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Abstract

In this paper, we present a divergence-conforming discontinuous Galerkin finite ele-
ment method for Stokes eigenvalue problems. We prove a priori error estimates for
the eigenvalue and eigenfunction errors and present a residual based a posteriori error
estimator. The a posteriori error estimator is proven to be reliable and (locally) effi-
cient. We finally present some numerical examples that verify the a priori convergence
rates and the reliability and efficiency of the residual based a posteriori error estimator.

Mathematics Subject Classification 65N15 - 65N25 - 65N30

1 Introduction

In fluid mechanics, eigenvalue problems are of great importance because of their role
for the stability analysis of fluid flow problems. Hence, the development of numerical
methods for the Stokes problem, as a model for incompressible fluid flow, is of great
interest. For example in [22], several stabilized finite element methods for the Stokes
eigenvalue problem are considered by Huang et al. A finite element analysis of a
pseudo stress formulation for the Stokes eigenvalue problem is proposed by Meddahi
et al. [33].
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Currently, there are only very few results on the a posteriori error analysis for the
Stokes eigenvalue problem available in the literature. An a posteriori error analysis
based on residual a posteriori error estimators for the finite element discretization of
the Stokes eigenvalue problem is proposed by Lovadina et al. [32]. Some superconver-
gence results and the related recovery type a posteriori error estimators for the Stokes
eigenvalue problem is presented by Liu et al. [31] based on a projection method. In
[2], Armentano et al. introduced a posteriori error estimators for stabilized low-order
mixed finite elements and in [19], Han et al. presented a residual type a posterior error
estimator for a new adaptive mixed finite element method for the Stokes eigenvalue
problem. In [21], Huang presents a posteriori lower and upper eigenvalue bounds for
the Stokes eigenvalue problem for two stabilized finite element methods based on
the lowest equal-order finite element pair. Recently, we have developed an a posteri-
ori error analysis for the Arnold-Winther mixed finite element method of the Stokes
eigenvalue problem in [16] using the stress-velocity formulation.

Cockburn et al. [13,14] derived the divergence-conforming discontinuous Galerkin
finite element method. In [20], Houston et al. presented an a posteriori error estimation
for mixed discontinuous Galerkin approximations of the Stokes problem. Kanschat
et al. [26] proposed a posteriori error estimates for divergence-free discontinuous
Galerkin approximations of the Navier-Stokes equations. Multigrid methods for H41V-
conforming discontinuous Galerkin (H div-DG) finite element methods for the Stokes
equations are proposed by Kanschat et al. [25]. Recently, Kanschat et al. [27] presented
the relation between the H4V-DG finite element method for the Stokes equation and
the C¥ interior penalty finite element method for the biharmonic problem.

In this paper, we introduce an H%"-DG finite element method for Stokes eigenvalue
problems. We derive a priori error estimates for the eigenvalue and eigenfunction
errors. We present a residual based a posteriori error analysis for the H4V-DG finite
element method and derive upper and local lower bounds for the eigenvalue error and
the velocity-pressure error which is measured in terms of the mesh-dependent DG
norm.

For traditional mixed methods, the lack of divergence-conforming approximations
introduces a pressure-dependent consistency error which dominates the velocity error
for small velocity parameters when the right hand side is not divergence-free. In
that case additional stabilization is needed. For an overview of different stabilization
techniques for weakly divergence-free mixed methods and a comprehensive discussion
on the issue of pressure robustness can be found in [23]. Moreover, for small velocity
parameters and non divergence-free right hand sides, the standard residual a posteriori
error estimator for the source problem is dominated by the estimation of the pressure
error. In that situation a more efficient a posteriori error estimator for the velocity error
can be obtained from exploiting stream-functions. For the H4V-DG finite element
method such a refined a posteriori error estimator has been introduced in [27, sec. 4.1]
and for classical mixed (stabilized) finite element methods recently in [29]. Note that
for the eigenvalue problem the right hand side is always divergence-free and therefore
the eigenvalue problem does not suffer from small viscosity parameters and any stable
approximation of any eigenfunctions is pressure-robust. Hence, the refined a posteriori
error analysis which requires more smootheness of the right hand side than L? and
which involves the calculation of third order derivatives for higher order methods is
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not needed for the eigenvalue problem, and one can rely on simpler to implement a
posteriori error estimators involving the pressure without loosing robustness.

For simplicity of the presentation we restrict the analysis to the case of a simple
eigenvalue A. The results can be applied to multiple eigenvalues by extending the given
analysis to subspaces of eigenvectors that belong to the same multiple eigenvalue. The
a posteriori error estimator can be extended to multiple eigenvalues in that the squared
sum over all estimators of discrete eigenfunctions approximating the same multiple
eigenvalue provides an upper bound of the eigenvalue error up to higher order terms,
see also [8].

The paper is organised as follows: the necessary notation and the H4Y-DG formu-
lation of the Stokes eigenvalue problem is presented in Sect. 2. In Sect. 3, the a priori
error analysis is discussed. The a posteriori error analysis is developed in Sect. 4.
Finally, Sect. 5 is devoted to present some numerical results for uniform and adaptive
mesh refinement.

2 Preliminaries
2.1 Notation

Define u = (uj, u2)’ € R%, v = (v1, 1) € R%, 0 = (0j;)2x2, and T = (7j;)2x2,
then

vy duy
vy = (70 n V-v:%jLaﬂ wey— v
LA 3% ’ ax;  0xy uvy ugvy )’

dry 4 dtp 2
: _ 9 J o . .
dlv(t)—<ﬁ+ﬁ), and o:1= Zajktjk.
x| dxo J.k=1
Let H*(w) be the standard Sobolev space with the associated norm || - ||, for an
integer s > 0. In case of ® = 2, we use || - ||s instead of || - ||s.o. Now we extend

the definitions to vector and matrix-valued functions. Let H® (w) = H*(w; R?) and
H’ (w, R?2*2) be the Sobolev spaces over the set of 2-dimensional vector and 2 x 2
matrix-valued function, respectively. The symbols < and 2 are used to denote bounds
which are valid up to positive constants independent of the local mesh size and the
(constant) viscosity parameter.

Throughout the paper, we consider the following spaces L% (Q), HV(Q), Hgi"(Q)
and HY (2, R2%2) which are defined as follows:

L3(Q) := {v e LX(Q) | / vdx =0},
Q

HY@Q):={we L3 Q) |V -v e L*(Q)},

@ Springer



588 J. Gedicke, A. Khan

H{™M(Q) :={ve H™(Q) |v-n =0 on Q)
HY(Q, R¥?) = {r € L*(2; R>?) | div (1) € L}(Q)}.

2.2 Weak formulation of the Stokes eigenvalue problem

Let u be the velocity, p the pressure, v > 0 the (constant) viscosity, and 2 C R? be a
bounded, and connected Lipschitz domain. Consider the velocity-pressure formulation
of the Stokes eigenvalue problem: find an eigenpair (u, p, 1), u # 0, such that

—vAu+Vp=»Aiu inQ,
V-u=0 inQ, (1)
u=20 on 092,

with the compatibility relation

/pdx:O.
Q

The weak formulation of the Stokes eigenvalue problem (1) reads: find (u, p, A) €
H} (Q) x L3(2) x Ry such that [lu]lo = 1 and

v(Vu, Vo) — (p, V- v) = A(u,v) Vv e H)(Q),

) @)
(q.V-u)=0 Vg € L3(Q).

We can formulate the weak formulation of (2) on the product space as: find (u, p, A) €
Hé (R2) x L%(Q) x Ry such that |lu]lo = 1 and

o (u, p;v,q) = ru,v) Y(v,q) € Hy () x L), 3)
where
o (u, p;v,q) =v(Vu,Vv) — (p,V-v) — (¢, V - u).

2.3 Meshes, trace operators and discrete spaces

We suppose that the domain Q is decomposed by a subdivision .7}, into a mesh of
shape-regular rectangular cells K. Let &}, denote the set of edges, é"é the set of interior
edges, and g’ha the set of boundary edges of .7},. We restrict ourselves to one-irregular
meshes .7, in which each interior edge E € & ,; may contain at most one hanging node
in the midpoint of E.

For a given mesh .7}, the notions of broken spaces for the continuous and differen-
tiable function spaces are denoted as CY%(Z,) and H*(.Z,) which are the spaces such
that the restriction to each mesh cell K € .7}, is in C°(K) and H*(K), respectively.
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Let K+ € .7, be two mesh cells which share acommonedge E = KL NK_ € éa,; .
The traces of functions v € C 0(%) on E from Ky are defined as v, respectively.
Then the sum operator is defined as

[v] = vy +v_.

Let n4 be the unit outward normal vector to K, respectively. Then the sum operator
turns into the jump operator, such that for v € C'(.7,; R?)

[0v/on]] = V(v —v_)ny, and [v®n] = (vy —v_) @ny.

For boundary edges E = K N 92 we set [v]] = vy and with V), we denote the local
application of the gradient (V,v)|x = V(v|g) oneach K € .7},.

We define Q (K), Ok (K)d and Qg (K)dXd as the space of scalar, vector and tensor
valued polynomials on K of partial degree at most integer k > 1.

Choose V), as a discrete subspace of HgiV(Q) as

Vi ={ve HN(Q) | VK € F, : v|x € RTi(K) fork > 1}, 4)

where RTy(K) := Pr41k(K) X P x+1(K) is the Raviart—-Thomas space of degree
k > 1, where &, ((K) denotes the space of the polynomial functions on K of degree
at most » > 0 in x1 and at most s > 0 in x2. Moreover, let O, be the discrete space
of L2(Q) such that

th{veL%(Q)|VKe%:v|Ker(K)forkzl}. 5)
An important property of the pair Vj, x Qj, is as follows: on the meshes considered,
V- Vi C O,

see [13] for more details. As a consequence we have that the discrete velocity field u;,
is exactly divergence free.

Remark 1 Here, we recall remark 2.1 of [26], that the inf-sup stability of RTy/Qx
finite element discretizations with more than one-irregular hanging nodes or k = 1
is still an open question. It has been conjectured in [26] that stability also holds for
k = 1 and one-irregular hanging nodes, which is computationally verified by our
numerical experiments of Sect. 5. The following results are all to be read in view of
these restrictions.

Remark 2 The analysis of this paper also applies directly to divergence-free B D My /
Py_1 finite elements [11,12] on regular triangular meshes.
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590 J. Gedicke, A. Khan

2.4 HYV-DG formulation for the Stokes eigenvalue problem

The discrete weak formulation of problem (1) reads: find (u,, py, An) € Vi x Op xR4
such that ||uy||o = 1 and

Sy (W, P Vns qn) = Ap(p, vp) Y(vp, qn) € Vi x Op, ©)

where

Wy, prs Vns qn) = ap(p, vp) — (pp, V- vp) — (g, V - up).
Here, ay, (-, -) is the bilinear form defined as

ap(u, v) = v(Vyu, Vyv) + aj (u, v) + aj (u, v),
aj,(u, v) = a\,(u, v) — al(u, v) — al(v, u),

a il a il
ap(u,v) = ay(u,v) —ac(u,v) —ac(v,u),

where the interior face terms a;, (u, v), aé(u, v) and Nitsche terms are defined as

ai(u,v):% > /E[[vhu]]:[[v@)n]]ds, abw,v)=v > [ yllu@nl:[venlds,

Ee&) Ees),

alw,v)=v Y / Vu:(v @ n)ds, al(u,v)=2v Y /yh(u®n):(v®n)ds,
E E

o9 3
Ee&) Eeé)

for y, = % and u,v € V). Here, hg is the length of the edge £ and y is the
penalty parameter which is chosen sufficiently large to guarantee the stability of the
DG formulation, see for instance [3].

Finally, we introduce the following mesh-dependent DG velocity-pressure norm

G, I = lull® + v ipl3, (7)
where
llell* = v Vaul§ + a) (u, u) + a (u, w).

Remark 3 We observe that the DG norm (7) is well balanced in v for continu-
ous/discrete eigenfunctions. This is due to the fact that for constant velocity, the
velocity eigenfunctions do not change in v and thus the eigenvalues as well as the
pressure eigenfunctions scale linearly in v, i.e. the eigenpair for arbitrary (constant)
vis (u,vp, vA), where (u, p, 1) denotes the eigenpair for v = 1. Since the HW_DG
method is divergence-conforming, we deduce from (6) that the same scaling is also
true in the discrete case. Hence, (7) is also well balanced in v for the eigenfunction
errors. (In the case of the source problem with non divergence-free right hand side,
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(7) might not be well balanced and lead to a large overestimation of the velocity error
by the DG velocity-pressure norm.)

3 A priori error analysis

Our main aim is to show that the approximated eigenvalues and eigenfunctions of the
HY_DG finite element formulation of the Stokes eigenvalue problem converge to the
solution of the corresponding spectral problem which comes to apply the classical
spectral approximation theory for mixed problems presented in [4,7,34] using results

of the a priori error analysis of the associated source problem that we recall here for
completeness.

3.1 Numerical analysis of the source problem
This section is devoted to discuss the source problem and to recall its essential stability
and convergence results.

Consider the source problem with the right hand side f € L?(Q)

—vAuf+fo=f in 2,
v.ul =0 in 2,
uf =0 on 0%2,

with compatibility condition

/pfdxzo.
Q

The variational formulation of the Stokes source problem reads: find (u/, pf) e
H}(Q) x L3() such that

@l pliv,q) = (f,v) Y, q) € H}(Q) x L3(Q). 8)
Due to the continuous inf-sup condition

. _(Qa V. v)
inf _—
0£qeL3() oxven) @) |V VIlolgllo

0, ©))

the variatiqnal formulation (8) is well-posed [12,18].
The HY-DG finite element formulation of the Stokes source problem reads: find

(u,{, phf) € Vi x Qy, such that
@l pl'son,qn) = (f,on) Yo, qn) € Vi x Q. (10)
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From [14,26,27], we have that the bilinear form a;, (-, -) is bounded and elliptic
uniformly in /2 on V}, equipped with the norm |||-|||. Furthermore, the velocity-pressure
pair Vj, x Qp is inf-sup stable and satisfies

—(gn, Vv
n —@n Vo) gy
0#4n€Qn 02v,ev;, Nvnllllignllo

for a constant 8 independent of /. Hence, the weak formulation (10) has a unique
discrete solution, which admits the following stability estimate

|l 2D < v 1o,

and due to V - V, C Qy, the discrete velocity u}{ is exactly divergence-free.

From [17, Section 3] and [23, Section 4.4], we have the following a priori estimates.

Theorem 1 Let uf € H*(Q) and pf e H*~Y(Q) for some s €]3/2,k + 1] be
solutions of the continuous problem (8) that satisfy the following stability condition,
cf. [28, Theorem 1] along with [23, Lemma 2.8],

-1/2 3 2
120, f 12y - f < vl flo. s €(5,2), 1
v “u ”S + v ”p ||S*1 ~ { U7]/2||f||5_2, s 2 2' ( )

Then we have the following error bounds for the discrete approximations (uy, py) €
Vi, x Qp of the discrete problem (10)

|uf = uf|| < nr 021l 1, (12)
v 2 1pf = plllo ST V2 s+ v P 1l (13)
Nl —ufllo <Al (14)

for @ = min{s — 1, 1}.

3.2 Numerical analysis of the eigenvalue problem

We now derive the convergence of eigenvalues and eigenfunctions of the discrete prob-
lem (6) to those of the continuous problem (3) and estimate the order of convergence.
Since the solution operator to the mixed problem (3) is not compact, we cannot apply
the standard Babuska-Osborn theory [4] directly. Therefore, we utilize the theory for
mixed eigenvalue problems from Mercier et. al. [34], cf. also [4,7], by introducing
separate solution operators for the velocity and pressure components.

Using the well posedness of the continuous source problem (8), the operators T :
L*(Q) — H}(Q) and S : L*(Q) — L}(S) are well defined for any f € L*(Q)
such that 7 f = uf and Sf = p/ are the velocity and pressure components of the
solution to problem (8).
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For given f € L*(Q), (T f, Sf) € HJ(Q) x L(S) is the solution of
A (Tf,Sfiv,9)=(f.v) Y, q) e HJ(Q) x L§Q). (15)

Since the discrete source problem (10) is well posed, we define in the same manner
the operators T, : L2(Q) — Vj, and S, : LZ(Q) — Qy, such that T, f = u}{
and Sp f = p}{ are the discrete velocity and the discrete pressure approximations.

The HYV-DG finite element formulation of the Stokes source problem becomes the
following: find (T3, f, Si, f) € Vi x Qp such that

G (Tn [ Snf3v.9) = (f.v) V(v,q) € Vi x Q. (16)

Moreover, we deduce the following estimates from Theorem 1

WTf =T fll S 0= o2l ), (17)
vI2ISF = Spfllo S E TV s v 2 p o), (18)
ITf —Tufllo S h )l |, (19)

for « = min{s — 1, 1}.

Note that the operator T}, is well defined in L%() but not in HO1 (L2). Hence, we
can only conclude convergence of the operators 7T}, in L*(Q) from the abstract theory.
From (18), (19), and the satbility (11) we conclude

IT = Tull g2y S v (20)
IS = Sull 2@z, 13@n S @D

Note that the eigenvalues A are the reciprocal values of the eigenvalues of the
operator T. To see that, let

H(Q) :={ve L*(Q) | div(v) =0, y,(v) =0},

where y,, denotes the normal trace operator. Then T considered from H (€2) to H (£2)
is the inverse of the Stokes operator as defined in [9, Section IV.5.2]. Hence, from [9,
Section I1.6.2 ] we conclude that T is bounded, compact, and self adjoint from H (£2)
to H(S2), and we can apply the spectral theory for compact operators. Therefore,
the eigenvalues form an increasing sequence of positive real numbers which tends to
infinity and, since u # 0, we get from (2) that v(Vu, Vu)/(u,u) = 1 > 0, cf. also
[9, Theorem IV.5.5].

Theorem 2 Let (u, p, ») € H*(Q) x H*"1(Q) x RT for some s €]3/2,k + 1] be a
solution of the continuous eigenvalue problem (1), then the following estimate holds

A= 2l S Gd ™" (v + 12 Vuld) 12670 a2 (22)
for @ = min{s — 1, 1}.
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594 J. Gedicke, A. Khan

Proof Since T and T}, are compact on H (£2) we can apply the Babuska-Osborn theory,
i.e. [7, theorem 9.7] with 2" = H(S2) and multiplicity &« = 1. Therefore

=N ST = Tou, uh)
+ (T — T el 2m@): H@)I(T* = T el 2H(Q): HS)-

Since T and T}, are self adjoint, we have T* = T and Th* = Tj. Hence, we have

[A — Anl

e | _ _ 2
¥ = |A A | S 1T — Tyu, w)| + (T Th)IE”g(H(Q);H(Q))- (23)

The second term of (23) is directly estimated by (20). To estimate the first term of
(23), we use the weak formulations (15) and (16), and consistency of <7, [38, Lemma
7.5], to deduce

h(Tu — Tyu, Su — Spu; Tu — Thu, Su — Spu)
= .o/ (Tu, Su; Tu, Su) + <t,(Tyu, Syu; Thu, Syu) — 2.9, (Tu, Su; Thu, S,u)
= (u, Tu) + (u, Thu) — 2(u, Thu) = (T — Tp)u, u). (24)

Note that the velocity T'u and the discrete velocity 7ju are divergence free. Therefore
we have

(T — Tp)u,u) = ,(Tu — Tyu, Su — Spu; Tu — Tyu, Su — Syu),
=ap(Tu — Thu, Tu — Tyu). (25)

From the continuity of a, (-, -), we get
an(Tu — Thu, Tu — Thu) < || Tu — Thull®. (26)

Combining (25)—(26) with Tu = A lu,and vl = ||Vu||%/k in (23) in combination
with (17) gives the desired result. O

From the Babuska-Osborn theory [7, Theorem 9.3] we get the following rates of
convergence for the L?(2) error for the velocity component u under the regularity
conditions from Theorem 2

lu —unllo S T — T el e may S v R, (27)

fors €]3/2,k + 1], and « = min{s — 1, 1}.
For the L?(2) error for the pressure component p of the eigenfunctions we get
from the triangle inequality, the stability (11), and the estimates (21), (22), and (27),
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that

lp — prllo = I1S(Au) — Sp(rpur)llo
< [|Shu — Apup)llo + 1S — Sp)(Apun)llo
< Mhw — danllo + 11(S = S Gz llo (28)

S0 (R BNV + 2D+ B2 Vul B ) )

Theorem 3 The following estimate holds for s €]3/2, k + 1]
Il — wpll|

S Gud ™D~ (012l + RV 42772 (0 h2 Va ) A2 fu ).
Proof Let A be the eigenvalue corresponding to the eigenfunction u. Then it holds that

u—up=ATu—rThu,=A—Ap)Tu+ (T — Tp)u + 2Ty, (u — uyp,).

It follows that

e =l S 07207 A = Al Vatllo + Aalll(T = Ta)uell + Al T (i — wn)l-

The first two terms of the right hand side are directly estimated by (22) and (12), and
the last term is estimated using (10) as follows

T — u) > < o (Th (e — ), Sp(u — up); Tn(w — up), Sp(w — uy))
= ((u —up), Tn(u — uy)).

Applying Cauchy—Schwarz inequality and (27), implies
o — u)lll < N —upllo < v "as~1H,

where o = min{s — 1, 1}. Using v=! = [[Vu|3/A, and A1/? = v!/2||Vul|y finishes
the proof. O

We will now establish a relationship between the eigenvalue and the eigenfunction
errors. In order to do so, we observe that the numerical scheme is consistent.

Lemma1 Let (u, p, ) € H} () x L3(Q2) xR be the solution of (3). Ifu € H*(,)
and p € H'(9,), then

(U, p; vp, qn) = A, vp) Y(op, qn) € Vi x Op.

Proof The result follows from the consistency of the discontinuous Galerkin finite
element method for the source problem [38, Lemma 7.5]. O
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596 J. Gedicke, A. Khan

Theorem 4 Let (u, p, 1) € Hj (Q) x L3(Q) xR be the solution of (3) and (up, pj) €
Vi x Qp with |lupllo # 0. Ifu € H>(9,) and p € H'(}), then the Rayleigh quotient

satisfies the following identity

i Wn, Phi Ui, Pr) S —Up p — pri—up p—pn) - ull
[T [T llen I
Proof Note that
(u, p;u, p) = (u, pyu, p) ¥ (u, p) € Hy(Q) x L§(Q).
Moreover, from consistency we get
(U —up, p— pp; U —Up, p— Pp)
= (u, p;u, p) + pn, pp; wn, pn) — 29w, p; up, pp)  (29)
= Mu, u) + p(up, pp; wn, pp) — 20w, up).
Next we write the following identity
AMu—up,u —up) = ru, w) + rA(up, up) — 20w, up). (30)
Subtracting (30) from (29), we obtain
h(w —up, p—prsu—Wp, p— pp) — A —up, u—up)
= (W, pn; Wn, pn) — A(up, up).
Dividing by (uy, u;,) on both sides in the above equation ends the proof. O

4 A posteriori error analysis

In this section, we present a residual based a posteriori error estimator for the Stokes

eigenvalue problem.

Let (upn, pn, M) € Vi x Qn xR, be an eigenpair approximation. Foreach K € .7,

the interior residual estimator ng, is defined by
ke =V hxllnun +vAuy = Vpullg k.

and the edge residual estimator ng, by

Mg =v Y hell(pa] = vVup)nllg .
EcdK\0Q
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where I denotes the 2 x 2 identity matrix. Next, we introduce the estimator 1, , which
measures the jump of the approximate solution uy,,

e =v Y valllun ®nlllg g
EedK

with y, = hLE’ where y is the penalty parameter discussed in Sect. 2.4.
The local error indicator, which is the sum of the above three terms, is defined as

2 ._ 2 2 2
Nk = MRy T Mg, T M-
Finally, we introduce the (global) a posteriori error estimator

1/2

m= > nx| - 31

Ke7,

4.1 Additional stability property

In the proof of reliability we will use the following auxiliary stability property fol-
lowing [20, Lemma 4.3], [26, Section 2.3]. We include the proof for the HYW.DG
formulation of the Stokes problem for completeness.

Lemma2 Forany (u, p) € H} (Q) x L3(Q), there exists apair (v, q) € Hg (Q)\{0}x
L3(Q) with || (v, Il S (e, p)ll and

Ay (u, p;v,q) 2 i@, p)lI*.

Proof From the continuous inf-sup condition (9) we deduce that there exists a w €
H{ () such that

—(p,V-w)=Covpl3,  and  v'2|Vwlo < v % pl0,

where Cq > 0 is the continuous inf-sup constant, which only depends on €. If
(u, p) € H} () x L3(Q), then it holds that

i (u, p;u, —p)=llull*. (32)
Moreover, using v1/2||Vw||o < v_1/2||p||0, continuity and Youngs inequality we get
i (u, p;w,0) = Cov | plI§ — Clllull llw|

> Cov™lIplig —v=2Cllull 1 plo 33)

1\ _
> (CQ - ;)v Nipl3 — eC?llull?,
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for a positive generic continuity constant C > 0. Using equations (32) and (33), we
have

Ml(us p;u +8wv _p) = ”dh(uv p;u, _P) +8£fh(u7 p; w,O)

1
> lull® + a(cg - g>v1 Ipllg — 8eC?|llull®
1\ _
> (1 — 8eCH|lull? +8<CQ —~ ;)u Niplig.

Taking € = 2/Cq and § = Cq/(4C?), it follows

2

1
I (u, p;u + Sw, —p) >mm{

> ges }m(u I (34)

Moreover, from v]/2||Vw||o < v’1/2||p||o we get

Il + sw, —p)II> < 2ful® + 282 Vw2 + v pl3

S P = | e e
ma —= u, .

< max e p

Combining equations (34) and (35), proves the final assertion with v = u + §w and
q=—p. m

4.2 Reliability

First we define the discontinuous RT space Vh ={velL?:vg € RTx(K), K €
%} As in [20,26], we define V;” = Vh N HO1 (£2). The orthogonal complement of Vh
in Vh with respect to the norm |||-||| is defined by Vh Then we obtain Vh = Vh ® Vh
Hence, we decompose the DG velocity approximation uniquely into

wp = uj +uj,

where uj € V; and uj, € VhL. Using the triangle inequality, we can write

Nl — wnlll < ||| — |

and from [20, Proposition 4.1] we get the upper bound for the second term

12
il < (2 n) (36)

Ke,

Note that the DG bilinearform ay, (i, v) is not well defined for functions u, v which
belong to HOl (£2). One can overcome this difficulty by the use of a suitable lifting
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operator, cf. [14,26]. Here, we discuss a different approach where the DG form aj, (-, -)
is split into several parts,

ap(u, v) = v(Vou, Vo) + Cp(u, v) + Jy(u, v), 37

with

Ch(u,v) = —al(u,v) — a.(v.u) — al(,v) —al (v, w), (38)

Jn(u,v) = aj,(u, v) +ay (v, w).
Lemma3 Letuy € V) and vy, € Vy, then it holds that

ey < 4,—1/2 2 172 c
Ch(up,vy) Sy ( Z 77JK> |||vh|||
KeJ,

Proof Since v;, € V,’, we have

Ch(up, v§) = —al vy, up) — a? (v§, up).
Applying Cauchy—Schwarz inequality, implies
¢ -1 cniz )2 2 \'/?
Cotan, ) S (v 32 v VIR E) (v D willlun @ 1 1 )
Ecé, Ecé,

Using a trace estimate together with a discrete inverse inequality leads for an edge
Eecé&y,withE=K NKyif E € and E =Ky, K =0if E C0oQ,to
c < =12 c
IVoillo.e S hg "IV llo.k Uk, -
Thus we have
3 1/2 1/2
Catun, o)) S v (v 32 IveBe) (X )
Ke9, Ke,
O

LetIIj : HO1 — V7 denote the Scott—Zhang interpolation operator, which is stable
V(o) o < [|Vvllo and satisfies the following interpolation property

DRl —Molg g+ Y hg'llv — Mul§ g S IVG, (39)
Ke9, Eeé,

for any v € H(} (R2), cf. [36, Corollary 4.1 & Theorem 4.1] for triangles and [18,

Section A.2] for quadrilaterals. For edges with hanging nodes, as noted in [26, proof
of Lemma4.2], we take the interpolant from the unrefined edge to maintain conformity.

@ Springer



600 J. Gedicke, A. Khan

Lemma4 Let v; = v € V] be the Scott—Zhang interpolation of v € HO1 (R2), then
forany uy, € Vi, pp € Qp, and Ay, € Ry, it holds that

M (n, v —v;) = v(Vaup, VO =) + (pr, V- (0 = v)) < malllvlll.
Proof Using integration by parts on each element K € .7, we have

An(up, v —v) —v(Vpup, V(o —vp) + (pp, V- (v = vy))

= D> | Guup +vAuy = Vpy)(v - vf)dx
KeJ, K

+ Z / (pnI —vVup)ng - (v — vy)ds
Ked, K
=T+ 1.

Cauchy—Schwarz inequality and (39), lead to

B 172 B 172
75 (v Y Wi+ vawn = Vol i) (v 30 Hl e = vl ¢ )
Ke9, Ke9,

12
S( k)il

KeJ,

Since (v — v,‘;)lgg = 0 we can rewrite 7> in terms of a sum over interior edges

T, = Z /E[[(phl — vVuy)n]l(v — vy)ds.

Eeé)

Again, applying Cauchy—Schwarz inequality and (39), imply

_ 1/2 _ 1/2
725 (v Y hellond = vVanlld g) (v D hgllv = o3 )

Eeé) Eeé]
1/2
2
< (X nk) el
Ke9},
Combining the above estimates, proves the desired result. O

Lemma5 Let (u, p, 1) € H} () x L(RQ) x Ry solve (3) and (uy, pr, An) € Vi X
On xRy solve (6), then we have the following upper bound for the conforming velocity
and pressure errors

—1)2

[ = ug ||| +v="21p = pullo S nw + v 2 (1A = Al + Mlu — unllo) -
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Proof Using Lemma 2, there exists a pair (v, g) € H(} (2)\ {0} x L%(Q) such that

| —u, p = pw)l||* S (e — sy, p = pus . ),
and
. ol < [l = uf p = p) |

Since u, uj,, v € H(} (2), we have

Ay (w—uy, p—pp;v,q) =v(Vu —up), Vo) — (p— pp, V-0) — (¢, V - (u — uy)).
From (3), we obtain

oy (w —uj, p— pn;v,q) = A, v) —v(Vuj, Vo) + (pp, V- v) + (¢, V - uj).
Applying the fact (¢, V - up) = 0, implies

oy —uj, p—pp;v,q) = A, v) —v(Vuj, Vo) + (pp, V- v) — (¢, V - up)
= An(up, v) + Au — Apup, v) — v(Vyup, Vo)
+v(Vpuy, Vo) + (pp, V- v) — (g, V - up).

Let v, = IIv € V; be the Scott—Zhang interpolation of v. Using (6) gives
0 = Ap(up, v) — v(Vpup, Vi) — Cyp(up, v,) + (pr, V - vp).
Then we have
Gy —uy, p—pr;v, ) =T1 + o+ T3+ T,
where

Ty = Ap(up, v —vy) —v(Vpup, Vo — ) + (pp, V- (v — v})),
T, =v(Vauy, Vo) — (g, V -uy), T3 = Ch(up,vy), Ti= (Au —Apup,v).

Using Lemma 4, we have

T < mallivll-

Cauchy—Schwarz inequality and (36) show

T < w1, 1l S nalllw, @) l-
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Using Lemma 3 for the bound of 73, we have

5 <y~ Pasllvll.

~

Cauchy—Schwarz and Poincare inequality lead to
Ty S v 2 o = dp ool S v (2 = Al + Allw — upllo) o]l

Combining the above with the estimate |||(v, ¢)|l| < |||(u —uj, p— pn) H’ yields the
desired result. m|

Theorem5 Let (u, p, 1) € H(} () x L%(Q) X Ry be the solution of the Stokes
eigenvalue problem (3) and (uy,, pp, ) € Vi x Qp the H¥-DG approximation
obtained by (6). Let 0, be the a posteriori error estimator in (31). Then we obtain the
following a posteriori error bound

—1/2

e — wplll +v="2lp — pullo S mn 4+ v 2 (A — 2gl + Allu — upllo)

where the hidden constant is independent of the sufficiently large penalty parameter
y > 1L

Proof The proof follows directly from a combination of Lemma 5 and (36). O

Theorem 6 Ifu € H*(.7;) and p € H'(.9},), then the eigenvalue error satisfies
_ <2 “11y 4 12 SN 2 _ _
A=l Snp+v A=Al "+ A+ v M)l —uplyg+ |Cr(u —up, u —uy)l,

where the hidden constant is independent of the sufficiently large penalty parameter
y > 1L

Proof Note that since V-u =0 =V - uy, we have

(W —Up, p— ppsu—Up, p—pp) =ap( —up, u—up)

2
= llu —upll® + Cpn(w — wpp, u —up).

The assertion then follows from a combination of the above with Theorems 4 and 5.
|

Remark 4 From the estimates in [35, Proposition 8.1], we can conclude that the con-
sistency error |Cy(u — up, u — uy)|, with Cp, (-, -) from (38), is of the same order as
|» — Ap|. However, we observe in all the experiments of Sect. 5 that n% provides a reli-
able bound of the eigenvalue error even on very coarse meshes. Hence, it is empirically
justified to neglect the consistency error in the a posteriori error estimator.
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4.3 Efficiency

This section is devoted to prove an efficiency bound for 5. To prove the results, we
use the bubble function technique which was introduced in [39,40].

Let K be an element of .7},. We consider the standard element bubble function
bk on K. Let v, be any vector valued polynomial function on K, then the following
results hold from [1,26,39],

12
lonllo.x < 116 vallo.x .
lbkvnllo.x S llvrllok, (40)
—1
IVbkvi)llox S hg llvallok-
Lemma 6 Foruj, € Vy, it holds that
12

2
Soomie | S e = ull.

Ke,

Proof Using [u ® n] = 0, we get

e =v Y vlllun@nlllg e =v Y vull@y —w) @nllj 5
EcdK EcdK

Summing over all K € ., we have
172 172

Somi | Sy D mil@n—wyenllfy | < lle—ull.

Ke9, Ee€éy
O

Lemma7 Let (u, p, ») € H} (Q) x L3(Q) x Ry solve (3), and (up, pp. M) € Vi X
On x Ry. Then we have

1/2 1/2

Z v R s +vAuy — V pall

2 Mg

KeT, KeJ,
< lu —upll + v p — pull + hoo.t.,
1/2
where h.o.t. = v=1/2 Z h%<||)»u — )hhuh||(2),1<

Ke,

Proof Define the functions R and W locally for any K € 9, by

Rlxk = Apup +vAu, —Vp, and Wk ZU_Ih%(RbK.
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From (40) we have

Mhe =V hxIRIG « 5/ R- (v 'h% Rbg)dx
K

= / (Apup+vAuy, — Vpp) - Wdx.
K

Note that Au + vAu — V p = 0. Subtracting this from the last term, using integration
by parts and W|3x = 0, we obtain

Mhe 5v/ V(u—uh)~Vde+/ (ph—p)v-de+/(xhuh—,\u)-de.
K K K

Applying Cauchy—Schwarz inequality, implies

e S (01219 @ = wn)llo.x +v7"21p = pallo.x + v el — rullox )

(v 2I9W ok + 02 IW ok ) - (41)
From (40) we get
v 21V Wllo.x + v 2R I Wllo.x S v hiIRllo.x = nrg-

Hence, dividing (41) by ng, and taking the square-root of the sum of the squares over
all K € 7, ends the proof. O

Let E be an interior edge which is shared by two elements K| and K». Let bg denote
the standard polynomial edge bubble function for E with support in wg = {K1, K»>}.
In case of a regular edge E, we choose K = K,. When one vertex of E is a hanging
node, then we choose K such that E is an entire edge of K| and define K cC K> as
the largest rectangle contained in K3 such that E is one of the entire edges of K. We
then set wg = {K, K}.

If o is a vector-valued polynomial function on E, then

1/2
lollo.e < by o llo.k- (42)

Moreover we can define an extension o}, € Hé (oF) such that 6| = bgo and from
[1,26,39] we have

1/2 ~
losllox S h llollor VK €k,

(43)
—1/2 ~
IVoslox S hy*lollor VK €.
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Lemma8 Let (u, p,2) € Hi (Q) x L3(Q) x Ry solve (3), and (un, pp, k) € Viy X
On x Ry. Then we have

1/2 1/2
ok | = v X hellond = vVupall}
Ke, Ke, EcdK\oQ2
S M —upll+v="21p = pill + heout.,
1/2
where h.o.t. = v=1/2 Z h%”)\u — )Lhuh||%,K

Ke,

Proof Let for any interior edge E € é"é the functions R and A be such that
Rlg =0(pnl —vVup)nlll and A =v 'hgRbg.
Using (42) and [(pI — vVu)n]l|g = 0 we get
v hEIRIGE S / R- (v 'hgRbg)ds = / [((pn — )T — vV (up —w)n] - Ads
E E

Using Green’s formula over each of the two elements of &g, gives

/E[[((ph —p)I —vV(u, —u))n] - Ads

=y /K(—vAw—uh)w(p—ph))-Adx

KE&E
- Z /(vV(u—uh)—(p—ph)I):VAdx.
KE&E K

Using Au + vAu — Vp = 0, we obtain

v e |RIGES D /(xhu,,JrvAuh—vph).Adx
K

Kewg

+ ) /K(Au—khuh)-Adx

KELNUE

(44)

+ Z /K(—VV(M—uh)—i-(p—ph)l):VAdx

KE&E

=T +1 +T;.
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Using Cauchy—Schwarz inequality, shape-regularity of the mesh, and (43) yields

1/2 1/2 1/2
_ — 1/2
UBS ( > n%g,() ( > th2||A|6,K) < ( > n%K) v 202 RN, £

Kewg Keogp Keogp

12
_ _12,172
ns| > (v 1h%HAu-—khuhHaK> v 212 RN,k
Kecog
as well as
12
_ —1/2,1)2
ns | Y (V@ —wnlc+vp =) | v IR 0.
Keog

Combining the above estimates T;, T» and T3, dividing (44) by v=/21}/*||R|lo.£ and
summing over all interior edges of all K € .7}, the desired result is proven by the
finite overlap of the patches @g and Lemma 7. O

Theorem7 Let (u, p,)) € H(} () x L%(Q) x Ry be the solution of the Stokes
eigenvalue problem (3) and (wy,, pp, *) € Vi x Qp xRy the H¥Y-DG approximation
obtained by (6). Then the a posteriori error estimator ny, is efficient in the sense that

mn S e —wnll + vl p = pullo + h.o.t.
—1,2 2 ) \!/?
where h.o.t. = v (ZKegthll)»u — khuhHo,K) .

Proof The statement follows from a combination of Lemmas 6-8. O

Theorem 8 Ifu € H?(.%;,) and p € H'(.9},), then the eigenvalue error satisfies

mr Sk =l + v p = pullg + Allu — wplld + 1Ch e — wp, u — up)| + (hoo.t.)?,

where h.o.t. = v=1/2 (ZKE%@ A — Ay ||3,1<)]/2’ and Cy, is as defined in (38).
Proof From Theorem 7, we deduce

My < llw —upll> +v="p = pull§ + (ro.r)?. (45)
Since V-u =0 =V - uy, we have
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(W —Up, p— ppsu—Up, p— pp) =ap( — up, u — up)

= llu — wpll* + Cp(u — up, u — uyp).
Therefore, Theorem 4 shows
e — wplll® = hn — A+ Al — wp Iy — Ch(u — up, u — up). (46)

Combining (45) and (46) implies the result. O

Remark 5 From the estimates in [35, Proposition 8.1], the eigenvalue estimate (22), and
the pressure estimate (28), we can conclude that v p—pn ||(2) +|Crh(u—up, u—up)|
is of the same order as |A — Aj|. Moreover, from Remark 3 we see that the unfavorable
factor v in front of the pressure error is compensated by the scaling of the pressure
p by a factor v.

5 Numerical experiments

This section is devoted to several numerical experiments on one convex and two non-
convex domains. The experiments verify reliability and efficiency of the proposed a
posteriori error estimator of Sect. 4 for the eigenvalue error of (simple) eigenvalues
and up to polynomial degree 3.

We employ the standard adaptive finite element loop with the steps solve, estimate,
mark and refine. To solve the algebraic eigenvalue problem we use the ARPACK library
[30] in combination with a direct solver. We mark elements of the mesh for refinement
on the level £ in a minimal set .#;, using the bulk marking strategy [15] with bulk
parameter 6 = 1/2, i.e. .#; is the minimal set such that 0 Y 7 0% < Y ke, k-
The mesh is refined with one level irregular nodes. The implementation of the method
is done in the software library amandus [24], which is based on the dealii finite element
library [5].

In all experiments we chose the penalty parameter y = k(k + 1)/2 for k-th order
RT; x Oy finite element pairs, k = 1, 2, 3. Since the eigenvalues of the Stokes problem
are related to the eigenvalues of the buckling eigenvalue problem of clamped plates
via the stream function formulation, we can use reference values for the eigenvalues
from [6,10,37].

5.1 Square domain

In this example, we consider the square domain Q = (0, 1)2. The reference value for
the first eigenvalue reads A; = 52.344691168 [6,10,37]. The streamline plot of the
discrete eigenfunction u, and the plot of the discrete pressure py on a uniform mesh
for v = 1, k = 1 are displayed in Fig. 1a, b, respectively.

First we confirm that the presented a posteriori error estimator is in practice robust
in v, which is due to the scalin% of the pressure, cf. Remark 3. Table 1 shows perfectly

constant efficiency indices Mi—"w for varying v and k = 1. Hence, there is no need to
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[\

(a)

(b)

Fig. 1 Streamline plot of the discrete eigenfunction u, (a), and plot of the discrete pressure py (b)

Table 1 Efficiency indices for different v, k = 1, and uniform meshes

¢ v=10 v=1 v=10"1 v=10"2 v=1073 v=10"%
1 31.0416 31.0416 31.0416 31.0416 31.0416 31.0416
2 26.6298 26.6298 26.6298 26.6298 26.6298 26.6298
3 25.1283 25.1283 25.1283 25.1283 25.1283 25.1283
4 24.5267 24,5267 245267 245267 245267 245267
5 24.2555 24.2555 242555 242555 24.2555 242555
6 24.1267 24.1267 24.1267 24.1267 24.1267 24.1267

!

!

102

103

Ny

——n? (uniform, k = 1)
-~ |\ — A¢| (uniform, k = 1)
—¥—n? (uniform, k = 2)
—e—|A\1 — A¢| (uniform, k = 2)
n? (uniform, k = 3)
[A1 — A¢| (uniform, k = 3)

n? (adaptive, k = 1)
[A1 — A¢| (adaptive, k = 1)
n? (adaptive, k = 2)

> [A1 = M| (adaptive, k = 2)
n? (adaptive, k = 3)
[A1 — N¢| (adaptive, k = 3)
— = order 1

—-—-order 3

Fig.2 Convergence history of L] — A¢| and r}% on uniformly and adaptively refined meshes for the square

domain

consider the pressure-robust estimators of [27,29] for the Stokes eigenvalue problem,
and from now on we may set v = 1. Note that the efficiency indices for the eigenvalues
are related to the square-root of the efficiency indices for the eigenfunctions. Therefore
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n? (uniform, k = 1)
|[A4 = A¢| (uniform, k = 1)
102 E —-)k-—n[2 (uniform, k = 2)
< - —o— | Ay — A¢| (uniform, k = 2)
n7 (uniform, k = 3)
[As — A¢| (uniform, k = 3)
n? (adaptive, k = 1)
[As — A¢| (adaptive, k = 1)
n? (adaptive, k = 2)
—B— |[As = N¢| (adaptive, k = 2)
n? (adaptive, k = 3)
[As — A¢| (adaptive, k = 3)
— = order 1

1

J
\J

102

—==-order 3

108k . . T 3

108 104 10°

Fig.3 Convergence history of [A4 — A¢| and n% on uniformly and adaptively refined meshes for the square
domain

the value 25 relates to the value 5 for the eigenfunction error which is in the typical
range of efficiency indices for residual based a posteriori error estimators for the source
problem.

In Fig. 2, we observe that both uniform and adaptive mesh refinement leads to
optimal orders of convergence (N, k) for the eigenvalue error |1 — A¢|. This is due
to the fact that the domain is convex and the first eigenfunction is smooth enough. Note
that for uniform meshes O'(N, k) ~ O'(h*), for N, = dim(V}, x Qp,). We observe that
the convergence graphs for uniform and adaptive mesh refinement overlap each other
for both the eigenvalue errors |A; — A¢| as well the a posteriori error estimators 77%.
Moreover, we confirm that the a posteriori error estimator n% is numerically reliable
and efficient.

The reference value for the fourth eigenvalue, which is simple, reads A4 ~
128.209584313. In Fig. 3 we observe the same behavior of 77% for the fourth eigenvalue
as in Fig. 2 for the first eigenvalue, namely both uniform and adaptive mesh refinement
lead to optimal convergence and the a posteriori error estimator shows to be reliable
and efficient.

5.2 L-shaped domain

Inthe second example, we take the non-convex L-shaped domain Q2 = (—1, 1 )2 \ (O, 1)2
with a re-entrant corner at the origin, which allows for singular eigenfunctions.

To compute the error of the first eigenvalue, we take A = 32.13269465 as areference
value from [16]. Figure 4a, b show the computed velocity and discrete pressure as a
streamline plot on a uniform mesh computed with k = 1. The exponent for the singular
function at the re-entrant corner is known to be o ~ 0.544483736782464. Hence, in
Fig. 5 we observe suboptimal convergence of 0'(N,” 0-344 for the eigenvalue error even
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0

(b)

—»— A = A¢| (uniform, k = 2)
—}—n? (adaptive, k = 1)
-e— A = A¢| (adaptive, k = 1)
—¥—n? (adaptive, k = 2)
—e— |\ — N\¢| (adaptive, k = 2)
n? (adaptive, k = 3)

A — A¢| (adaptive, k = 3)
order 0.544

— = order 1

........ order 2

—=-=-=-order 3

Fig.5 Convergence history of |A —X,| and n% on uniformly and adaptively refined meshes for the L-shaped
domain

for k = 2. Adaptive mesh refinement however, achieves optimal convergence &' (N, e_k)
of the eigenvalue error for k = 1, 2, 3. The a posteriori error estimator n% shows to
be reliable and efficient in all experiments. Observe that the eigenvalue error obtained
with k = 3 on adaptively refined meshes is about 6 orders of magnitude smaller
than that for uniform mesh refinement. This demonstrates the importance of mesh
adaptivity, in particular for high order methods. Figure 6a—c show some adaptively
refined meshes for k = 1, 2, 3, which show strong refinement towards the origin.

5.3 Slit domain

In the last example, let @ = (—1, 1)\ ({0} x (—1, 0)) be the slit domain. To compute
the error of the first eigenvalue, we take A = 29.9168629 as areference value from [16].
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o
T

T
o
:
S
+
=

0

(b)

—»— A — A¢| (uniform, k = 2)
—}—n? (adaptive, k = 1)
-~ |\ — M| (adaptive, k =1)

102

¢ —¥—n? (adaptive, k = 2)
—e— |XA — \¢| (adaptive, k = 2)
10° n? (adaptive, k = 3)
A = A¢| (adaptive, k = 3)
order 1/2
— = order 1
U e A N N L " < A I order 2

—-=-order 3

107

10°®

108 104 10°
Ny

Fig. 8 Convergence history of |[A — Ag| and n% on uniformly and adaptively refined meshes for the slit
domain
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’ s

|
H

HEN

-1 0 1A 0 1A 0 1
(@) (b) (0

Fig.9 Adaptively refined meshes for RT1 x Q1 (a), RT, x Q3 (b), and RT3 x Q3 (¢)

The discrete velocity eigenfunction u, and discrete pressure p, are displayed in
Fig. 7a, b as a streamline plot on a uniform mesh for £ = 1. In Fig. 8, we observe

suboptimal convergence of O'(N, 1/ 2) for the eigenvalue error on uniform meshes, but

optimal convergence of O'(N, ¥y fork = 1,2, 3, for adaptively refined meshes. More-
over, the a posteriori error estimator proves to be numerically reliable and efficient.
Note that we had to stop the third order method on adaptively refined meshes earlier
than for the lower order methods, since the accuracy of the reference value has been
already reached with less than 2 - 10° degrees of freedom. Figure 9a—c show some
adaptively refined meshes for k = 1, 2, 3, which are strongly refined towards the tip
of the slit at the origin.
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