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Abstract

This paper is devoted to study the Arnold-Winther mixed finite element method for two
dimensional Stokes eigenvalue problems using the stress-velocity formulation. A priori error
estimates for the eigenvalue and eigenfunction errors are presented. To improve the approx-
imation for both eigenvalues and eigenfunctions, we propose a local post-processing. With
the help of the local post-processing, we derive a reliable a posteriori error estimator which
is shown to be empirically efficient. We confirm numerically the proven higher order con-
vergence of the post-processed eigenvalues for convex domains with smooth eigenfunctions.
On adaptively refined meshes we obtain numerically optimal higher orders of convergence
of the post-processed eigenvalues even on nonconvex domains.

Keywords a priori analysis, a posteriori analysis, Arnold-Winther finite element, mixed finite element,
Stokes eigenvalue problem
AMS subject classification 65N15, 65N25, 65N30

1 Introduction

Over the last decade, the numerical analysis of the finite element method for eigenvalue prob-
lems has been of increasing interest because of various practical applications. Specifically, the
numerical analysis of the Stokes eigenvalue problem is a broad research area. Huang et al. [15]
discuss the numerical analysis of several stabilized finite element methods for the Stokes eigen-
value problem. In [20], Meddahi et al. proposed a finite element analysis of a pseudo-stress
formulation for the Stokes eigenvalue problem. In [23], Tiirk et al. introduced a stabilized finite
element method for two-field and three-field Stokes eigenvalue problems. From [21], one can also
study a variety of mixed or hybrid finite element methods for eigenvalue problems.

In the literature, most of the results based on the a posteriori error analysis for the finite
element method (see [1, 24] and the references therein) consider the source problem. In com-
parison there are only a few results for the a posteriori error analysis of the Stokes eigenvalue
problem available. In [19], Lovadina et al. presented the numerical analysis for a residual-based
a posteriori error estimator for the finite element discretization of the Stokes eigenvalue problem.
In [18], Liu et al. proposed the finite element approximation of the Stokes eigenvalue problem
based on a projection method, and derive some superconvergence results and the related recovery
type a posteriori error estimators. A posteriori error estimators for stabilized low-order mixed
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finite elements for the Stokes eigenvalue problem are presented by Armentano et al. [2]. A new
adaptive mixed finite element method based on residual type a posteriori error estimators for the
Stokes eigenvalue problem is proposed by Han et al. [13]. In [14], Huang presented two stabilized
finite element methods for the Stokes eigenvalue problem based on the lowest equal-order finite
element pair and also discussed a posteriori lower and upper bounds of Stokes eigenvalues.

Arnold and Winther introduced the strongly symmetric Arnold-Winther mixed finite element
(MFEM) for linear elastic problems in [3] and proved its stability for any material parameters.
Hence, the proposed Arnold-Winther MFEM is also stable for the Stokes problem as a limit case
of linear elasticity. In [10], Carstensen et al. presented the Arnold-Winther mixed finite element
formulation for the Stokes source problem.

In this paper, we are presenting the Arnold-Winther mixed finite element formulation for the
two dimensional Stokes eigenvalue problem using the stress-velocity formulation. In principal, the
stress-velocity formulation is originated from a physical model where incompressible Newtonian
flows are modeled by the conservation of momentum and the constitute law. The stress-velocity
formulation for the Stokes eigenvalue problem reads as follows: find a symmetric stress tensor
o, a nonzero eigenfunction u, and an eigenvalue A such that

—dive=X inQ, Aoc—€(u)=0 inQ, uw=0 ond,

for a bounded Lipschitz domain Q C R2. Here o, Ao and €(u) are the stress tensor, the deviatoric
stress tensor and the deformation rate tensor, respectively. For simplicity, we restrict ourselves
in this paper to the analysis for simple eigenvalues A.

The remaining parts of this paper are organized as follows: Section 2 presents the necessary
notation, the formulation of the problem, the discretization of the domain and the mixed finite
element formulation. Section 3 is devoted to study the a priori error analysis of the eigenvalue
problem. Section 4 presents the local post-processing and its higher order convergence analysis.
The a posteriori error analysis is introduced in Section 5. Finally, we verify the reliability and
efficiency of the a posteriori error estimator and the higher order convergence of post-processed
eigenvalues in three numerical experiments in Section 6.

2 Preliminaries

Let H*(w) be the standard Sobolev space with the associated norm || - |5 for s > 0. In case of
w =, we use |- ||s instead of ||-||s,o. Let H*(w) := (H*(w))* be the dual space of H*(w). Now
we extend the definitions for vector and matrix-valued function. Let H®(w) = H*(w;R?) and
H*(w,R?*2) be the Sobolev spaces over the set of 2-dimensional vector and 2 x 2 matrix-valued
function, respectively. Define v = (v1,v2)! € R?, 7 = (Tij)2x2 and o = (045)2x2 € R2%2 then

v vy 971y | 011z
— | @ ] . — 9 ] —
Vo= g5 a5 |, div(T) =1\ om, | o |, tr7=71+ 720,

ox Jy ox + oy

_( T1101 + T1202
TV =

) 7 E Tij 044,

4,J
Let the divergence conforming stress space H (div, 2, R?*2) be defined as
H(div, Q,R?*?) .= {1 € L*(Q;R?*?)|div € L*()},
equipped with the norm

HTH%—I(div,Q,RQW) = (7, 7) + (div,div).
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In this paper, we are using the notation (-,-),, for the L?(w;R?*2) inner product fw T : 7dr as
well as the L?(w) inner product [ 7-7dx. For w = Q, the notation (-, ) is used instead of (-,-)q.
The symbols < and 2 are used throughout the paper to denote inequalities which are valid up
to positive constants that are independent of the local mesh size h but may depend on the size
of the eigenvalue A and the coefficient v.

Let Q C R? be a bounded and connected Lipschitz domain. Consider the Stokes eigenvalue
problem

—vAu+Vp=2Au inQ,
divu =0 in €, (1)
u=20 on 09},

with the compatibility condition on the pressure

/dez:o. 2)

Define o = (0 j)2x2 as a stress tensor and the deformation rate tensor as
1 t
€(u) := i(Vu + (Vu)*).

From (1) we can derive the stress-velocity-pressure formulation for the Stokes eigenvalue problem,
which is the set of original physical equations for incompressible Newtonian flow,

—dive = u in Q,
o+ pd—2ve(u) =0 in £,
divu =0 in €,

u=0 on 0f.

Next, we define the deviatoric operator A4 : S — S, where S is the space of symmetric tensors
S = {1 € R?*?|7 = 7'}. Then we can define the deviator At of T by

1
AT = — (1 - §(tr 7)8) forallT €S.

DN =

Here, Ker(A) = {gd € S| ¢ € R} and A7 is a trace-free tensor. In addition, A satisfies for all
7,0 € S the following properties,

(At,0) = (1, Ao),
(AT, 2vA0) = (Ao, T) = L ((0', T)— %(tr o, tr T)),

14

1
ATl < Sl

Using the deviatoric tensor A, we arrive at the stress-velocity formulation of the Stokes
eigenvalue problem

—dive =Au in Q,
Ao —e(u)=0  inQ, (3)
u=20 on 0f).
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Using the compatibility condition (2), we have

/tradsz.
Q

& := H(div,Q;S)/R ~ {r c H(div,Q,S)|/ trde = 0},
Q

Defining V := L?(2) and

we can now derive the following weak form for problem (3): find o € ®, u € V with [Jullp = 1,
and A € Ry such that

(Ao, 7) + (divr,u) =0 for all T € @,

4
(dive,v) = —A(u,v) foralveV. @

Let {75} denote a family of regular triangulations of € into triangles K of diameter hg. For
each Ty, we define &, as the set of all edges of 7, and hp as the length of the edge F € &.
Furthermore, let [w] denote the jump of w,

w]|g = (w|k,)|g— (wx )|p if E=K NK_.

Let V7, and €7, denote the piecewise gradient and the piecewise symmetric gradient, i.e.
(V1.,)|x = V(|k) and (e71,,")|x = €(*|k), for all K € Tj.
Finally, we define the following finite element spaces associated with the triangulation 7y,
AWR(K) = {7 € Poia(K;S) | divT € Py(K;R?)},

P, = {T cEd | TlK S AWk(K)},

V= {v e L*(Q) | v|x € Pu(K;R?)}.
Here, AW} (K) denotes the Arnold-Winther MFEM of index k > 1 of [3] and Py(K) denotes
the set of all polynomials of total degree up to k£ on the domain K. The space ®; consists of
all symmetric polynomial matrix fields of degree at most k + 1 together with the divergence free
matrix fields of degree k + 2. Note that ®;, C ®. When 73, € ®;, we have that 7, has continuous
normal components and 7, satisfies fQ tr m,dx = 0.

The Arnold-Winther MFEM of the Stokes eigenvalue problem becomes the following: find
o € By, up, € Vi, with ||upllo = 1, and A, € Ry such that

(.AO'h,Th) + (div Th,’u,h) =0 for all 7, € &y,
(diveop,vy) = —Ap(up,vp) for all vy € V.

()

3 A priori error analysis

Our main aim is to show that the solutions of the Arnold-Winther MFEM of the Stokes eigenvalue

problem converge to the solution of the corresponding spectral problem which comes to apply

the classical spectral approximation theory presented in [4] to the associated source problem.
Consider the stress-velocity formulation for the associated source problem

—divef = f inQ,
Aot —e(uf) =0 inQ, (6)
uf =0 ondQ.
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Using the compatibility condition (2), we have

/tra’fdxzo.
Q

For the above problem (6) there exist well-known regularity results for convex domains with
sufficiently smooth boundary 9. If f € L*(Q) then the solution of problem (6) satisfies u €
H*(Q)NHYQ),pe HY(Q)/R, 0 € H'(Q;S), and

lullz + Ml + llelly < (1o (7)

Using the well-posedness of problem (6), the operators S : V. — ® and T : V — V are well
defined for any f € V such that Sf = o, and Tf = u/ are the stress and velocity solutions,
respectively.

We now define the following weak form for problem (3): for given f € V, (Sf,Tf) € (®,V)
is the solution of

(A(Sf),7)+ (divr, Tf) =0 for all T € ®,

(div(Sf),v) = —(f,v) forallveV. ®)

The above problem (8) has unique solution from the well known inf-sup condition of the mixed
formulation and [10, Lemma 2.1].

For the discrete solution operators S, : V. — ®;, and T}, : V. — V},, the Arnold-Winther
MFEM of the Stokes source problem becomes the following: find Sy, f € ®;, and T), f € V}, such

that
(A(SLE), ) + (div Ty, Trf) =0 for all 7, € @y, )
(div(Spf),vn) = —(f,vp) for all vy, € V.

From [10], the discrete source problem is well-posed and has a unique solution. From [3] we have
the following a priori estimates for (of,uf) € (& N H**2(Q;S)) x H**2(Q) and f € H*(Q)

1Sf = Sufllo Sh™ o I, 1<m<k+2, (10)
| div(Sf — Suf)llo S A dive!|,,, 0<m<Ek+1, (11)
ITf = Tufllo S A" w lmgr, 1<m<k+1. (12)

Hence, we can state the following convergence results by (10) and (12)
|7 = Thlleov,vy =0 if h—0, (13)
||S - ShHﬁ(V,@) —0 if h—0. (14)

The above results (13) and (14) are equivalent to the convergence of eigenvalues and eigenfunc-
tions. Thus, using the abstract theory from [6, 21] and the a priori results (10) and (12), we
have
Jw—wunllo SA™, 1<m<k+1, (15)
lo—onllo SA™, 1<m<k+2. (16)

Note that p = —tr o /2, hence the approximation of the pressure is defined by p, = —tr oy, /2
and satisfies the following estimate

1
llp = prllo = §Htr0' —tropllo <|le—onllo SA™, 1 <m<k+2.

The next lemma establishes a connection between the errors in the eigenvalues and in the eigen-
functions.
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Lemma 3.1. Let (o,u,\) and (oh,up, \n) be solutions of the continuous eigenvalue problem
(4) and the discrete eigenvalue problem (5), respectively. Then, we have the identity

A= = 20| A(g — o) |5 — Anllw — unlfg. (17)
Proof. From (4) and (5), using (u,u) =1 and (up,u,) = 1, we have

(2vAo, Ad) = Au,u) = A,
(2vAoy,, Aoy) = A\p(up, up) = Ap,
(2vAa, Aay,) = A (up,w).

Moreover, it follows

w||A(o — )|z = 2v(A(e — o), Ale — a1,))
=2v(Ao, Ao) + 2v( Aoy, Aoy,) — 4v( Ao, Aoy,)
= A+ A = 22 (up, u).

Then we obtain
A=Ay = 2V||.A(0’ — Uh)”g — 2\, + 2/\h(uh,u).
Using ||u — up||3 = 2 — 2(up, u) yields

A= =20]Ale — an) I = Anllu — uallg.

An immediate consequence of Lemma 3.1 are the following two lemmas.

Lemma 3.2. For sufficiently smooth w € H**2(Q), o € H*t2(Q;S), the following a priori
error estimate holds

A=A SR 0<m<k+1. (18)
Proof. The assertion follows from (15)—(17). O

Lemma 3.3. For sufficiently smooth w € H*"%(Q), o € H*2(Q;S), the following a priori
error estimate holds

|div(e —op)|lo SA™, 0<m<k+1. (19)
Proof. From (4) and (5), we have div(o) = —Au and div(op,) = —A\pup. Therefore we get
[div(o — an)llo = [[Anun — Aullo < (An = A)llunllo + Alun — ullo.
The assertion follows from (15)—(17), and ||u|lo = 1. O
Let Pj, denote the L2 projection onto Vj, with the well known approximation property
|1Prv — vllo S h™||v]|m, forallv e H™(Q). (20)

In the following we relate the discrete eigenfunctions (o7, uy) to the discrete approximations
(oan, uxp) of the associated source problem (9) with right hand side f = Au € V. Then
oxn = ASpu and uy p, = ATpu and we have the following lemma.
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Lemma 3.4 ([10, Theorem 3.4]). For sufficiently smooth boundary 09, o € H*2(Q;S), and
diveo € H*1(Q), it holds that

|Pvu = wnillo S W53 (o lre + | div o). (21)

~

Next, we prove a similar estimate for the eigenfunction u;, which is used in Section 4 to derive
an error estimate for the post-processed eigenfunction.

Theorem 3.5. For sufficiently smooth boundary 0Q,0 € H*2();S), dive €¢ H*(Q), it
holds that

1Puw — unllo S A2 (571 + [lollkgz + || div ollisa). (22)

The proof of Theorem 3.5 does not follow directly from Lemma 3.4, because the eigenvalue
problem does not satisfy an orthogonality condition, i.e. (div(e — o), v,) # 0, therefore we
need the following lemma.

Lemma 3.6. For sufficiently smooth boundary 0Q, o € H**2(Q;S), and dive € H*T1(Q),
the difference between the discrete eigenfunction uy, and the discrete solution of the associated
source problem wy  can be estimated by

[wrn = unl S B2+ (o flrre + [ div ollig).
Proof. First we define some relations
Mu=u, MNThup,=up and Npu=1uyy.

Since A is a simple eigenvalue, the eigenspace of the eigenvalue A is spanned by w. The operator
T:V — V is self adjoint. Therefore the orthogonal complement of w is a T-invariant subspace
denoted by U+V. Moreover the eigenvalue A does not belong to the spectrum of T'|y;1,v which
is defined as T|yo.v : UV — UV, Thus, we can define the following invertible map

(I-\T):U>Y UV,

Here (I — AT)~! is bounded. Define 8, := ux — up — (urpn — up, uw)u. Using |jullp = 1, it
follows

(On,u) = (uxpn —up — (uxp — up, u)u,u) = 0.
Hence we have
0, cUSY and |60 S| — ANT)dn]|o-
Since (I — AT)u = 0, the following estimate holds
10nllo S (T = AT)(wan = wn)llo- (23)
Moreover, we obtain the following inequality

(I — )\T)(U)\’h — Uh)
= (>\hTh — )\T)(’u,)\,h — uh) + ’u,>\7h — Up — AhTh(UA,h — u) — )\hTh(u — uh) (24)
= (AnTh = AT)(urp — un) + (A = An)Thw — ApTh(uan — w).
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Inserting the result of (24) into (23) and using the triangle inequality, implies

[nllo S I(ARTH — ATh)(wx,n — un)llo + [|[(ATh — AT) (uxn — wn)llo
+ (A = An)Thullo + [AnTh(uxn — u)|o,
SThh+Io+1Zs+ 1,

where

Iy = [|(ATh — ANTh) (urn — un)llo,  Z2 = ||(ATh — AT)(ux,n — un)llo,
Iz = ||[(A = An)Thulo, Ty = [ AnTh(urn — u)lo-

Using the boundedness of T}, the estimates of Z; and Z3 read
Iy S A = Anllluan —unllo and  Zs S [A = Anl. (25)
Using f = (ux,pn — up) in (12) and inserting the regularity result (7), we obtain
Iy = [[(ATh = AT)(ux.n — wn)llo S Al (wx.n — wn)llo- (26)
Adding and subtracting T}, (Pru) in Z4 leads to
Ty < M| Th(unpn — Pru)llo + Anl|Th(Pru — u)lo- (27)
Applying Lemma 3.4 in first term of the estimate (27), implies
T (s = Pow)lo £ A2 (llolere + || div o fira).

Note that the second term in the estimate (27) is equal to zero due to definition of T}, since the
right hand side of problem (9) vanishes for f = P,u — u. Hence

Iy S M 3 (||o |2 + || div o).
Using the definition of dy, leads to
lwxn = wnllo < [8nllo + [|(wrn — wn, w)ulo. (28)

The first term of the estimate (28) is already estimated. To estimate the second term, observe
that with ||ullp = 1, we get

[(wrn — un, w)ulo = [(urn — un, u)l.
Moreover, we have
[(wxn —un, wullo < [(urn —u,w)| + |(u —up,u)|.

Since ||ullo =1 and |lup|lo = 1, we get
1
(= wn, )| = 1= (un, w) = Sllu—wp§ < H*2 (29)

Next, we estimate |(ux; — u,u)|. Choosing the test functions 7 = oy — 0 and v = uy ) —u
in (4), gives

(Ao, oxp — o) + (div(ern — o), u) =0,

(divo,uyn —u) = —Au,uxp, —u).
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From that, we obtain
“Muxrp —u,u) = (dive,ur, —u) + (Ao, orp — o) + (div(oa, — o), u).
Moreover, we have

“AMurp —u,u) = (divie —oxn),urn —u) + (divey p, ur, —u)
+ (A(o —oxn),oan —0) + (Aoap, 000 — O) (30)

+ (div(ean — o), u—uyy) + (div(orn — o), ur ).

Choosing T, = oA p, U = Urp, f =Au in (9) and 7 = oy, v = uyy in (4), and subtracting
(4) from (9), we obtain

(A(orn —0o),02n) + (divey p,ur, —u) =0,

. (31)
(div(orn —0),ury) =0.
Inserting the result from (31) in (30), implies
—)\(u,\,h —u, u) = (.A(O' - 0',\);,)7 O\h — O') + Q(diV(O' - O’)\7h),U)\7h — u)
S llo = axalls +11divie —oxn)l§ + lu — wrnl3 (32)
S ol e + P2 dive R + P ulR
< h2k+2.
Summing up the estimates (25)-(27) and (29), (32), we obtain
luxn —wnllo S 1A = Anlllwxn — wnllo + hlluxn — wnllo + [A = An|
+ 0 (o lksz + | div o) + A2
Choosing h small enough and using |A — \,| < h?#+2 the following estimate holds
luan —unllo S PR 4+ (o |lkie + || div o).
Proof of Theorem 3.5. Combining Lemma 3.4 and 3.6, implies the desired result. O

4 Local post-processing

In this section we present an improved approximation of the eigenfunction by a local post-
processing similar to the one in [10] for the source problem. Define for m > k + 2

Wy ={v e L*(Q) | v|x € P, (K;R?) for all K € Ty}
Choose uj € W on each K € Tj, with Px = P),|x as a solution of the system

Pruj = uy,

(e(u}), e(v))k = (Aop, €(v))x  for allv € (6 — Pg)W; k. (33)

Here, u} is the Riesz representation of the linear functional (Ao, €(-))x in the Hilbert space

(6 — P )Wi | = {vm € Po(K;R?)| (v, wi) i = 0 for all {wy, € Pp(K;R?)},
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which is equipped with the scalar product (e(-),€(-))x. We define the local post-processing on
each triangle with Lagrange multiplier p € Py(K;R?) as follows

(e(u}), €(vm)) i + (1, Vi) = (Aon, €(v,))k  for all v, € P, (K;R?),

34
(uj, wr)x = (up, wi) K for all w;, € Pk(K;Rz). (34)

From Korn’s inequality, we get positive definiteness of (€(-), €(-)) k on (6§ — Px)W}|k, and since
Py(K;R?) C P,,(K;R?), we obtain

sup (O, o) ¢ > pellox  for all py € Pp(K;R?).

0#vmeP (KiR2) |[Vmll1,K

Hence, there exist unique solutions on each triangle, c.f. [7]. Combining the identity Ao = e(u)
and (33), gives the following error identity

(e(u —up),e(v)x = (A(o — o), €(v))k forallv € (6§ — Px)W; k.

Theorem 4.1. With sufficiently smooth boundary 0%, if u € H™1(Q), o € H**2(Q;S), and
dive € H*1(Q) solve problem (1), then the following estimates hold for the post-processed
eigenfunction uj, € Wj

lw =i llo € BB+ oot + | div ollkgs) + A7 ulln,

~

V7 (w = up)llo S B2 + (o flive + (| Aiv ollir) + 2™ [l
Proof. Let 4 denote the L? projection of w onto W;*. From the triangle inequality we get
lw—ullo < lluw—alo+ [Pt — up)llo + [1(6 — Pr)(@ — up)llo- (35)
Applying (20) in first part of the right hand side of (35) leads to
lu—alo <P ullmer  for all we H™(Q). (36)
Using Pru;j = u), on each K € 7Ty, shows
[P (@ — up)lo,x = | Pt — unllo,x-
Here V;, C W}, so we can apply the result of Theorem 3.5 to deduce
1Pu(a —up)llo = 1Py — unllo S B2 (B! + [lo|live + [ div olfisa)- (37)

The estimates for the last term in (35) are identical to the estimates for the post-processing for
the source problem, hence we omit the details and quote the final estimate from the proof of [10,
Theorem 4.1]

16 = Pu) (@ —up)llo S W2 (o llisz + | div ollien) + A7 ] (38)

Combining (35) with (36)—(38) proves the first estimate.
To prove the second estimate, we use the triangle inequality

lu —uplik < |Ju—dlk + [P —up)lk + (6 — Po) (@ — up) k.
Applying an discrete inverse inequality leads to

lu =ik < Ju =l + BT P (@ — u) o + A8 = Pr)(t = u) o,k

10
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Combining (37) and (38), with the estimate

lu—alix S A" ||[ullmi1x

obtained from interpolation type arguments and inverse estimates as in the proof of [10, Theorem
4.1], proves the second estimate. O

Definition 4.2. For (u},u}) # 0, we define the post-processed eigenvalue as the value of the
Rayleigh quotient of the post-processed eigenfunction
di ¥
A iV on up) (39)
(uj, up)
Theorem 4.3. Let (o,u,)\) € (& N H*2(Q;S)) x H*2(Q) x Ry be the solution of (4),
with ||ullo = 1. For sufficiently small h, the following a priori estimate for the post-processed
eigenvalue A}, holds

A= AL| < R2EH
Proof. From (4), (5), (34), (39), and (u,u) = 1, we have
(2vAo, Ao) = ANu,u) =X, and (2vAdoy,, Aoy) = A (uf,u}).
Moreover, it follows
|| A(e — o))z = 2v(A(o — a1), Alo — a1))
=2v(Ao, Ao) + 2v( Aoy, Aoy) — v(Ao, Aoy)
= A+ N (up,ur,) — 27 (u,uy,) + 2(div oy, u) + 20 (u, uj).
Therefore we have
A=\ =20||A(e — ap) g — Np — N (uh, ul) 4 205 (uw,u)) — 2(div ey, + Ajul,u).
Using (w,u) + (u},u}) — 2(u,u}) = ||lu—uj||3, and (div oy, + A\ju}, u)) = 0 we get
A=\ =2v||A(o — o) ||l = N |lu —ul|]2 — 2(div ey, + ANul,u —u), (40)
which leads to
A=\ =2v||A(o — ap)||2 — A ||u — uj||2 — 2(divey, — dive,u — u})
—2(Apuy, — Au,u — uj)
=2w||A(o — ap)||2 — M llu — u} |2 — 2(div ey, — dive,u — uj)
= 2(A%(up, —u),u —up) = 2((A, — Mu,u —up)
o]l A(o — o)} + Nl — w2 + 2(div(e — on),u — uj)
+2A = A (u,u — uj).
From Cauchy-Schwarz inequality it follows
A= Nl S 20 A(e — an)[§ + N llw — uj 1§ + 2] div(e — an)lollu — ujllo
+ 2[A = Aglllw — g [lo-
This results in
A=l S llo = onllg + 1w — wi 1§ + [ div(e — an)lollu — wujllo + X = X; %
Using the estimates (16) and (19), and Theorem 4.1, we obtain for ~ small enough
A ALl S A

11
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5 A posteriori error analysis

First, we define @), € H = H}(Q). Here @y, is closely related to the discontinuous approximation
The primal mixed formulation of the Stokes source problem with right hand side Au reads as
follows: find o € L and w € H such that

—(o,€(v)) = =A(u,v) forallve H,

(2vAco, At) — (1,€(u)) =0 for all 7 € L. (41)
Following [9, Section 1.3], we have the following lemma
Lemma 5.1. The operator A: X — X*, defined for (o,u) € X := L x H by
(A(o,u))(T,v) := Ao, AT) — (0,€(v)) — (T, €(u)),
1s linear, bounded, and bijective.
From the above lemma, we obtain
[ A(e —on)llo + lle(w —an)llo = || ResL|[L- + || Resu| k- (42)

for any approximation (o, @) € L x H of the primal source problem with right hand side Au,
where

Resp(v) :== A(u,v) + (o, €(v)) for allv € H,
Resp (7)== (2vAo, At) — (1,€(qy,)) forallT € L.

Lemma 5.2. Let (o, u,\) € LxHXR be a solution of (4). Then the approzimation (o, y) €
L x H satisfies

Ao —on)llo + [|e7, (w —an)llo

1/2
< || Aoy — e(ap, HKo—f—( Z h3 || M+ div o3 ) + O,
KeTy

with the higher order term
O :=X\|lu—ujllo+ |A— Anl
Proof. Gauss theorem implies for any v € H
Resp(v) = (Au + div oy, v).
Let vy, denote the Scott-Zhang interpolation [22] of v, then it holds that
Resp(v) = (Au+divop, v — o) + (Au + div oy, vy).
For the second term on the right hand side, (5) and (33) show

(Au + div oy, vp) = (Au — Mpup,vp) = (Au — Ay, vp)
= (A=) (uw,vp) + Ap(u — uj, vy).

12
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Applying Cauchy-Schwarz inequality, it follows

1/2 1/2
Resp(v) S ( > hil/\qudiVUhlli,o) ( > hilllw - 'vh)lli,o>

KeT, KeTy,
+ (Anllw = ui || + [A = Anl) [lonfo-

Poincare’s inequality, and stability and approximation properties of the Scott-Zhang interpolation
show

1/2
Resp(v) < (Z h%(||/\u+div0'h§(70> +0 | |v]:.
KeTn

Finally, ||Resp| L~ is estimated as

Resp (1) = /Q(Aah —€e(uy)) : Tdx < || Aoy, — €(ap) ol To-

O

Now, we present an a posteriori error estimator that involves the discontinuous post-processed
approximation

ul € HY(T;,) := {v € L*(Q)|v|r € H(T) for all T € Tp,}.

In the following let w, € H be the conforming approximation to u, that is obtained from the
discontinuous post-processed function uj, by taking the arithmetic mean value

1 *
) = e T 2 e K| 2. uillk

KeTy:zeK

for each vertex and edge degree of freedom in z € R?. A discrete scaling argument and [16,
Theorem 2.2] show

> bl —anlio+ Y llen (uh) —e(@n)llio < D hp'luillh.o- (43)
KeTn KeTy Eec&y,

Theorem 5.3. Let (o,u,\) € LxH xR, be a solution of (4). The post-processed eigenfunction
u} € HY(Ty) satisfies the following reliability estimate

lA(e —an)llo + ller, (w —up)lo S0+, (44)

for the a posteriori error estimator

0= (o — eq (up)lls + D hiclNuh + divenlio + D hpllluillzoe
KeTy, FEe&yp

and the higher order term

1/2
Y= (Z ha | A — ;;u;%m> +O.

TETh

13
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Proof. Adding and subtracting e(@y,) in the second term of (44) and using the triangle inequality,
we have

[A(e —an)llo + lle7, (w —up)llo S | A(e = on)llo + [le7;, (w — an)llo
+ ller, (uh) — e(@n)]o-

Applying Theorem 5.2, implies
[A(e —an)llo + lle7, (w —up)llo S | Aon — e(@n)llo + [le7, (ur,) — €(wn)lo
1/2
+ ( > Wil du + div ah||%{’0> + 0.
KeTy,

Another triangle inequality yields

I A(e —an)llo + ller, (w —ui)llo < [Aon — €7, (ug)llo + [[e7;, (up) — €(@n) o
1/2
( ST nkN; uh—&—divah”%{)()) Y.
KeTh
Using (43), the desired estimate holds. O

Theorem 5.4. The a posteriori error estimator n? provides an upper bound of the post-processed
eigenvalue error for sufficiently small mesh size h, up to the higher order term Y2,

A =Nl S0P+ 2
Proof. Adding and subtracting 4, in the last term of (40) yields

A= X, = 2] Ale — an)l§ — M llw — uplls — 2(divon + Nuj, u — )
- Q(div o+ \up, up — ’U,Z)
= w||A(o — o)z — N |lu — u; |3 — 2(divey, — dive, u — 1)

—2(A\uy, — Au,u — ap) — 2(div oy, + Ajug, an, — ur,)
Applying Gauss theorem, implies

X=X, = 2v||A(e —on)[§ + N llw — upl[§ — 2(0 — on, V(u — )
+ 275 (w — ujy, w — @p) + 2(A — A (w, w — @)
= 2(divoy, + Ny, @, — uj).

Using Cauchy-Schwarz inequality, we have
A=Al S IIA(U — o)+ lw—upllg + o — onlls + 1V (w = an)[§ + [lu — @

A=)+ Y Wl us +diven|§ e + Y hilllan — ujllo k-
KeTh KeTh

From the trace estimate [8, Proposition 3.1, IV.3], we get

lo = anllo S [lA(e —an)llo + [[div(e —on)| -1

14
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Note that

|div(e — o,)||-1 = sup |(Au+diveoy,v)| = || Resul m--
lvleH1
V1=

Therefore, (42), Korn’s and triangle inequalities lead to

N =N S Ae = an)l§ + ller, (w —wp) g+ D BilNu;, + dives|d x
KeTy,

+ |y, — @nlld + llem, (i — @n) 1§+ Y hilllug —anllf &
KeTy,

+ llw = w5+ (A= A7)
For h small enough such that |\ — A\}| < 1/2, we conclude with (43) and (44)

A =Nl S+ X2

6 Numerical experiments

In this section, we present numerical results for the square domain, the L-shaped domain and
the slit domain. We verify the proven (asymptotic) reliability of the a posteriori error estimator
of Section 5 and show empirically its efficiency. We present numerical results that show sixth
order convergence of the post-processed eigenvalues of Section 4 on adaptively refined meshes
even for the (nonconvex) L-shaped and slit domains. In all experiments, we take to the lowest
order Arnold-Winther finite element (k = 1), the parameter » = 1 and the polynomial order
P3(Th,R?) for the post-processing.

Since the exact eigenvalues for all three domains are unknown, we compare the computed
eigenvalues to some reference values with high accuracy. Note that the eigenvalues of the Stokes
eigenvalue problem are related to the eigenvalues of the buckling eigenvalue problem of clamped
plates via the stream function formulation. Hence, we can use known [5] or computed reference
eigenvalues for the plate eigenvalue problem.

We consider the standard adaptive finite element loop

Solve — Estimate — Mark — Refine,

that creates a sequence of adaptively refined (nested) regular meshes (7;) level index ¢. For the
algebraic eigenvalue solver we use the Matlab implementation of ARPACK [17]. To estimate the
error, we compute the a posteriori error estimator of Section 5

m =Y Ao —en ()i + D hp'luill e+ Y hilAui +diveds -
KeT, Ec&, KeT,

In the above formula, u; € W/ is the solution of the local post-processing which is given in
Section 4. Since the conforming function i, of Section 5 is closely related to uj we also compare
the error estimator 77 to the heuristical estimator

pi =Y Ao —e(@)llg x + > Pillheie + divol[§ &,
KeT, KeT,

15
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—}+—n} (uniform)

10° |5 A = A/| (uniform)
—%— |\ = AJ| (uniform)
o |7} (adaptive)

107 ] ¢ |\ — \g| (adaptive)
—5— |\ — \| (adaptive)
— — order 2
[|--—-order 3

—+— 41} (uniform)

| [—e— A = Al (uniform) [
—%—|A— X/ (uniform)

—— 2 (adaptive)
—%—|A = X\¢| (adaptive)

[|—=—|\ = A¢| (adaptive)

— — order 2

—-—-order 3

I . I . .
10° 10 10° 10° 10* 10°

Figure 1: Convergence history of (a) [A—Xg|, [X\=A%[, 72, (b) [A=X¢|, [A=X¢| and p2 on uniformly
and adaptively refined meshes for the square domain.

where we replaced u; by u,, and A is computed from (39) with u} replaced by w,. We nu-
merically demonstrate reliability and efficiency of u? for the eigenvalue error |\ — ;\g\. We mark
triangles of the triangulation 7; in a minimal set of marked triangles M, according to the bulk
marking strategy [12], such that 0n? < n?(M,) for the bulk parameter § = 1/2, and refine the
mesh with the red-green-blue refinement strategy [24].

Let Ny denote the degrees of freedom N, := dim(®,) + dim(V;). Note that for uniform
meshes, we have the relationship O(N, ") ~ O(hZ"), r > 0.

6.1 Square domain

In the first example, we consider the square domain € = (0,1)2. The reference value for the
first eigenvalue A = 52.344691168 is taken from [5, 11]. Figures 1(a) and 1(b) are devoted to the
convergence history of the eigenvalue errors and a posteriori error estimators. Due to the smooth-
ness of the eigenfunction, the error of the post-processed eigenvalue A; and the corresponding
a posteriori error estimator 77? achieve optimal third order of convergence for both uniform and
adaptive meshes. Moreover, the error for the eigenvalue M¢ and the estimator ©? also achieve
optimal convergence of O(N~3) for both uniform and adaptive meshes. For both uniform and
adaptive meshes, the convergence rate of the eigenvalue error of )\, is equal to O(N~?2), which
confirms the theoretical result (18). The streamline plot of the discrete eigenfunction u, and a
plot of the discrete pressure pp = —tro/2 are displayed in 2(a) and 2(b), respectively.

6.2 L-shaped domain

The second example is for the L-shaped domain with Q = (—1,1)?\ [0,1]2. Here, the domain
in nonconvex and has a re-entrant corner at the origin, which causes a singularity in the first
eigenfunction. To compute the eigenvalue error of the first eigenvalue, we take A = 32.13269465
as a reference value. The convergence results for uniform meshes in Figure 3(a) and 3(b) show
reduced orders of convergence O(N~954) for all eigenvalue errors and both error estimators.
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(a) (b)

Figure 2: (a) Streamline plot of the discrete eigenfunction u,. (b) Plot of discrete pressure
pe = —trog/2.

102 F N ] 102
N\,
N,
AN
N\,
NG AN 1 10
102} T =8 0%
—+— 7} (uniform) L —+— 42 (uniform)
—©— |A — A¢| (uniform) S —O—[A = A¢| (uniform)
10 [ [ 1A = A (uniform) ] 10 - [ 3%—=[A = | (uniform) |
——n; (adaptive) < X ——p (adaptive)
—5¢ |\ — A (adaptive) Q. —¢—|A— A (adaptive)
—8— A= \| (adaptive) o o [7B 1A = A (adaptive)
106 |-|— — order 0.544 X ] 1071 | — — order 0.544 1
order 2 N order 2
—-—-order 3 .\.\ —-—-order 3
L L L L L L L L
10° 10* 10° 10° 10° 10* 10° 10°
Ny N,

Figure 3: Convergence history of (a) |A—A¢|, A= A%[, 72 (b) [A=A¢|, |A—\¢| and p2 on uniformly
and adaptively refined meshes for the L-shaped domain.
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(a) (b)

Figure 4: (a) Adaptive refined meshes for 7 with 386 nodes, (b) Adaptively refined meshes for
u? with 392 nodes.

Figure 5: (a)Streamline plot of the discrete eigenfunction u,. (b) Plot of discrete pressure
pe = —troy/2.
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102 107
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Figure 6: Convergence history of (a) [A—Xg|, [X\=A%[, 72, (b) [A=X¢|, [A=X¢| and 2 on uniformly
and adaptively refined meshes for the slit domain.

Furthermore, the convergence results based on adaptive refinement recover optimal higher order
convergence O(N ~3) of the post-processed eigenvalues A, and A¢. In both cases the corresponding
a posteriori error estimators n7 and u? are reliable and efficient and close to the true error.
Moreover, the eigenvalue errors for adaptive refinement are several orders of magnitude below
the eigenvalue errors for uniform refinement, which illustrates the importance of adaptive mesh
refinement. Figures 4(a) and 4(b) show two adaptively refined meshes for the a posteriori error
estimators ng and u?, respectively. Both meshes show strong refinement toward the origin.
Figures 5(a) and 5(b) show the discrete velocity and pressure as a streamline plot computed on
an adaptive mesh.

6.3 Slit domain

Finally, we consider the slit domain Q = (—1,1)?\ {0 < z < 1,y = 0}, with maximal re-entrant
corner of angle 2m. We take A = 29.9168629 as a reference value for the first eigenvalue. Again
the first eigenfunction is singular. For uniform meshes in Figure 6(a) and 6(b), the convergence
results show suboptimal convergence O(N -1/ 2) for the eigenvalue errors and error estimators.
On the contrary, the convergence results, which are based on adaptive refinement, achieve optimal
convergence O(N~3) for the post-processed eigenvalues A} and Ay, and for the a posteriori error
estimators 17 and p2. In Figures 6(a) and 6(b), the graphs for the estimators n? and u? are
parallel to the eigenvalue errors of the eigenvalues A} and A¢, thus it confirms that both error
estimator are numerically reliable and efficient. Note that the efficiency index corresponding to
n7 in Figure 6(a) and the efficiency index corresponding p2 in Figure 6(b) are close to one in case
of adaptive mesh refinement. Figures 7(a) and 7(b) display adaptively refined meshes for the
proposed error estimators 77% and ,u%, which both show strong refinement toward the re-entrant
corner. The computed velocity and discrete pressure are shown in Figures 8(a) and 8(b) as a
streamline plot on an adaptive mesh.
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(a) (b)

Figure 7: (a) Adaptive refined meshes for 7 with 375 nodes, (b) Adaptive refined meshes for u7
with 336 nodes.

(a) (b)

Figure 8: (a)Streamline plot of the discrete eigenfunction u,. (b) Plot of discrete pressure
pe = —troy/2.
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