo(Te) x Po(Te) be the solutions of
the equilibrium conditions
—div(gy) + B qu = fein Q and qy — Vuy =0 in Q,
—div(gy) — B-ay = f; mQ and gy — Vuy =0 in Q,
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with right-hand sides fy, f; € Po(Te) given by fyr = h;2 fT Aoty and
f€|T = hy” [, \jup for T € Ty. Then the unknown exact errors e; and
e; satisfy

|Resy(e;) + Res;(eq)]

< /(Vuz —qu) - Vepdr + /(Vu; —qi;) - Veudz
0 Q

/B (Vug — qur eZdw—/ﬁ Vue qip)eedz| + HOT,

with the higher-order term

HOT =

(fe — Newe)ejdr + /(fe uy)eedx| .
Q

Proof. By the definition of the auxiliary problem for ¢,; and integration
by parts it holds that

Resy(e}) = /QVW - Vepdr + /Q(ﬁ -V — Mwg)ejda
- /Q (Ve — qur) - Veide + /Q B+ (Ve — qu)eida
+ /Q(fg — Mewg)ejdz.
Element-wise Cauchy and Poincaré [PW60] inequalities yield

/ (o — Aewe)@gda < | fo — Aeue|lI<F]
Q

1/2
(ZhTIIANme ) ez -

TeT,

suH

Note that |lej|| is of the same convergence order as |A — X\y| and that
the last term involves an additional term of order O(Hy). Therefore,
this term is formally of higher-order compared to |\ — A\¢|. The same
argumentation leads to

Resy (er) :/vu_}"vefdx‘l—/(—ﬁ-Vu_Z—)\juz)egdx
Q Q

= /(Vu;f —¢3y) - Veudr — / B (Vu; — q;y)ecdz
0 0

/ (FF = Nub)euds.

The last term is again a formally higher-order term. U
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3.6. DWA Estimator. The second new a posteriori error estimator
makes use of the ideas of the DWR2 estimator. The new aspect pro-
posed here is not to use integration by parts to obtain a residual term
but to involve the averaged gradients A(Vu,) and A(Vu}) and then
to do integration by parts. Again this error estimator involves the
unknown exact primal and dual errors e, and €} which have to be ap-
proximated as described in Section 4.

Lemma 3.6. The unknown ezact errors e, and € satisfy

|Res(e;) + Res, (e

/Q(VW — A(Vuwy)) - Vejdr + /(Vu_j — A(Vu)) - Veudz

Q

+ [ (CdiA(Tu) + 6 Ve = )i
Q

+ [ (AT - 5 Vi - Kuends
Q

Proof. An addition and subtraction of the averaging term A(Vu,) and
an integration by parts yields

Resy(e)) = a(ug, u* — uy) — Ab(ug, u™ — uy)

_ /Q (Vue — A(Vup) - Verda

+ /(_diV(A(VW)) + B Vg — Mug)ejda.
0

Analogously it follows

Resj (e¢) = a(u — e, u7) — Njb(u — ug, uy)

= /(Vu_’g — A(Vu})) - Veudz
Q
+ /(—diV(A(Vu_}f)) — B Vu; — Nup)eedz. O
Q

4. ADAPTIVE FINITE ELEMENT METHOD

The adaptive finite element method (AFEM) generates a sequence of
meshes 7o, 71, . .. and associated discrete subspaces Vo C V1 C ... CV
with discrete primal and discrete dual eigenpairs (A, ug), (Aj,uj). A
typical loop from V; to V.1 consists of the steps

SOLVE — ESTIMATE — MARK — REFINE.

4.1. Solve. The primal and dual generalized algebraic eigenvalue prob-
lems

Agre = NBery and  y[ A, = Ny By,
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wr

FIGURE 1. Interpolation points for the element patch
wr to the triangle T € T,.

are solved with an algebraic eigensolver. Here, the coefficient matrices
are the non-symmetric convection-diffusion matrix A, and the symmet-
ric positive definite mass matrix By. The right and left eigenvectors z,
and gy, represent the eigenfunctions

dim(V) dim (V)
3
Up = E T kPEk and Uy = Yo,k Pk
k=1 k=1

with respect to the basis (1, ..., @daimv,)) of Vi

4.2. Estimate. Since the weight-terms e, and €] in the dual-weighted
a posteriori error estimators involve the unknown solutions u and u*,
they have to be approximated. In the following experiments those
functions are approximated by averaging A(uy) € Pa(T;) of uy € Pi(Ty)
and A(uj) € Py(T;) of uj € P(T;) on the mesh 7,. In contrast to
the recovery of a gradient as in [ZZ92], the L? recovery of [WL94] is
used here which is similar but uses different interpolation points. The
post-processing is based on element patches wr := U,~rw, for T' € Ty,
where w, 1= Upeg,..crT is the nodal patch. The nodal and edge de-
grees of freedom for the interpolated P,(7;) function are computed for
each element separately by a global least square quadratic polynomial
fitting. The interpolation points for the least square fitting are the
nodal points of wr as displayed in Figure 1. After all local values are
computed, a global P,(7;) function is obtained by taking the arithmetic
mean values for each node and midpoint of an edge of 7.

In [BE03] an alternative way of computing the estimator npwro based
on nodal values is presented. The analysis of this error estimator makes
use of a special interpolation operator. This operator assumes that the
mesh 7, results from uniform refinement of a coarser mesh and considers
the nodal values as values for a higher-order P, basis on the coarser
grid. The interpolation scheme presented here does not assumes any
structure of the mesh.

The step ESTIMATE of the AFEM loop involves an appropriate
a posteriori error estimator. In the numerical examples of Section 5
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the following error estimators are compared. Since the residual iden-
tity depends on the eigenvalue condition number the condition number
needs to be approximated for efficient a posteriori error control with
efficiency indices close to one. In Section 5 it is shown empirically that
the approximation 1/(2b(us, uy)) is efficient.

The first a posteriori error estimator is the residual estimator

1
= hZ||3 - — Ag||3s
TR Db (g, )| (Z < Pl Ve = devellzaen

TeT

+ > hall[Vud - vallia s + b7l =8 - Vg = Xuil 72

ECT

S bl [V uEuiz(E)>>.

ECT

The second a posteriori error estimator is the averaging estimator

1 2 . 2
TN b (g, up)] ( 2 (hTH—dW(A(VW)) + 8- Vg = Mg

TeT
+ |A(Vue) = Vgl 2o ory + hzll=div(A(VY;)) — B - Vi — Nugl| 7z

LAV - Vu_zn%zm))

The third a posteriori error estimator is the DWR1 estimator where
the higher-order terms are neglected

1 *
MeDWRI = =<7 ( Z hgT/2 (UTH[VW] -V L2 0m)

200 )| \ 2

+ 07V - VE||L2(aT))> :

with nr and 7} from (3.2).

The fourth a posteriori error estimator is the DWR2 estimator where
the unknown solutions in the weights, v and u*, are interpolated by
A(uj) and A(uj) as described above

Z/ (V] - ve) (AW} — uf)ds

Ne,DWR
2T 2|b g, Uy )| ot
—l—Z/ (Vui] - ve)(A(ue) — ug)ds
Ee&y

+ ) / B - Vg — M) (A(u)) — uf)da

TeT,
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+ 3 [ (-0 Vi - N (Alw) — ).

TET,

The local refinement indicators read

nr = /(5 Vg = Aue) (A(y) — up)da

n /E ((Vue] - v)(AE) — T)ds,

EcoT

[ 6V T ) — s

£ (09 A — s

EecoT

They are only necessary to determine the set of marked edges for re-
finement.

The fifth a posteriori error estimator utilised the auxiliary Raviart-
Thomas mixed solutions ¢y and ¢}, and the averaged gradients A(Vuy)
and A(Vuj)

1
2[b(ug, u)]

+ /Q(VWk — i) (A(Vuy) — Vug)dx

Tle,DWM =

/Q (Ve — qur) - (A(VE) — Vizg)da

T / B (Ve — qur) (A(TF) — )de

- / B - (V= i) (Alug) — ue)da|

where the higher-order term is neglected. The local refinement indica-
tors read

= / (Ve — qui) - V(A(VE) — Vi) da
+ /T (Vui — i) - (A(Vuy) — Vug)de
+ [ B (Vu— qu)(AG) ~ o

- [ 5+ (= A — wo)da].

The last a posteriori error estimator uses both averaged gradients
A(Vuy) and A(Vu}) as well as interpolated L? functions A(uj) and
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d : green 3 blue-1 ft3 blue—right3
A1, N AN, X
AV AN 2 1 2 1 2
4 4 4 4
FIGURE 2. Refinement rules: sub-triangles with corre-
sponding reference edges depicted with a second edge.

A(uj) for the weights

1

MeDWA = 5777
2[b(ue, ug)|

[ (= AT w) - (AT = i)
+ [ (Vi = AV - (A(Vu) — Tug)da
+ [ (AT u) + 8 T = M (AGE) — e
+ [ (~div(ATR) 5 Vi = Xui) (Aur) = wdo
Here, the local refinement indicators read

nr =

| (V= AT w0 - (A - V)i
+ [ (Vi =~ AT - (AT = Tur)ds
+ /T (—div(A(Vu))8 - Vg — o) (A() — uF)de

T / (—div(A(V) — B - Vi — Neug) (A(ug) — ue)da.

4.3. Mark. Based on the refinement indicators, the set of elements
M, C 7T, that are refined is specified in the algorithm Mark . Let M,
be the set of minimal cardinality for which the bulk criterion [D6r96],

0y nr< >

TET, TeEM,;

is satisfied for a given bulk parameter 0 < 6 < 1.

4.4. Refine. Given the set M, C 7T, of marked elements, mark all
edges of elements in M, for refinement. The closure algorithm com-
putes a superset of refined edges such that once an edge of a triangle
is marked for refinement its reference edge is marked as well. The re-
finement 7T,,, is obtained by application of the refinement rules from
Figure 2.
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i

Minouh \
L

FIGURE 3. Primal (left) and dual (right) discrete solu-
tion for 8 = (3, 0) on adaptively refined meshes generated
by n¢r on the unit square with about 500 nodes.

el *\‘\ i || —&— p=(1,0) (uniform)
+ O B=(1,0) (adaptive)

\%——f—w,i O T I S NS R —H&— p=(5,0) (uniform)

T - B=(5,0) (adaptive)

+ —>— B=(10,0) (uniform)

X - B=(10,0) (adaptive)
B=(15,0) (uniform)
p=(15,0) (adaptive)
—+— $=(20,0) (uniform)
+ - Bp=(20,0) (adaptive)

1/(b(u,u }+b(u,uy)-b(u-u,u'-u;)

-
o
©

FIGURE 4. Eigenvalue condition numbers for different
values of 5 and sequences of uniform and adaptive meshes
generated by 7, g on the unit square.

5. NUMERICAL EXPERIMENTS

This section is devoted to numerical experiments and the empirical
evidence of reliability, efficiency and stability for higher eigenvalues and
strong convection coefficients. The numerical experiments on the unit
square investigate the validity of the residual identity of Lemma 2.1
and the efficiency of the proposed eigenvalue condition number ap-
proximation. The experiments of the L-shaped domain investigate the
stability of the a posteriori error estimators for higher eigenvalues and
the experiments on the slit domain their robustness in /.

5.1. Unit Square. As first example consider the convection-diffusion
eigenvalue model problem (1.1) on the unit square © = (0,1) x (0,1).
For constant convection coefficient 3, the exact eigenvalue with smallest
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O Ik—kll for p=(1,0) (uniform)
3 O =\ for p=(1,0) (adaptive)
—8— Iall for p=(1,0) (uniform)

0 I«SII for B=(1,0) (adaptive)
— Ik—kll for $=(10,0) (uniform)
1 x Ik—kll for f=(10,0) (adaptive)

IBII for $=(10,0) (uniform)

A=), 19

. Iall for p=(10,0) (adaptive)

4] —F Ik—kll for p=(20,0) (uniform)

+ Ik—kll for p=(20,0) (adaptive)
I6II for p=(20,0) (uniform)

E I&ll for p=(20,0) (adaptive)

FIGURE 5. Eigenvalue errors and |d,| for different val-
ues of 8 and sequences of uniform and adaptive meshes
generated by 7, r on the unit square.

|7\—7\|I

FIGURE 6. Eigenvalue errors and error estimators for
£ = (20,0) and a sequence of uniform meshes on the unit
square.

real part reads A = |3]?/4 + 272 [RWW10]. The corresponding primal
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and dual eigenfunctions read

u(z,y) = exp (%W) sin(r) sin(my),

t
u*(z,y) = exp <—W) sin(7x) sin(7y).

Two discrete primal and dual solutions are displayed in Figure 3. To
investigate the stability of the residual equation of Lemma 2.1 which
depends on the condition number of the eigenvalue Figure 4 shows the
factor (b(u,u*) 4 b(ug, ut) — b(eg, ef)) ™" for different values of 5. The
values depend strongly on the size of |3] and eigenvalue computations
beyond || > 20 are numerically unstable. Figure 5 compares the accu-
racy of the eigenvalue condition number approximation (2b(ug,u})) ™
with the error &, := (b(u, u*) + b(ug, ul) — bleg, €)™ — (2b(ug, ut)) ™!
compared to the eigenvalue error. Since the error for the eigenvalue con-
dition number is much smaller than the eigenvalue error for different
values of 3, the proposed approximation (2b(ug, u}))™"! of the eigenvalue
condition number is empirical efficient. In all presented numerical re-
sults the sign of Resy(ej) and Resj(e/) is in fact the same. Thus the
triangle inequality |Res,(e}) + Resj(er)| < |Rese(e;)| + |Res; (e/)| in the
proof of Theorem 2.4 does not destroy the efficiency of the estimate.
Let N, denote the number of unknowns, i.e., the number of inner nodes.
Because the domain is convex, even uniform refinement results in opti-
mal convergence rates of O(N, ') as shown in Figure 6. Note that for
uniform meshes N, ~ h;Q and that there is some strong pre-asymptotic
error due to the eigenvalue condition number estimate. The a posteri-
ori error estimators 7y pwr2, M¢,pwm, and 7, pwa are close to the error
while ngr, M4, and 7, pwr1 are by factors 10* — 10° larger than the
error. Note that the first term of the error estimator 7 4 is of higher
order and 7, o is asymptotically reliable.

5.2. L-shaped Domain. The second example is the convection-diffusion
eigenvalue model problem (1.1) on the L-shaped domain Q = ((—1, 1) x
(—1,1))\([0,1] x [0, —1]) with constant convection parameter 5 = (3,0)
and higher eigenvalues. The primal and dual solutions for adaptive
meshes generated by the AFEM, based on the a posteriori error es-
timator 7, pwgre for the 5—th eigenvalue with smallest real part, are
shown in Figure 7. An approximation of the first eigenvalue reads
A = |B]?/4 + 9.6397238 where 9.6397238 from [TBO06] is an approxi-
mation of the first Laplace eigenvalue. In Figure 8 it is shown that
uniform refinement results in a suboptimal convergence rate of about
O(N, 2/ 3), while adaptive refinement leads to numerically optimal con-
vergence rates of O(N, ). The experiments show that the a posteriori
error estimators are reliable and efficient for adaptive mesh refinement.
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FIGURE 7. Primal (left) and dual (right) discrete solu-
tion for 5 = (3,0), A5 on adaptively refined meshes gen-
erated by 1, pwre on the L-shaped domain with about
500 nodes.

—p— Ik—kll (uniform)

O Ik—kll (adaptive with nR)
O ng (adaptive)

—F— Ik—kll (adaptive with n A)
O My (adaptive)

— Ik—kll (adaptive with anm)
X Mpwat (adaptive)

Ik—kll (adaptive with nDWRZ)

owhe (adaptive)

— Ih—kll (adaptive with nDWM)

+ - Mpwm (adaptive)

I}»—}»ll (adaptive with Mpw, A)

Mpwa (adaptive)

FicUre 8. Eigenvalue errors and estimators for f =
(3,0), A1 and sequences of uniform and adaptive meshes
on the L-shaped domain.

Notice that the eigenvalues obtained from the AFEM for different esti-
mators lead to similar eigenvalue errors. As before the values of 1, pwra,
ne,pwwM, and 7 pwa are closer to the exact error than those of 7y r, 1A,
and 1, pwri- In order to study the dependence of the a posteriori er-
ror estimators on the size of the eigenvalue, we compare the numerical
results for

A= |B2/4+9.6397238, A5 = |B)?/4 + 31.912636,
Moo = |B?/4 + 101.60529, 50 = |B]?/4 + 250.78548
with approximations for the corresponding Laplace eigenvalues from

[TBO06]. Figure 9 shows that the size of the eigenvalue error depends
on the eigenvalue and that the a posteriori error estimator 7, pwgz is



ERROR ESTIMATORS FOR CONVECTION-DIFFUSION EVPS 23

10
10" | -
10° | E
107 F .
o
[any
z I
2 . .
i—f_ 10 : $|7‘1_;‘|,1| (adaptive with nDWRZ) 4
2 O Mpway (@daptive for i)

10~ 3 —g— D‘s_}‘l,sl (adaptive with nDWRZ)

O "pwre (adaptive f0r7\5)
10 ] —x— I7\20—7»|’20I (adaptive with nDWRZ)

f X Mo (@daptive for k., )
107F gy 5ol (@daptive with ng o) :
Npwre (@daptive for ) :
] Aeremremrrsrirees s————————————r Y RN )
10 10° 10° 10* 10° 10°
N

FIGURE 9. Eigenvalue errors for 5 = (3,0), Ay, A5, Ay
and A5y for sequences of uniform and adaptive meshes
generated by 7, pwr2 on the L-shaped domain.

asymptotically exact. In order to investigate the dependence on the
size of the eigenvalue, the efficiency indices Irg = n/|\ — A\¢| for A\
and A5 are compared in Figure 10. The experiments show that the
ratio between the a posteriori error estimators and the eigenvalue error
is growing in A for nyr, Me,a, and 7, pwr1 while 7 pwr2, 7¢,pwwm, and
nepwa are robust in A. Note that the efficiency indices of 7, pwra,
Ne,pwwM, and 7, pwa are close to one.

5.3. Slit Domain. As last example consider the convection-diffusion
eigenvalue model problem (1.1) on the slit domain Q = ((—1,1) x
(—1,1))\([0,1] x {0}) with different constant values for 5. A computed
reference value for the first eigenvalue reads A = |3|>/4 +8.3713297112
with approximation 8.3713297112 of the first Laplace eigenvalue com-
puted on very fine meshes and higher order finite elements. The primal
and dual eigenfunctions on adaptive meshes for 7, pwa are shown in
Figure 11. Notice that for the primal eigenfunction the influence of
the magnitude of the corner singularity at the origin is much larger
than for the dual eigenfunction. This illustrates that it is important
to consider both primal and dual residuals. Due to the corner sin-
gularity, uniform refinement results in a suboptimal convergence rate

O(N [1/ ?) while adaptive refinement results in the optimal convergence
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F1GURE 10. Efficiency indices Igg for g =
and adaptive meshes on the L-shaped domain.

JW’i
/ /’
, ///

//1 /
l

"A

«n

"1 1)

(370)7 )\17 )\50

FIGURE 11. Primal (left) and dual (right) discrete solu-

tion for f =

by n¢pwa on the slit domain with about 500 nodes.

(3,0) on adaptively refined meshes generated
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—p— IA=A | (uniform)

|| —©— A=} (adaptive with n_)
O ng, (adaptive)

4 —5— Ik—kll (adaptive with nA)
0O My (adaptive)

—%— Ik—kll (adaptive with anm)

Ik—kll

X (adaptive)

"pwr1
— Ik—kll (adaptive with nDWR2)
(adaptive)

.

1 "pwr2
— Ik—kll (adaptive with nDWM)

E + - Mpwm (adaptive)

IA—LII (adaptive with nDWA)

Npwa (adaptive)

FiGure 12. Eigenvalue errors and estimators for 5 =
(15,0) and sequences of uniform and adaptive meshes on
the slit domain.

RRORDX XXX KKK

NATK

NS

FIGURE 13. Meshes with 5 = (15,0) generated by the
refinement monitored by 7y r, 7,4, M DWR1, Te,DWR2;
nepwm and 7, pwa (from left to right and top to bottom)
on the Slit domain with about 2500 nodes.

rate O(N, ') as shown in Figure 12 for 3 = (15,0). Note that the
eigenvalue errors for n,r and 7, s are much larger than for 7, pwri,
Ne,pwr2, NepwMm and 1, pwa and even larger than the eigenvalue error
for uniform refinement up to N, = 10°. This observation is caused by a
much larger pre-asymptotic range for n,r and 7, than for the DWR
based a posteriori error estimators. The different adaptive meshes with
about N, = 2500 are shown in Figure 13. The meshes for 7, g and 7y a
show strong refinement towards the two boundary layers on the left and
right but almost no refinement towards the corner singularity at the
origin which might cause the larger eigenvalue errors. In contrast to
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FIGURE 14. Efficiency indices Igg for 5 = (1,0), (15,0)
and adaptive sequences of meshes on the slit domain.

that all other refinement indicators show strong refinement toward the
corner singularity at the origin which leads to smaller eigenvalue errors.
In order to study the dependence of the a posteriori error estimators
on the size of the convection coefficient, experiments for § = (1,0) and
B = (15,0) are compared in Figure 14. The constants of the estimates
in Lemma 3.1 and Lemma 3.2 depend on the size of the convection
parameter. Thus, the efficiency indices I.g are expected to depend on
the size of 3| as well which is confirmed by the numerical experiments.
The size of the efficiency indices grows for the a posteriori error esti-
mators 1y r, Ne.a and 7, pwri corresponding to the increase of |3]. In
contrast the efficiency indices for 7, pwr2, 7¢.pwm and 7, pwa are robust
in # and asymptotically close to one.
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6. CONCLUSIONS

All the numerical results indicate that the a posteriori error estima-
tors are empirically reliable and efficient for sufficiently small global
mesh-size. The interpolation scheme of Section 4 for the weights shows
to be empirical stable for unstructured triangular meshes. The approx-
imation of the condition number needs to be included in the a posteri-
ori error estimators in order to get efficiency indices close to one. The
DWR2, DWM and the DWA a posteriori error estimators result in the
best asymptotic efficiency indices close to one independently of both,
the size of the eigenvalue and the convection parameter. For larger
values of 3| the DWR based a posteriori error estimators show much
better results than the residual and averaging based a posteriori error
estimators because of the much smaller pre-asymptotic range. Since
the used eigenvalue solver ARPACK [LSY98] shows some instability
for convection coefficients larger than (20,0) and coarser meshes those
are excluded in this paper. For highly non-symmetric problems other
techniques such as homotopy methods [CGMM11] need to be applied
in order to compute the same eigenvalue of interest during all steps of
the adaptive finite element loop or different finite elements need to be
considered such as discontinuous Galerkin finite elements [CHH10].
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