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TRACE FINITE ELEMENT METHODS FOR SURFACE
VECTOR-LAPLACE EQUATIONS

THOMAS JANKUHN* AND ARNOLD REUSKENT

Abstract. In this paper we analyze a class of trace finite element methods (TraceFEM) for
the discretization of vector-Laplace equations. A key issue in the finite element discretization of
such problems is the treatment of the constraint that the unknown vector field must be tangential
to the surface (“tangent condition”). We study three different natural techniques for treating the
tangent condition, namely a consistent penalty method, a simpler inconsistent penalty method and a
Lagrange multiplier method. A main goal of the paper is to present an analysis that reveals important
properties of these three different techniques for treating the tangent constraint. A detailed error
analysis is presented that takes the approximation of both the geometry of the surface and the
solution of the partial differential equation into account. Error bounds in the energy norm are
derived that show how the discretization error depends on relevant parameters such as the degree
of the polynomials used for the approximation of the solution, the degree of the polynomials used
for the approximation of the level set function that characterizes the surface, the penalty parameter
and the degree of the polynomials used for the approximation of Lagrange multiplier.

Key words. vector-Laplace, trace finite element method.

1. Introduction. In recent years there has been a strongly growing interest
in the field of modeling and numerical simulation of surface fluids, cf. the papers
[2, 23, 12, 16, 17, 21, 11], in which Navier-Stokes type PDEs for (evolving) surfaces
with fluidic properties are proposed. Concerning error analysis of numerical methods
for surface (Navier-)Stokes equations there are only very few results available. In [9]
an error analysis for a finite element discretization method for surface Darcy equations
is presented. First error analysis results for a finite element discretization method of
surface Stokes equations are given in [18]. In that paper a P1-P1 stabilized trace
finite element method is studied and optimal error bounds are derived. As far as we
know, no other papers on rigorous error analyses of finite element methods for surface
(Navier-)Stokes are available in the literature. One crucial point in the development
and analysis of finite element methods for surface Stokes equations is the numerical
treatment of the constraint that the flow must be tangential to the surface (“tan-
gent condition”). This constraint also occurs in the class of surface vector-Laplace
problems. These problems are easier to handle than the surface Stokes equations
because they only contain a velocity unknown and not a presssure variable. Such
vector-Laplace problems are a meaningful simplification of the surface Stokes equa-
tion for the development and analysis of finite element methods. In two very recent
papers [10, 6] finite element methods for the discretization of vector-Laplace problems
are analyzed. The topic of the present paper is closely related to the topics treated
in [10, 6]. We briefly discuss the main results of these two papers. In [10] a finite
element method based on standard continuous parametric Lagrange elements, in the
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spirit of the surface finite element method (SFEM) for scalar surface PDEs, intro-
duced by Dziuk and Elliott [4], is studied. The tangent condition is weakly enforced
by a penalization term. Optimal discretization error estimates are derived that take
the approximation of both the geometry of the surface and the solution of the partial
differential equation into account. In [6] a different finite element technique, namely
the trace finite element method (TraceFEM) is studied. This TraceFEM has been
thoroughly analyzed for scalar surface PDEs, cf. the overview paper [19]. In order
to satisfy the tangent constraint for vector-Laplace problems, a Lagrange multiplier
approach is proposed and analyzed in [6]. Optimal error estimates are derived, which,
however, do not take the errors due to the approximation of the geometry of the
surface into account.

In this paper we consider the same vector-Laplace problem as in [6], which is sim-
ilar to the one in [10]. We study the TraceFEM and three different natural techniques
for treating the tangent condition:

e A consistent penalty method, which is the same as the one analyzed (for the
SFEM) in [10].

e An inconsistent penalty method as introduced in [11]. This method is sim-
pler as the above-mentioned consistent one, because an approximation of the
Weingarten map is avoided.

e A Lagrange multiplier method as in [6].

For higher order approximation we use the parametric version of TraceFEM, which,
for scalar surface PDEs, is analyzed in [5]. The main goal of the paper is to present
an analysis that reveals important properties of these three different techniques for
treating the tangent constraint. The topics studied in this paper relate to the ones
treated in [10, 6] as follows. Different from [10], we study the TraceFEM (instead
of SFEM) and we analyze and compare three different techniques for handling the
tangent condition. In [6] only the Lagrange multiplier method is treated and errors
due to geometry approximation are neglected; in this paper we take geometry errors
into account and besides the Lagrange multiplier method we also analyze two penalty
methods.

Since we use TraceFEM, it is necessary to include some stabilization to damp
instabilities caused by “small cuts”. For this we use the normal derivative volume
stabilization, known from the literature [5]. We derive error estimates that take
the approximation of both the geometry of the surface and the solution of the partial
differential equation into account. The main results of this paper are the discretization
error bounds, in the energy norm, given in section 5.6. These results reveal how the
errors depend on relevant parameters k, kg, k,, 1, k;. Here k denotes the degree
of the polynomials used for the approximation of the solution, k; the degree of the
polynomials used for the approximation of the level set function that characterizes
the surface, k, > ky the order of accuracy of the normal vector approximation used in
the penalization term (in both penalty methods), n the penalty parameter and k; the
degree of the polynomials used for the approximation of the Lagrange parameter (in
the third method). These error bounds lead to several interesting conclusions. For
example, for both penalty methods it is necessary to take k, > k41 in order to obtain
optimal error bounds. For the SFEM and the consistent penalty method such a result

2



is also derived in [10]. For the consistent penalty method one obtains an optimal order
error bound of order ~ h* if one takes k, =k+1, kg =k (i.e. isoparametric spaces),
n ~ h~2. Such an optimal result does not hold for the (simpler) inconsistent penalty
method. Optimal balancing of terms leads to k, = k+ 1, kg =k, n ~ h=+1) and
an error bound of order ~ hz(*+1 for the inconsistent penalty method. This bound
is optimal (only) for the important case of linear finite elements, i.e., kK = 1. Hence,
in that case this simpler method (which avoids approximation of the Weingarten
map) may be more attractive than the consistent penalty method. For the Lagrange
multiplier method we do not obtain optimal error bounds for the isoparametric case
k =k,. For k; = k + 1 we obtain optimal bounds both for k; = k and k; = k — 1 (if
k > 2). In the latter case one has to take an appropriate scaling for the parameter
used in the normal derivative volume stabilization term (cf. section 5.6 for more
explanation).

Results of numerical experiments are presented that illustrate the error behavior
predicted by our error analysis.

In this paper the analysis of the three methods for treating the constraint is done
for the TraceFEM. We expect that similar error bounds and conclusions hold if instead
of the TraceFEM the SFEM is used. For the consistent penalty method, these results
are derived in [10].

As in the paper [10] the analysis is rather technical. This is mainly due to the
fact that for the vector case we have to derive bounds for the consistency error caused
by the geometry approximation. For the TraceFEM such estimates are not available
in the literature (in [10] such estimates are derived for the vector analogon of the
Dziuk-Elliot SFEM).

Since the error analysis in the energy norm as presented in this paper is rather
long and technical we do not include an L?-error analysis. This will be addressed in
future work. Based on the results obtained for the vector-Laplace problem we plan
to analyze these methods applied to surface Stokes equations. This a topic of current
research.

The remainder of the paper is organized as follows. In section 2 we introduce
the variational formulation of the surface vector-Laplace problem that we consider,
and give three related formulations (two of penalty type and one based on a Lagrange
multiplier) in which the tangent constraint is treated differently. In section 3 we collect
properties of a parametric finite element space known from the literature. Based on
this space and the three different variational formulations we define corresponding
TraceFEM discrete problems in section 4. An error analysis of these methods is
presented in section 5. The structure of this analysis is along the usual lines. We first
derive discrete stability results and based on these formulate Strang Lemmas, in which
the energy norm of the discretization error is bounded by a sum of an approximation
error and a consistency error. Bounds of the approximation error are easy to derive,
based on results known from the literature. For proving satisfactory bounds for the
consistency term we need a longer and tedious analysis. Finally, in section 6 we
present results of numerical experiments.

2. Continuous problem. We assume that 2 C R? is a polygonal domain which
contains a connected compact smooth hypersurface I' without boundary. A tubular
3



neighborhood of I' is denoted by
Us == {z € R*| |d(z)| < 6},

with 6 > 0 and d the signed distance function to I', which we take negative in the
interior of I'. The surface I' is the zero level of a smooth level set function ¢: Us — R,
ie. T'={z € Q| ¢(x) = 0}. This level set function is not necessarily close to a
distance function but has the usual properties of a level set function:

IVo(z)|| ~ 1, [[V?¢(x)|]| <c forall z € Us.

We assume that the level set function ¢ is sufficiently smooth. On Us we define n(x) =
Vd(x), the outward pointing unit normal on I, H(z) = V2d(z), the Weingarten map,
P = P(z) := I — n(z)n(z)7, the orthogonal projection onto the tangential plane,
p(z) = z — d(z)n(x), the closest point projection. We assume § > 0 to be sufficiently
small such that the decomposition

x =p(z) + d(z)n(z)

is unique for all z € Us. The constant normal extension for vector functions v: I' —
R3 is defined as v¢(z) := v(p(z)), = € Us. The extension for scalar functions is
defined similarly. Note that on I' we have Vw® = V(w o p) = Vw*P, with Vw :=
(Vwy, Vws, Vws)T € R3*3 for smooth vector functions w: Us — R3. For a scalar
function g: Us — R and a vector function v: Us — R3 the covariant derivatives are
defined by

Vrg(x) =P(x)Vg(z), =x€T, Vrv(z) =P(z)Vv(x)P(z), xe€Tl.
On T" we consider the surface stress tensor (see [7]) given by
1
Es(u) := 3 (Vru+ Viu),

with VZu := (Vru)T. To simplify the notation we write E = E,. The surface di-
vergence operator for vector-valued functions u: I' = R3 and tensor-valued functions
A: T — R¥*3 are defined as

divru = tr(Vru),  divpA = (divr(el A), divr(el A), divr(el A))",

with e; the ith basis vector in R3. For a given force vector f € L*(T")3, with f-n = 0,
we consider the following elliptic vector Laplace problem: determine u: I' — R3 with
u-n=0and

—Pdivp(E(u)) +u=f onT. (2.1)

We added the zero order term on the left-hand side to avoid technical details related
to the kernel of the strain tensor F (the so-called Killing vector fields). The surface
Sobolev space of weakly differentiable vector valued functions is denoted by

Vi B, with fullp ey = [ ()3 + Ve @)lBds. (22)
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Note that ||[Vu®||s = ||(Vu®)?||, and on T' we have
3
(Vu®)" = P(Vuf, Vug, Vu§) = vauieiT. (2.3)
i=1

Hence, the norm in (2.2) is a natural extension to vector valued functions of the usual
scalar H'(T')-norm. The corresponding space of tangential vector field is denoted by

Vy:={ueV|u-n=0}.

A vector u € V can be decomposed into a tangential and a normal part. We use the
notation:

u=Pu+ (u-n)n=uy+uyn.

For u,v € V we introduce the bilinear form
a(u,v) := / E(u): E(v) ds+/u-vds.
r r

For a given f € L*(T")® with f - n = 0 we consider the following weak formulation of
(2.1): determine u = uy € Vy such that

a(uT,vT) = (f,VT)L2(F) for all v € V. (C)

The bilinear form a(-,-) is continuous on V. The ellipticity of a(-,-) on Vp follows
from the following surface Korn inequality, which is derived in [11].
LEMMA 2.1. Assume I is C? smooth. There exists a constant cx > 0 such that

||ll||L2(p) —+ ||E(u)||L2(F) > CKHu”Hl(F) f07” allue Vr.

Hence, the weak formulation (C) is a well-posed problem. The unique solution is
denoted by u* = uy.

The weak formulation (C) is not very suitable for a finite element discretization,
because we would need vector finite element functions that are tangential to I'. Ob-
vious alternatives are obtained by allowing general (not necessarily tangential) vector
functions u and to treat the constraint u-n = 0 by either a penalty approach or a
Lagrange multiplier. For vector Laplace problems these were considered in the recent
papers [10, 6]. Below we introduce two different penalty formulations and a Lagrange
multiplier formulation. These formulations are the basis for (higher order) Galerkin
finite element methods that are defined in section 4. The remainder of the paper is
then devoted to an error analysis of these methods.

Define
V. = {ue LAY |ur € Vosuy € LD}, ul, o= fur 2 + luy |22 -
Using the identity (for u € V)
E(u) = E(ur) +unH (2.4)
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we introduce, with some abuse of notation, the bilinear form
a(u,v) := /(E(uT) +unH) : (E(vr) + vnyH)ds + / u-vds, u,veV, (25)
r r

This bilinear form is well-defined and continuous on V.. We also define the penalty
bilinear form

k(u,v) ::n/r(u-n) (v-n)ds,

with > 0 a penalty parameter. The first penalty approach that we introduce (also
considered in [6]) is as follows: for a given f € L?(I")? with f-n = 0 determine u € V,,
such that

a(u,v) +k(u,v) = (f,v)r2q) forall veV,. (P1)

One can easily check that for n sufficiently large we have an ellipticity property: there
exists a constant ¢ > 0 such that

a(u,u) + k(u,u) > cl[ully. for all ue V.. (2.6)

Furthermore, a(-,-) + k(-,-) is continuous on V. Hence, for n sufficiently large the
problem (P1) is well-posed. The formulation, however, is inconsistent.

LEMMA 2.2. Take n sufficiently large such that (2.6) holds. For the unique
solution u of (P1) the following holds:

[z — Wl ey + lunllzzry < en™ €]l 2. (2.7)
Proof. There exists a constant ¢ > 0 such that for the solution of problem (P1) we

have [[ully, < é[|f||z2(r). Testing problem (P1) with v = uyn we obtain a(u, uyn) +
nHuNH%z(F) = 0. Using the Cauchy-Schwarz inequality we get

77HUNH%2(F) < Cllullv, lunllzz@ry < é||f||L2(F)||uN||L2(F)7

ie.,
Junlze@y < Co IE] L2y (2.8)

Testing problem (P1) and problem (C) with vy = up — u} results in a(uh, vy) —
a(u,vr) = 0, and thus a(vr, vy) = —a(uyn, vr). Using Korn’s inequality (Lemma 2.1)[
and continuity of a(-,-) we get

lur — 7l ) < Clluw|lz2@yllur — whllm ).

Combining this with (2.8) proves the result (2.7). O
To obtain a consistent variant of this formulation we introduce the bilinear form
ar(-,-) in which only the tangential components of the arguments play a role:

ar(u,v) := a(Pu,Pv) = a(ur, vr). (2.9)
6



The corresponding penalty formulation is: for a given f € L?(I')? with f-n = 0
determine u € V,, such that

ar(w,v) +k(u,v) = (f,v)r2q) forall veV,. (P2)

This formulation is indeed consistent:

LEMMA 2.3. Problem (P2) is well posed. For the unigue solution . = Gr € V,
of this problem we have Uy = uk..

Proof. Define A(u,v) = ar(u,v) + k(u,v). We have |A(u,v)| < cljullv, ||v]|v.
for all u,v € V,, and using Lemma 2.1 it follows that there is a constant ¢y > 0 such
that

lall?, = lfarl3n ) + lunl3am < oA ) forall ue Vi,

Therefore problem (P2) is well posed. For the unique solution u% € Vp of problem
(C) we have

A(uy,v) = ar(up,v) +k(ur,v) = a(up,vr) = (£,v)2y forall veV,.

Hence, u’. solves problem (P2). O

The third formulation that we consider uses a Lagrange multiplier to ensure that
the solution is tangential to I'. We use the bilinear form a(, -) as in (2.5) and b(u, p) :=
(w-n,pu)r2ry, u € Vi, pe L*(). For a given g € L*(I')?, which is not necessarily
tangential, we introduce the following saddle point problem: determine (u, A) € V., X
L?(T') such that

a(u,v) +b(v, ) = (g, V)2 for all v e V,, ()
=0

v,
b(u, ) for all u € L*(T).

Well-posedness of this saddle point problem is derived in the following theorem
(see [6]).

THEOREM 2.4. The problem (L) is well-posed. Its unique solution (0,\) €
V. x L?(T') has the following properties:

1. 4-n=0, (2.10)
2. ap =u}, where uy is the unique solution of (C) with f :=gpr =Pg, (2.11)
3. A=gn —tr(E(ar)H), forg=gr+gnn. (2.12)

Summarizing, for the given vector Laplace problem (C) we have two alternative con-
sistent formulations, namely (P2) (penalty approach) and (L) (Lagrange multiplier),
and one inconsistent formulation (P1) (penalty approach). In the following sections
we present a detailed analysis of finite element methods based on these different for-
mulations.

3. Parametric finite element space. For the discretization of the different
variational problems (P1), (P2) and (L) we use a parametric trace finite element
approach as in [5]. In this section we define the finite element space used in this
method and summarize certain properties, known from the literature, that we need
in the error analysis of the finite element methods.
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Let {Tn}r>0 be a family of shape regular tetrahedral triangulations of . For
simplicity, in the analysis of the method, we assume {7}, }5>0 to be quasi-uniform. By
th we denote the standard finite element space of continuous piecewise polynomials
of degree k. The nodal interpolation operator in Vf is denoted by I*. As input
for the parametric mapping we need an approximation of ¢. We consider geome-
try approximations whose order of approximation may differ from the order of the
polynomials used in the finite element. In other words, the spaces introduced below
are not necessarily isoparametric. Let k; be the geometry approximation order, i.e.,
the construction of the geometry approximation will be based on a level set function
approximation ¢y € thg that satisfies the error estimate

kg+1—1
7111163,47)_; |¢h_¢|le0°(TﬁU5) Sh 9 5 OSZ Skg"'_l

Here, | - |yy1.(rru;) denotes the usual semi-norm on the Sobolev space W (T'NUs)
and the constant used in < depends on ¢ but is independent of h. The zero level
set of the finite element function ¢y implicitly characterizes an approximation of the
interface, which, however, is hard to compute for £k, > 2. With the piecewise linear
nodal interpolation of ¢, which is denoted by (zSh = I'¢;,, we define the low order
geometry approximation:

' = {z e Q| dn(z) = 0}.

The tetrahedra T € 7T, that have a nonzero intersection with Ti" are collected in
the set denoted by 7;''. The domain formed by all tetrahedra in 7,I is denoted by
Qb ={zeT|TeTl} Let @Zg € (V:g)?25 be the mesh transformation of order kg
as defined in [5], cf. Remark 3.1.

REMARK 3.1. We outline the key idea of the mesh transformation @:g. For a
detailed description we refer to [5], [14] and [15]. There exists a unique d: Q) — R

defined as follows: d(x) is the in absolute value smallest number such that
o(x 4 d(x)Vé(x)) = on(z) for x € Q.
Based on d we define the mapping
U(x) := x4 d(x)Vo(z), e,

which has the property ¥(I'") = I'. To avoid comptations with ¢ (which even may
not be available) we use a similar construction with ¢ replaced by its (finite element)
approximation ¢p. The resulting mapping ¥j, is not necessarily a finite element

function. The mesh transformation @Zg is obtained by projection of ¥j into the

3
Qr-
The approximation of I is defined as

T += 03 (1) = { | dn((631) (@) = 0} .

We denote the transformed cut mesh domain by Qf := 629 (£2). We assume that h
is small enough such that Q5 C Us holds. We apply to V¥ the transformation ©}
resulting in the parametric spaces

finite element space (V}ZC 7)

k.k kgy— k.k k.k
Vie' = {Uh ° (0}") "o € (fo)ﬂg}v Vie = (Vh,@g)3~
8



Note that k,; denotes the degree of the polynomials used in the parametric mapping
@Zg , and k the degree of the polynomials used in the finite element space. To simplify
the notation we delete the superscript k; and write V,f’@ = V,ﬁgg, V,’i@ = szlg’,
0, = @Z“’ and I'y, = FZ“’. Here and further in the paper we write z < y to state that
there exists a constant ¢ > 0, which is independent of the mesh parameter h and the
position of I' and I'j, in the background mesh, such that the inequality x < cy holds.
Similarly for x 2 y, and & ~ y means that both <y and x 2 y hold.

We recall some known approximation results from the literature [5]. The para-
metric interpolation I§: C(Q5) — th,@ is defined by (I&v) 0 ©) = I*(v 0 ©}). We
have the following optimal interpolation error bound for 0 <[ < k + 1:

||’U_Igv||HI(@h(T)) 5 hk+1_lH’U||Hk+1(@h(T)) for allv € Hk+1(®h(T)),T S 7—h (31)
We also need the following trace estimate ([8]):
||U||%2(FT) S h71||v||2L?(®h(T)) + hHVUHQL?(@;L(T)) for v e H'(64(T)), (3.2)

with Iz := I';, N ©4(T). The Sobolev norms on Qf of the normal extension u® can
be estimated by the corresponding norms on I' ([20]):

1 m
[ D 0|2 ary S 02 [[ullgmr) for all w € H™(T), |p| < m. (3.3)
LEMMA 3.1. For the space Vhlfe we have the approximation error estimate
min (H’Ue — UhHLz(Fh) + hHV(’U6 — vh)HLZ(Fh,))
vh,GV,ﬁ@

< v - Ié)UEHL%Fh) + RV (v - Iéﬂ’e)Hm(rh) S thH’UHHkH(F)

for all v € H*1(T).

Proof. The proof uses standard arguments, based on (3.1), (3.2) and (3.1), cf. [5].
0

The following lemma, taken from [5], gives an approximation error for the easy to
compute normal approximation ny, which is used in the methods introduced below.

LEMMA 3.2. Forz € T € T,l' define

Von(z) Vonr DOy (x) Tnyy,
in — znT = ~ = = 5 = .
Biin = iin(T) IVon(@)ll2  IVénrl- m () DOk (x) =Tl

Let nr, (z), € Ty, a.e., be the unit normal on Ty, (in the direction of ¢p > 0). The
following holds:

k
np —nf pe@n) S hFs, Inr, —nfgem,) Sh™.

Similar to the extension of a function u defined on I to u¢ defined on Us we define
the lifting u! of a function u defined on I';, by

{ul (p(z)) =u(z) forxzely,
ul(z) = ul(p(z)) for x € Us.



A norm on H(T',)? is defined using the component-wise lifting by

iz ;:/P ()13 + IV’ (s)Pa(s)]5 ds

h

with Py, =1 — nhng. In (2.2) the term with Vu® corresponds to tangential gradients
of all components, cf. (2.3). The lifting used in the definition of the H!(T;)-norm
is constant along the normal to I' (not I',). Therefore, to eliminate the part of the
(componentwise) gradient which is normal to I', one uses the projection Pp. We also
introduce the following spaces

Viegn = {v € HY(QS) | trlr,v € HY(TW)} D ViFa,  Viegn i= (Viegn) -

4. Parametric trace finite element methods. In this section we introduce
three parametric trace finite element methods. These are obtained by applying a
Galerkin method (modulo a geometry error due to I'j, & ') to the three formulations
(P1), (P2) and (L) with the parametric finite element space V§ o.

We introduce further notation. In particular, discrete variants of the bilinear
forms a(-,-), ar(-,-) and the penalty bilinear form k(-,-) introduced above. Since we
use a trace FEM, we need a stabilization that eliminates instabilities caused by the
small cuts. For this we use the so-called “normal derivative volume stabilization” [5]
(sn(-,-) and §p,(-,-) below):

thu(l‘) = Ph(cc)Vu(x)Ph(x), z eIy,

1
Eh(u) = i(VFhu + V?hu), ETyh(u) = Eh(u) —unHy,

ap(u,v) = Ep(u) : Ep(v)dsy, +/ uy, - vy, dsp,

I'y I'n

aT7h(u,v) = / ETJL(U) : ET’h(V) dsy, +/ Puuy, - Ppvy, dSh,
'y r

h

kp(u,v) := 77/ (u-np)(v-ny)dsp, sp(a,v) = p/ (Vuny,) - (Vvny,) dz,
T oL

b, ) = (-, ) (e, + 50, ), () = /Q (0] Vuny) (- V) dir
(S]

All these bilinear forms are well-defined for u,v € Ve pn, ft € Vieg,n. The normal
vector Ny, used in the penalty term kg (-, ), and the curvature tensor Hj are approx-
imations of the exact normal and the exact Weingarten mapping, respectively. The
choice of the stabilization parameters p, p is discussed below.

REMARK 4.1. We use Ep j(u) := Ej(u) — uyHy, instead of Er p(u) = Ep(Ppu)
because the latter requires (tangential) differentiation of P, which has certain dis-
advantages. The reason that we introduce yet another normal approximation ny is
the following. In the analysis below we will see that in order to achieve optimal order
estimates we need the normal ny;, used in the penalty term to be an approximation of
at least one order higher than the normal approximation nj. An approximation Hy,
of the Weingarten map can be easily obtained, e.g., by taking Hy = V(Ig"’ (np)). The
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stabilization with sp,(-,-) used in the variational penalty formulations below guaran-
tees that the stiffness matrix has a spectral condition number ~ h~2, independent of
how the interface cuts the outer triangulation.

To quantify the error in the approximations n; ~ n, H, ~ H, we introduce one
further order parameter k, (besides k and k,) and assume:

I = | oo,y S P70 Ky > kg, (4.1)
IH = Hy |l o ryy S 251

We now introduce discrete versions of the formulations (P1), (P2) and (L). For these
we need a suitable extension of the data f to I'j,, which is denoted by fj,.

Discrete inconsistent penalty formulation. This problem is as follows: determine
uy, € V;’“L,@ such that for all v, € VZ,@

Ail (uh,Vh) = ah(uh,vh) + sh(uh,vh) + kh(uh,vh) = (fhavh)L2(Fh)' (Plh)

Discrete consistent penalty formulation. This problem is as follows: determine uy, €
V¥ o such that for all v, € V¥ o

Aiz (uh, Vh) = ath(uh, Vh) —+ sh(uh, Vh) —+ kh(uh, Vh) = (fh, Vh)LQ(Fh)- (P2h)

Discrete Lagrange multiplier formulation. This problem is as follows: determine
(un, An) € VE g x Vi such that

Aﬁ(uh, Vh) + bh(vh7 )\h) = (fh, Vh>L2(F) for all v, € VZ’@ (Lh)
bh(uh,uh) =0 for all Mh € V}f’l@

with AL (u,v) = ap(u,v) + s (u, v).

REMARK 4.2. Problem (Lh) uses a Lagrange multiplier approach to enforce the
tangential condition weakly. This formulation is consistent without using additional
tangential projections in ay(+,-) and avoids the approximation of the Weingarten map
H. An obvious drawback of this formulation is that the resulting linear systems can
be significantly larger than the ones in the penalty formulation. In addition to the
stabilization sy, (-, -) we use a ”normal derivative volume” stabilization for the Lagrange
multiplier term as well. Different from sy(+,-) this stabilization §5,(-, ) is essential for
the well-posedness of this formulation, cf. section 5.1.

5. Error analysis of the parametric TraceFEM. In this section we present
an error analysis of the TraceFEMs (P1h), (P2h) and (Lh). We first address the
choice of the stabilization parameters p, p. From the analysis in [5] it is known that
for optimal error bounds one must restrict p to the range h < p < h~!. A more
detailed analysis (that we do not present here) has shown that there are no significant
gains if one chooses for p a different scaling w.r.t h as for p. Therefore, to simplify
the presentation, in the remainder we restrict the stabilization parameters to

h<Sp=pShh (5.1)
11



5.1. Well-posedness of discretizations. We start with some basic results con-
cerning the bilinear forms. We use the following natural norms

bl := Aj(wu), i=12, Jul = A5 (u ),
s i= lialze e,y + Pl - Vil Laar) -

Before we analyze continuity and ellipticity of the bilinear forms we recall a lemma
which shows that for finite element functions the L?-norm in the neighborhood Q5
can be controlled by the L?-norm on I';, and the L?-norm of the normal derivative on
Q.

LEMMA 5.1. For all k € N, k > 1, the following inequality holds:

||Uh||%2(gg) S h||“h||2L2(Fh) + h2||nh : VUh”QLz(Qg)) for all v, € th,@-

Proof. In [5, Lemma 7.8] a proof of this result for the isoparametric case (i.e.

k = k) is given. This proof also applies to the case k # k,. O

We formulate a few corollaries that are useful in the remainder. Using the trace
inequality (3.2) and a standard finite element inverse inequality one obtains

thHzL?(Qg) ~ h”Uh”%?(Fh) + h?||ny, - vvhHiz(Qg) for all v, € Vi'g, (5.2)

||Vh||2L2(Q£)) ~ h||vh||%2(1«h’) + thVthhH%z(Qg) for all v, € Vfly@. (5.3)

The result in (5.3) is obtained by componentwise application of (5.2). A further direct
consequence of Lemma 5.1 is (we use (5.1)):

||vh||L2(Q£)) < h%H’UhHM for all v, € Vh]f@. (5.4)
Using (3.2) and (5.2) we also obtain the inverse inequality
Vonllzzr,) S h_1|\vh||L2(Fh)+h_%th'Vvhlle(szg) Sh7 vnllar, vn € ViFe, (5.5)
and the vector analogon
IVVallL2@,y S h~HIvalle @, + h_%HvthhHLZ(Qg), vih €Vio. (5.6)
LEMMA 5.2. The following inequalities hold:

AV (u, v
AR (

forallu,v € Vyegp, i=1,2.

],

;

A%

IN

)

|u||Aﬁ ||VHA£ fOT’ all u,ve Vreg,hv

IN

|u||AL ”:U'HM for allu e Vreg,hm“ € Vreg,h,
I

(uh, uy, *1||uh||2LQ(Q£)) for alluy, € VZ’@, 1=1,2,

) <
)
by (u, 1)
)2
Ah (up,up) 2 71||uh||ii’(ﬂ£)) for all uy, € V,ﬁe.

12



Proof. The first three estimates follow directly from the Cauchy-Schwarz inequal-
ity. To show the other two we use (5.3):

Ay (s, un) > i, + 2IVurng 72 gy 2 7 unl 7 qr)
Af (wp,up) > s 7 r,y +PHVuhﬂh||izmg) 2 h_lHuhHiz(Qg)-

0

From Lemma 5.2 it follows that the discrete penalty problems (P1h) and (P2h)
have unique solutions. For well-posedness of the discrete Lagrange multiplier for-
mulation (Lh) we need a discrete inf-sup estimate. This we will now derive. We
outline the idea of the analysis. For the bilinear form b(u,x) = (u - n, p) 2y used
in the continuous problem (L) we have, for arbitray p € L?(T") and with @ := un
that b(a, pu) = Hu|\%2(r). Furthermore, a(,0) = ||11NH||2LQ(F) + ||ﬁ||2LQ(F) < c||,uH%2(F)
holds. From this the inf-sup property of b(-,-) for the continuous problem can easily
be concluded. For deriving a discrete inf-sup result we combine this approach with
perturbation arguments. In Lemma 5.3 we analyze the perturbation by, (@, ) —b(a, p),
and in Lemma 5.4 we derive the discrete analogon of a(a, @) < c||u||2L2(F). Combining
these results we obtain the discrete inf-sup property in Lemma 5.5.

LEMMA 5.3. For h small enough the following inequality holds:

bn(pnm, pin) Z inlly — for all pn € Ve,

Proof. Using Lemma 3.2 we get
2-2n-n, <|n-— nh”%c@(l“h) < h2ks a.e. on I'y.
Hence, there exists a constant ¢ > 0 with
1—ch*®s <n-ny,. (5.7)
Take pp, € V). From the definition of b (-, ) we obtain

b (pun, ppn) = (a1 - g, pn) L2(0y) +P/ (i V(upn)ng)(ny, - V) dz.  (5.8)

Qr
)

€]

(1)

Using inequality (5.7) the term (I) can be estimated by

(#hn *Np, /Jh)L2(rh) 2 (1 - Cthg)”.uh”QL?(Fh)v (5-9)

and term (IT) by

) / (nTV (m)m,) (o, - Vjan)

T
]

—p / (- Vi) (- 1) (0, - Vi) i+ p / (0] Vo) (1, - Vyan) dz (5.10)
QL QL

] [S]

2 (U ch® ol T ooy, +p [ (o] T o, - V1)
Qo
13



Since Vnn = 0 and n”Vn = 0 we get for the last term on the right hand side

p/ pn(niVong,) (ny, - V) do
Qr

[S)

p/ pn((y, —n")Vn(n, —n))(ny, - V) dz
QL

Y

—plIVnl e o) Imn = 0l o) 1l 22 ) 00 - Vinl| 22 o)

Z —h*|pn L2 gax) plnn - Vi 2o
5;) 2k 3 > 2k 2
Z =P pnlap? Inn - Vsl p2 ) 2 —h7 enlla-

—~

Combined with (5.8), (5.9) and (5.10) we obtain

o (unm, i) 2 (1= eh®) lnl3s 2 I3,

provided h is sufficiently small. 0
LEMMA 5.4. Take pp € Vy'g and define vy, := Ig (unn) € Vi'g. The following
inequality holds:

Vil ag S linl.

Proof. Using the triangle inequality we get

IVallaz < llpnnllaz + 18 (pan) — panl| 4z (5.11)

We estimate the two terms on the right hand side. The definition of the norm implies

lpnnll%e = an(pnn, prn) + sn(pnn, ppn). (5.12)

The first term can be bounded by

an(unm, ) S ||V, (un) + VE, (uan) |2, + linnl ez,

SIVe, (pnn) || L2,y + lpanl L2,

SIPam(Vin)" + pn V)P 2o, + lanllcz e, (5.13)
SPw = P)n(Vun) Pl L2,y + [Papn VP | 2o,y + [l a

(5.5)
SEM IV unlizw, + lanlle S (P + Dllpnllar < llanllae

For the second term on the right hand side of equation (5.12) we get

1 1
sn(pnm, ppm)? = p ||V (upn)ng|| 2 o)

1
< p2 (||n(vﬂh) 1|2 r) + HﬂhVHHhHLz(Qg))

Vnn=0 1
< o (Imn - Vimnlleag) + linVnina —n) 2o )

(5.4)
1
S llenllar + p2 B8 |l 2ry S Nanllare

14



Combining this with (5.13) we obtain

lnnllaz S Ml ar- (5.14)

We now consider the second term of the right hand side (5.11). Using |up|gm+1(0, (1)) =|i
0 for all T € T,;F and componentwise the interpolation result (3.1) we get

123 (unm) — pnm 3
SIVUIE (pan) — /ihn)HQLz(rh) + 1§ (rm) — MhnH%%Fh) (5.15)
+ o VIS (1) — prm)ng |72 qr
- > (\\V(Ié”(ﬂhn) — )| T2 (rpy + 18 (pan) — a2y
TeTY

+ IV () = ) 3o, (1))

(3.2)
< Z (h*1||Ié”(uhn)*uhn||2L2(eh(T)>
TeTr

+ (W + h+ p)E (pnn) — panll3 o, (ry) + RIS (unm) — Mhn”?P(@h(T)))
S D P ol o,y S D2 Pl o,y

TeTr TET!

inv. ineq. 1 9 1 5 5. 5
S Z h HMh||L2(®h(T)) Sh ||MhHL2(Qg) S lleallare
TeT,

Combining this with (5.11) and (5.14) we get the bound |[vallaz < [lnl[ar- O

Using these results one easily obtains the following discrete inf-sup property for
br(-, ).

LEMMA 5.5. Take m > 1. There exists a constant ¢ > 0, independent of h and
of how I intersects the outer triangulation, such that, for h sufficiently small

b
sup bu (Vi pn) > (1 - cx/p7h> lpnllar - for all pn € Vi, (5.16)
VREVIG ||VhHA,§ |

Proof. Take pp € Vg and define vy, := IZ (ppm) € Vi'e- Using Lemma 5.3 we
get
bn (Vs )| 2 [br (pam, pin)| = [ba (18 (uam) — pm, )|
2 Ninllis = 10n (18 (unn) — pan, pp)|

1
m m 2
2 ol = (173 anm) = B,y + pIV (B Garm) = e 2 ) s
Following the estimates used in (5.15) one obtains
178 (1nm) = pnnl|Zar, ) + P VIS (1nm) — prm)nn |72 ey < phllinll3s-

Combining these results with Lemma 5.4 we get

b
sup IR o (3o B s for all g € Vi,
VREVg ”Vh”Aﬁ ’

15



which completes the proof. O

COROLLARY 5.6. Take m > 1. Consider p = coh'™®, a € [0,2] and assume
h < hy < 1. Take co such that 0 < ¢, < 0_2h3_2 with ¢ as in (5.16). Then
there exists a constant d > 0, independent of h and of how I' intersects the outer
triangulation, such that:

b
sup OV, 1) > d||pnl ar for all pp € Vi)'

vievitg  IVallag

ASSUMPTION 5.1. We restrict to p = coh*=%, a € [0,2], with ¢, as in Corollary
5.6.

COROLLARY 5.7. Under Assumption 5.1 the discrete inf-sup property for bp(-,-)
holds for the pair of spaces (V,’j’@7 Vh]’fl@) with 1 < k; < k. The constant in the discrete
inf-sup property estimate depends on k; but is independent of h and of how I intersects
the outer triangulation.

From the fact that AL(-,-) defines a scalar product on Vﬁ’@, cf. Lemma 5.2, and
the discrete inf-sup property of by (+,-) on th@ X V}ﬁ’@ it follows that problem (Lh)
has a unique solution. Note that to show the discrete inf-sup property of by(-,-) the
stabilization §p,(-,-) is essential.

5.2. Strang-Lemmas. As usual, the discretization error analysis is based on a
Strang Lemma which bounds the discretization error in terms of an approximation
error and a consistency error. We derive such Strang lemmas for the three discrete
problems (P1h), (P2h) and (Lh). We first treat (P1h) and (P2h).

THEOREM 5.8. For the unique solution u = w} € Vg of problem (C) and
the unique solution uy € VZ,@ of problem (P1h) respectively (P2h) the following
discretization error bound holds fori=1,2:

Il =l <2 min llu® = vz

h,©
APi(ue,wy) — (F,, w (5.17)
Lo |4, ( n) = (£n, Wn)L2(ry,) .
whEVE o 1wl 47

Proof. The proof uses standard arguments. For an arbitrary vy € VZ,@ we have
I —wall < 0" = vl yrs + va = (5.18)
Using the definition of the norm and setting wj, = v, — uy € V’,;@ results in

||Vh — uh||124pi = Afl (Vh — Up,Vy — llh) = A? (Vh — uh,wh)
h

< |Afi (v, —u®, wy)| + |A? (u® —up, wp)|

< = vall yrs [wall yri + A7 (0 wn) = (B, wa) L2,

Dividing by Hwh”Afi = |lvn — uh||A;vi together with inequality (5.18) completes the
proof. O
16



For the analysis of Problem (Lh) we define the bilinear form
Ah((u7 >‘)7 (Va :u‘)) = A{;(ua V) +bh(va A)+bh(ua ,LL), (uv >‘)7 (Va ,LL) € VT@gyh x ‘/7"397}"'

From the well-posedness of the discrete problem (Lh) it follows that Ay (-, ) fulfills a
discrete inf-sup property, i.e.

A u 7)\ » \Vh, %
h((Wh, An), (Vs pin) > (||uh|\?4ﬁ + ||)‘h||§\4> (5.19)

sup
i eVhoxvill (Ivalldg + llunllh)
h

N

for all (up, A\p) € Vﬁ,e X V,ﬁ’e. This will be used for a proof of the following Strang
Lemma.

THEOREM 5.9. Let (u,\) = (uh,\) € Vo x L*T) be the unique solution of
problem (L) with g := £, and (up, \n) € Vﬁ@ X V,ﬁl@ the unique solution of the
discrete problem (Lh). The following discretization error bound holds:

u® = an 4z + A7 = Anllar

$  min (e =l + I = i)
(Vh’“h)evﬁ,exvh,le (520)
|AR((0®,X), (Wh,&n)) — (Fh, Wh) L2(0,) |
+ sup T .
(o 6)EVE X (Iwalz, + lenl3,)”
h

Proof. The discretization (Lh) can be formulated in terms of the bilinear form
Ap(+,-) on the product space V}’“L’@ X Vf’@ Using the discrete inf-sup property (5.19)
and the continuity of Ay (-, ) with respect to the product norm (|| - ||?4£ +1-13,)2 one
can apply the same arguments as in the proof of Theorem 5.8. 00

In the following two sections we analyze the approximation errors and the con-
sistency errors, which appear in the Strang lemmas above.

5.3. Approximation error bounds. In the following lemma we show approx-
imation error bounds in the norms that occur in the Strang lemmas above.

LEMMA 5.10. For u € H**Y(T)? and A € H**+Y(T') the following approzimation
error bounds hold:

min [u® = vl 47 S (h* + n%hk+1)||u||Hk+l(F), 1=1,2 (5.21)
VhEVE e h
min - (Ju = vallag + 12 = pllar)
(V}ul"h)evlzv(—)xvh,l(—) (522)

< WFll ey + (B4 2R E) A g -

Proof. We start with the |- || ,», -norm. Let u € H*(T')* and wy, := I§(u®) the
h
component-wise parametric interpolation. We then have

. e 2 < e 2
vhrél\lfr’;;,@ lu Vh||A§1 < u Wh||A51

=ap(u® — wp,u® —wp) + sp(u® — wp,u® —wyp) + kp(u® — wp,u® — wy).
17



For the first term we get using component-wise Lemma 3.1

an(u® = wp,u® = wp) < [ En(u® = wn) 2o, + [0 = walFr,)

e e (5.23)
SV - Wh)||2L2(I‘h) + flu® - WhH%ﬁ(Fh) S hzk”“”?{kﬂ(r)-
The second term leads to
sp(u® — wp,u® —wp) = p||V(u® — Wh)l’thiz(Qg)
(3.3) (5.24)

(3.1)
<l = willfpagy S PP T any S PRl -
For the third term we obtain

(0 — w1 — wp) = 7| (u® — wp) By 3a )

5 Lemma 3.1 2(k+1) 9
e
Snflu _Wh”L?(Fh) S nh ||uHHk+1(F)'

~

Combining this with (5.23), (5.24) and p < h™" proves the bound for the ||-|| ,» -norm.
h
Since

ar (0 = wi,u® = wi) S |Erp(u’ = wi)|7ar,) + IIPa(a® = wi)llZar,)
€ 2 €
S ER(u® = wi) 2,y + [0 — Wh||%2(rh)
we also immediately get the bound for the || - || ,»,-norm. Hence, the result in (5.21)
h
holds. Now derive the result (5.22). Since

|lu® — WhH?Aﬁ = ap(u® — wp,u® — wp) + sp(u — wp,u® —wy),

we use the estimates in (5.23) and (5.24). To show the approximation error bound in
the || - || ass-norm we take A € H*+1(T") and define &, := Ig()\e). Then we have

min A" = pnflar < A= &nllm
b€Vl
€ 1 €
S A = &ullza,y + P2l - VA" = &n)llr2(ar)

Lemma 3.1 kil 1
S RN gre ) + o7 A = &nllaan)

(3.1

—

(33 -
S (WP R | s oy,
which completes the proof. O
Note that in (5.21), (5.22) we obtain optimal order approximation errors, provided
p<h ltand n<h2

5.4. Consistency error analysis. In this section we present a consistency er-
ror analysis. The analysis is rather long and technical. The structure is a follows. In
section 5.4.1 we collect a few basic results for vector functions u € H(I")? and corre-
sponding extensions u¢ € H'(T',)3. These results are rather straightforward and very
similar to known results for scalar surface functions. In section 5.4.2 we derive bounds
for basic components of the consistency error that are directly related to the geometry
approximation I';, & I'. We derive, for example, a bound for |ay,(v,w) — a(v!
A key result is derived in section 5.5, namely a discrete Korn-type inequality. Using
these preparations, the consistency bounds for the three methods are derived in the
sections 5.5.1 and 5.5.2.

;Wi
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5.4.1. Preliminaries. We start with results concerning the transformation of
the integrals between I' and I'y,. Using Vp = P —dH we get for u € H'(I') and z € T,

Vr,u(z) = Vi, (uep)(z) = Pp(x)Vp(x) Vu(p(z))
= Py (2)(P(z) — d(2)H(2))Vu(p(z)) = B" (z) Vru(p(e)),

with B =B(z) :=P(I—dH)Py, (x € Tp).

From [10] we have the following Lemma:

LEMMA 5.11. For x € Ty and B = B(z) as above, the map Birange(p,(z)) 15
invertible for h small enough, i.e. there is B~!: range(P(x)) — range(Pp(x)) such
that

(5.25)

BB !'=P, B 'B=P,
and we have for u € HY(T), x € Ty,
Vru(p(z)) = P(z)B" (2)Vr, u® (2).
Furthermore, the following estimates hold:
B Loy S 1, [PLB™ P por,) ST
PPy, =B poe(r,) S Y [P1P — PB~ P, S AT

For the surface measures on I' and I'y, we have the identity

dl’ = |B|dT},
where |B| = |det(B)| and we have the estimates

1 =Bl S

~

R Bl S 1, MBI pemy S 1.

~

Applying Lemma 5.11 yields, for u € H'(T'),
Vru! (p(z)) = P(x)B~ " (2)Vr,u(z), @ €.

Similar useful transformation results for vector-valued functions are given in the fol-
lowing corollary.
COROLLARY 5.12. Foru € HY(T')3 and v € H*(T'y)® we have

(VuP)® = Vu’P = Vu’P,B™'P  on T},
(VW'P)" = Vv'P = Vv'P,B~'P  onTy,.

Proof. For u € H'(TI')? we have with (5.25) and Lemma 5.11
el VuPy, = (Vud)' Py, = (Vr,uf)’ = (BT Vru,; op)T
= (B"PVu$)! = el Vu’PB on T,
for i = 1,2,3. Multiplying by B~!P from the right results in the equation above. For
v € HY (') we use similar arguments:
e/ Vv'P), = (Vu))TPy, = (Vr,v:)" = (BT Vol op)T

= (BTPVu)T = el VvIPB on T},
19



for i = 1,2,3. Multiplying by B™'P from the right completes the proof. O

For scalar-valued functions w € H*(T'},) the following equivalences are well known
(see [3]):

wllz2(r,y ~ 1wl L2y, IVr,wlzae,) ~ Vew' || 2wy

We need similar equivalences for vector-valued functions. These are given in the
following lemma.

LEMMA 5.13. For v € HY(I';)? we have

Ivllz2n) ~ V! L2y, (5.26)
[VVIPLl z2r,) ~ IVVP| 2(r). (5.27)

Proof. Let v.€ HY(T';,)3. We start with the first equivalence. Using the definition
of the lifting, i.e. v!(p(z)) = v(z) for x € T}, and the integral transformation rule,
with Lemma 5.11 we obtain (5.26). For the second norm equivalence we use Corollary
5.12:

||vleh||§2(Fh):/ Vleh:Vlehdsh:/ (VV'P)"B: (Vv'P) Bds),
Fh, Fh,

= / VvIP(Bop™!): VvP(Bop ) B|toptds
r
SIBeop  iemlBI™ op™ e @ IVV'P(T2ry S IVV'P|72 (1),

1

where p~! is the inverse of p|r,. The other direction is obtained with similar argu-

ments:

IVV'P3: 1y Z/FVVZP:VledSZ/F (Vv'P)": (Vv'P)" |B|dsy,

h

= [ V'P,B7'P:VvP,B 'PB|ds,
I'n

SIPRB T P[F e 1) Bl e (o) IVV PRI T2,y S IVVPAllEar, -

5.4.2. Geometry errors. In this section we analyze certain parts of the con-
sistency error, which are similar in the three discretizations. For this we introduce
further notation. We define, for v,w € V¢4 p:

Go(v,w) = ap(v,w) — a(vl,wl)7 Goyp(Vv,w) :=app(v,w) — aT(vl,wl),

Gf(W) = (f, Wl)Lz(p) - (fhaw)LQ(Fh)-
20



Let u = ur be the solution of (C) and wj, € V) o. The consistency term correspond-
ing to (P1h) can be written as

A (s, wy) — (B, Wa) L2y
= ap(u®, wp) + sp(u, wi) + kp(u®, wr) — (f, Wn) 220,

—a(u, Pwﬁl) + (f, wﬁl)Lz(p)

=0
= ap(u®,wy) — a(u, wh) + sp(u, wp) + kp(u®, wy) (5.28)
+ (E(u), E(W}, - n)n)) r2(r) + (£, W} ) 2 r) — (B, Wa) 22(ry)
= Go(u,wp) + (B(u), E((W}, - n)n)) z2(r) + sn(u®, wp) + kn (0, wp) + G (wp).
Similarly, for (P2h) we get

AI}? (uer Wh) - (fh’ Wh)L2(Fh)

) ) ) (5.29)
= Gop (U, wp) + sp(u®, wp) + kp(u®, wy) + Gr(wp).

Let (u, \) be the solution of problem (L). With (wy, up) € V,’i@ X V,ff@ we get,

An((u®,2), (Wh, tn)) — (Fn, W) 220y
= ap(u®, wp) + by (W, A%) + by (u®, ) + sp(u®, wp) — (f, W) L2(r,) (5.30)
+ (f7W§l)L2(F) —a(u,w},) — (W}, - n, A2
=0
= Ga(u®,wp) + b (Wi, A) + by (u®, pn) + sn(u, wy) — (W 0, A) z2(r) + Gr(wy) ]

For the derivation of bounds for the geometry errors Go(, ), Gar (-, -) and Gy(-) we
use the following lemma. We use the notation Er(w) := E(Pw) = E(w) —wyH, for
w e HY(T)3.
LEMMA 5.14. For v € HY(T,)? the following bounds hold:
H(VFVZ)B =V vilery S hFs VI (),
IEE)) = En()lrzr,) S VI @), (5.31)
I(Br(v1))* = Erp(llzzwn S 05 (V@ + 27V -0nll2r,)) -

Proof. We start with the first inequality. Using Corollary 5.12 we can write
(Vpvh)e — Vi, v = (PVV'P) — P, VP,
=PVv'P,B7'P - P,Vv'P,
= (P -P,)VV'P,B™'P + P, Vv'P,(P,B~'P - P,P)
+PLVVIP,L(P - Py).
Hence, with Lemma 5.11 we get
||(VFVI)€ - VF;LV”L?(Fh) S|P - Ph||L<>o(Fh)HVVlPhHL?(Ph)||PhB71P||Loo(Fh)
+ IPull oo o) IVV'PhI 20 IPRB'P = PPl oo (ry)
+ Pl @) IVV' Pl 200 P = Pl oo ry)

S BV P L2y,
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which shows the first inequality in (5.31). Combining this with

1

(E(v')® — Ep(v) = = (Vrv)e + (VEV)©) (Vr,v+VE v)

_1
2

1
((Vrvl)e - Vr,v) + 3 ((V?vl)e — VL V)

[ = ol

2
we obtain the second inequality in (5.31). For the last inequality in (5.31) we note
(Br(v))® = Erp(v) = (E(v')* = En(v) — (v -n)H)* + (v - np)Hy,.
Applying Lemma 3.2 and inequality (4.2) we obtain
(v -n)H)* — (v-n,)Hp| 20,
S v (=) H g2,y + (v - 0p) (H = Ha) |22,
S Vlzany + BRIV 2w,y S B (V] ey + 27V -0l 2ry)) -

Combining this with the second inequality in (5.31) we obtain the third one. O

LEMMA 5.15. Let f, be an approzimation of £ such that |||B|f® — f3| 20,y <
hk9+1|\f||Lz(p) holds. For v,w € HY(I'y)® we then have
|Gar (v, W) S 0¥ (Il + 27V -l 2 ) (W1 e, + 27w 2
|Ga(v,w)| hk‘q||V||H1(Fh)||w||H1(Fh)a
|G (w)| S PR |E] 2oy [ w22y -

Proof. We start with the estimate for the geometric error G, (-, ). Using the
definitions we can write

Gap(V,W) = app(v,w) —ap(v',w')
= (ETJL(V), ET,h(W))L2(Fh) — (PhV7 PhW)LQ(Fh) (5.32)
— (Br(v)), Er(Wh) p2(ry + (PVELPW!) 12y
Combining the second and fourth term we get
(Prv,Prw)r2r,) — (PV,PW) 2(r) = (Prv, Prw) 2,y — (IBIPV, PW)2(r,).

Using an obvious splitting, [P — Py ||z r,) < A% and |1 — [B|||peer,) S AT we
obtain a bound < A% ||v| p2(r,) W] z2(r,). For the first and third term of the right
hand side of equation (5.32) we have

(Ern(v), Brn(W)) 2, — (Br(v'), Er(w')) 12(r)
= (Ern(v), Brn(w)) 2, — (BI(BEr(v)%, (Er(wh)9) L2(r,)-

Using a similar splitting, the third inequality in Lemma 5.14, H(ET(VZ))eHLz(Fh) <
(VI e @oys (B (W)l p2er,) S lwllar,) and combining this with the result above
we obtain the bound for G, (-,-). For

Go(v,w) = ap(v,w) — a(v!,w)

= (En(v), En(W))rL2(r,,) — (V,W)L2(r),)

- (E(Vl)>E(Wl))L2(F) + (Vl,Wl)L2(r)
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very similar arguments can be applied. Finally, the bound for G(-) follows from

IGr(w)| = (£, W) r2ry — (Fn, W) p2r | = |(IBIES, W) 2(r,) — (Fr W) 2(r) |
SIBIE — full 2 Wil 2y € B HIE 2y Wl 22
0

REMARK 5.1. If in Lemma 5.15, for v,w we take u®, w®, with smooth function
u,w € H?(T), it may be possible to improve the bounds. This can be relevant in
the derivation of L?2-norm optimal error bounds (which we do not consider in this
paper).

5.5. Discrete Korn’s type inequality. In geometry error bounds derived in
Lemma 5.15 we obtain natural terms of the form ||w4|| g1 (r,), with wy, € Vﬁ’@. These
have to be controlled in terms of the discrete energy norms, cf. Strang-Lemmas. A
key tool for quantifying this control is a discrete Korn’s type inequality that is derived
in this section. This result can be understood as an analogon of so-called discrete H'!
type bounds derived for higher order surface finite element spaces in [10].

LEMMA 5.16. For h sufficiently small the following holds:

IVillar@ny S IErn(VR)l 2, + 1PrVallzzr,) + vy, - ngllz2r,)

_1 A (5.33)
+h™2 ||Vvhnh||L2(Qg), for all vy € Vi g.
Proof. From Lemma 5.13 it follows
IVallzzeny S VAl oy S IPVAIE @) + 1V - 0llm ). (5.34)

The term with the tangential part, |[Pv}| g1 (r), can be bounded using the surface
Korn inequality (Lemma 2.1) and Lemma 5.14:

PVl ry S IE®V) 2wy + IPVLl L2y = 1B (Vi) 2y + 1PV L2y
S (ErI)) Nez@n + PVal 2@
SIEra(vi)llzz@n + | (Br (Vi) = Ern(vi) 2, + IPVall L2,
SNErn(vi)llzw, + B (IVallar @, + 27 Ve - nallze2r,)) + IPVAllL2r,)-

For h sufficiently small the term h*s||v| 1 (r,) can be moved to the left hand side
in (5.34). Hence, for the term ||Pv} || ;1 (1) we have a desired bound as in (5.33). We
now treat the normal component ||v}, - n|| g1 (r). Note that

Ivh ey S Ikl + 90 - m) e .
Svallzzn) + Ve, vn - 0)llz2n S Ivallzze,) + 1PR(VVE) 0l 2(r,).

We introduce the linear parametric interpololation of n, fi, := I n. For this interpo-
lation we have

[V |[peeony ST, Br —nflpe@ony Sh, [[0n —npllpe@n) S A
Note that vy, -ny € V}fgl. We obtain:
IPR(Vva) 0l 2w,y S N(VVR) Drll2 ) + RIVVAIL2 ()
S IV -t)l 2@,y + Vel @,y + RIVVRl L2, -
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Using this in (5.35) and applying the estimate (5.6) yields
1 N
Vi -l ey S Ivallzz, + A2 IV Vil z@n) + IV (Vi - 0n) 2,y (5.36)

Using (5.5) and (5.3) we get

N _ N 1 N
IV(Vh - an)ll 2 ny S PV - Bl L2, + 72 0, - V(vh - 1) | 2ox)
_ _1 ~ _1
SIvallze@ny + 27 Ive - nnllez@,) + b2 IVVvatnllzzon) +h7 2 [[vallz2x)
_ _1 _1
Svallzz, + 27 Ve - nnllLew,) + 721V VRl 2@y + b7 2 [[Vall L2

_ _1
S Ivallze@ay + P Ve a2, + 72 [ VVans | pagar)-
From this and (5.36) we get

_ _1
v, - 0l gy S IVl + v - onllzee,) + 772 IVvinallzzor)

_ _1
SIPavallze@,) + 2 Ve a2, + 772 [ VVvana| 2 ar),

hence, also for the normal part we have a bound as in (5.33), which completes the
proof. O
COROLLARY 5.17. For h sufficiently small and for arbitrary vy € V}’“L,@ we have

Vallaie, S 1Era(va)llz@,) + IPavallze@, + A7 Hve - Ballee,)  (5:37)
+ h_%”Vthh”Lz(ng

Vil @,y S B2, + 1Vallzz@,) + 27 HIva - Bz, (5.38)
+ R3[| o)

Proof. Note that vy, - npz2r,) S Ve - dnllzze,) + h*|[vallL2r,). Hence, the
result (5.37) is a consequence of (5.33). Using the definitions of Er ;(-), En(-) and a
triangle inequality the result (5.38) immediately follows from (5.37). O

REMARK 5.2. From the proof one can see that in the estimate (5.33) the part
| Er,n(vi)llL2ry) + IPavalL2cr,) is the key term to bound the H'(I',) norm of the
tangential component of the vector function vy, and the part h=1||vy, - 0yl L2, +
h~3 [Vvingl|p2(or) is essential to bound the normal component.

5.5.1. Consistency error of the penalty methods (P1h) and (P2h). Based
on the results obtained in the previous sections the derivation of satisfactory consis-
tency error bounds is straightforward. In this section we derive these bounds for the
two penalty methods. Using the definitions of the bilinear forms Aii (), 1=1,2, we
obtain from Corollary 5.17, for p ~ h~! and n > h™2:

||vh||%11(rh) < Afi (Vi,vy), forall vy € V,’i)@. (5.39)

LEMMA 5.18. Let u = ur € Vp be the unique solution of problem (C). We
assume that the data error satisfies |||BIf® — £, || p2(r,) S hFoTH|E] L2y and p ~ BT,
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n > h~=2. Then the following bounds hold

P/ e _
o) = B0l < g bt )l (6540

sup
wrEVE o HwhHAfl
APz (ue, wy,) — (£, W) 12
sup (AW (O W] ) sy (5.41)
. wall o

Proof. We start with (5.41). Take wy, € Vﬁ,(—)- We have, cf. (5.29),
A? (u®,wr) = (Fn, Wa)r2(r) = Gar (0, Wh) + sp(u®, wy) + kp(u, wi) + Gp(wh).

Using Lemma 5.157 (539) and Hue-l’lh”Lz(ph) = ||ue-(nh—n)||L2(ph) 5 hkg ||ue||L2(ph),
we get

|Gar (U, wh)
N hFs (”ue”Hl(Fh) + h71||ue ’ nhHLZ(Fh)) (”Wh”Hl(l"h) + hilHWh : Ilh||L2(1“h))
SRl gy (Iwnllgr e, + 2w - Bl r,))
< hrelfall ey lwal| 4z (5.42)

We also have
|Gr(wn)| S hk"’+1||f||L2(F)HWh||L2(Fh) S hkg+1||u||H1(F)||Wh||Af:2~ (5.43)
Using inequality (3.3) we obtain

|sn(u®, wy)| S h_IIIVuenhHng)||VWhnhIIL2(Qg
< ATV (= 0) 2 o) [ VWAL 2 ) (5.44)
S WV pagar) IV Wan| L2 ax |

_1
S hhemz Hu||H1(r)||VWhﬂh||L2(Qg) < hkgHuHHl(r)HwhHAfz-
The penalty term can be estimated as follows:

[kn(u®, wi)| S mllu® - 8|2, [Wh - Bl 22

1 ~ 1
S0z (an =0z, [1Wall 4 S 772hkp||u||L2(r)||Wh||A§z-

Combining these estimates completes the proof for (5.41). Next we show (5.40).
Recall that, cf. (5.28),

Ail (ue,wh) — (fhawh)LQ(Fh)
= Gq(u®,wp) + (B(u), B(W}, - n)n)) 2(r) + sp(u, wp) + kn(u®, wp) + G(wp).

The terms Gq(-,-), sn(:, ), kn(-,-) and G¢(-) can be estimated as above. We treat the
remaining term. Note that (cf. (2.4)), E((w} - n)n) = (w} - n)H. Using the lemmas
25



5.11 and 5.13 we get

[(E(w), (W}, - n)H) 2 ()|

= [(IB[(E(u))®, (W - n)H) 2(r,y| S [0 g2 (v, [[Wh -0l L2y,

S ||11||H1(F)||Wh : nHL2(Fh) S ||UHH1(F)(HWh “(n— ﬁh)||L2(Fh) + [[wp, - flh||L2(rh))
S lallmr ey (B [Wall 2oy + [wh - Bl 2 (r,)

_1
S (W4 Dlallzs @y lwall g2 (5.45)

Since ky, > kg, we get (5.40). O

In Lemma 5.18, for the stability and penalty parameters we restrict to p ~ h~!
and 7 > h~2. For these parameter values we then have the estimate (5.39), which is
used at several places in the proof.

5.5.2. Consistency error of the Lagrange Method (Lh). In this section
we derive bounds for the Lagrange multiplier method. For this method we do not
have an analog of (5.39) of the form ||Vh||2H1(Fh’) < Ab(vp,vy) for all vy, € Vﬁ,@.
Such an estimate is problematic, because the term h=||vy, - ny|/z2(r,) that occurs in
the discrete Korn’s type inequality (5.33) can not be controlled by the bilinear form
AE(.)-). Instead we only have the (weaker) bound

||VhH%{1(Fh) S h72ALk(vy,,vy,) forall vy, € V’,?;’@ (5.46)

which follows from (5.6) and the definition of AL(-,-), cf. Remark 6.1.

LEMMA 5.19. Let (u,\) € V, x L*(T") be the unique solution of problem (L). We
further assume that the data error satisfies |||B|f¢ — fp||2(r,) S hFo ™ |f]| 2y and
Assumption 5.1 holds. Then we obtain the following bound:

|AR((0®, X), (Wh, pin)) = (Fns Wa) L2 (0,

sup i

(W) EVE o XVl (Irwnli2s + a3 )

< hEs T ul ey + BRI )

Proof. Take (wy, up) € V,’j)@ X V}ﬁ’@. Using (5.30) we obtain

An((u®,X), (Wh, ptn)) — (Fn, W) 220y
= Ga(ue,wh) + bh(Wh7 )\e) + bh(ue,,uh) + sh(ue,wh) — (W;L -1, )\)Lz(p) + Gf(Wh>

= Go(u®, wp) + (Wp -1y, A% p2r,) — (Wh -1, N p2ry + (U g, n) 2(ry)

(&) (2) (3)
+ sn (U, wh) + 3 (Why A°) + 5. (u, i) + Gy (wp) -
——
(4) (5) (6) (7

We derive bounds for these seven terms. We start with term (1). Applying Lemma
5.15 and (5.46) we get

|Ga(u®, wi)| S B [0 e, [Iwnll ey S Bl oy lwa az-
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With Lemma 5.11 we obtain for term (2)
(W1, A°) L2(0,) = (W, -1, A) 2|
= |(Wn -1, A%) 2, — (IBl(Wn - 10),A%) 21,

= (W - (= 1), X) 2(r) = (Bl = 1)(wr - 1), A) 20| S B [ A2y 1wl 4z -

For term (3) we have
[(0® - np, i) L2y | = (- (np — 1), ) L2y |
S np —nfper,)

The terms (4) and (7) can be estimated as in (5.44) and (5.43):

u|l 2 lenll 2@,y S BEllall 2 llinllas-

lsn(u®, wi)| S PR lall gy [wnllaz,  [Gr(wa)l S APl gyl wal| az-
Finally, for the terms (5), (6) we can apply arguments as in (5.44), resulting in

|30 (Way X)| S WP (IN oy W llaz s 130, pn) | S B lall g o [l anlar-

Combining the bounds for these terms which completes the proof. O

Note that compared to the consistency error bounds for the penalty methods
in Lemma 5.18, for the Lagrange multiplier method we (only) have h*s~!|lufl 51 (r)
(instead of h¥s||ul zr1(r)). The loss of one power in h is caused by the estimate (5.46).

5.6. Discretization error bounds. We combine the Strang-Lemma 5.8 and
the bounds for the approximation error and the consistency error to obtain bounds
for the discretization error in the energy norms. We first consider the inconsistent
penalty formulation (P1h).

THEOREM 5.20. Let u € V and u, € Vi@ be the solution of (C) and of
(P1h), respectively. We assume that the data error satisfies |||B|f® — fi|z2r,) <
R*sTU|E|| L2ry and p ~ h™, n 2 h™2. Then the following bound holds

e 1 1 _1
lu® = anl o S (B + 02 B [0l i oy + (0™ + 02 b +072) ull ey (5.47)

REMARK 5.3. We discuss this error bound. For linear finite elements, i.e. k = 1,
kg =1 (linear geometry approximation), k, = 2 (higher order normal approximation
in the penalty term) and 7 ~ h~2 we obtain an optimal order error bound. However,
for higher order finite elements, i.e. k > 2, we are not able to choose the other
parameters (kg, kp,n) such that we have an optimal order error bound. If we balance
the terms n%hk"’l and 17_% this yields n ~ h~**1_ Using this parameter choice and
kg = k (isoparametric case), k, = k + 2 (higher order normal approximation in the
penalty term), we obtain an (suboptimal) error bound of the order hz*+1  This
suboptimal result is due to the factor 77*% in the error bound, which is caused (only)
by the estimate for the inconstency term (E(u), (w}, - n)H)z2(r in (5.45).

Next we consider the consistent penalty formulation (P2h).

THEOREM 5.21. Let u € V and u € V,k;’@ be the solution of (C) and of
(P2h), respectively. We assume that the data error satisfies |||B|f¢ — £ r2(r,)
R*sTU|E|| L2ry and p ~ h™Y, n Z h™2. Then the following bound holds:

~

1 1
[ = wnl s S 8+ E R4 g oy + (5 bR ey (5.48)
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REMARK 5.4. Note that the bound in (5.48) is the same as in (5.47), except for
the term n_% that occurs in (5.47) due to the inconsistency of the method (P1h). In
view of the factor 7z h*+1 we take n ~ h=2. Based on the consistency error term we
take kg = k (isoparametric case) and k, = k + 1 (higher order normal approximation
in the penalty term). This then yields an optimal order error bound.

The same estimates as in (5.47) and (5.48) also hold with the energy norm || - HAfD
replaced by the H(I',) norm: L

COROLLARY 5.22. Letu € V, u;, € Vj o, uy, € VJ o be solution of (C), (P1h)
and of (P2h), respectively. The following discretization errror bounds hold:

[0® = wnllzrry S (BF + 02 B [l g oy + (BFo 4+ 02 b5 407 2) [l .

[0 =l o) S (0F + 02 BEE) ey + (A5 + 02 h5) [ 2 -

Proof. We show the first bound. The second bound can be shown analogously.
Using Lemma 3.1 and inequality (5.39) we get

0 = up |l gr (e, < lu® =I5 |1y + 116 ) — wnll o ry)

< B[l gy + (116 (0®) — up 47
Since
125(u) — wall yrv < 75 (0) [+ [Ju — wal] e

we get the desired result using Lemma 5.10 and Theorem 5.21 O

Finally we consider the Lagrange multiplier formulation.

THEOREM 5.23. Let (w,\) € V, x L?(T") and (up, \n) € V}f’@ X th’l@ be the
solution of (L) and of (Lh), respectively. We assume that the data error satisfies
IIBI£¢ — fillr2(r,) S WP |f|| L2y and Assumption 5.1 holds. Then we obtain the
following error bound:

u® —unllap + A = Anllm

1 1 —
N thu||Hk+1(F) + (RBP4 Pfhkﬁé)H)\HmzH(r) + hFo 1Hu||H1(I‘) + hkgH)\HHl(r)

REMARK 5.5. In the case of isoparametric finite elements, i.e. k = kg, we do not
get an optimal order error bound. For the case of superparametric finite elements, i.e.
kg = k + 1, we distinguish two cases. First, for k; = k (same degree finite elements
for the Lagrange multiplier as for the primal variable) we can take any p = c,h!=?,
a € [0,2], and ¢, as in Corollary 5.6. For k; = k — 1 (k > 2) we restrict to p = cah
with ¢, as in Corollary 5.6. In both cases we then obtain an optimal order error
bound.

6. Numerical experiments. In this section we present results of a few numer-
ical experiments. We implemented the different methods in Netgen/NGSolve with
ngsxfem [1, 13].

28



For I' we take the unit sphere which is characterized by the zero level of the
distance function function ¢(z) = /23 + 23 + 23—1, z = (21,22, 23)". The surface is
embedded in the domain 2 = [-1.5,1.5]3. We start with an unstructured tetrahedral
Netgen-mesh with A4, = 0.5 (see [22]) and locally refine the mesh using a marked-
edge bisection method (refinement of tetrahedra that are intersected by the surface).
We consider the vector Laplace problem (C) with the prescribed solution

T
u*(z) = P(x) ( 75 2 t ) .

D) 2 25 )
vit a3+ s ol +ad+al o} +ad +af

The solution is tangential, i.e. Pu* = u*, and constant in normal direction, i.e.
u* = (u*)®. The right-hand side f is computed according to equation (2.1).

We first consider the penalty formulations (P1h) and (P2h). The normal approx-
imation ny, used in the penalty term is computed as follows. We interpolate the exact
level set function ¢ in the finite element space Vh]i’é, which we denote by gzNSh, and then

Vén
IVnll2"
in (P2h)) we take Hj, = V(Ig“’ (np)). The resulting linear systems are solved using a
direct solver.

set ny =

For the approximation of the Weingarten mapping (needed only

We start with problem (P1h). In Figure 6.1 the error measured in the || - [| ;-
h
norm is shown, for different choices of parameters and refinement levels.

10 J|—k=1,n=h"2k,=2
E E +k:1777:%7kp:1
ol 1|k=2,n=h"2k,=3
10§ 1|l k=2n=h"3k,=4
: ||---om
. " ]
g 10_1 . 4 O(hl.S)
F g ]
1072 8 £
1073 | E
C | | | | | | .|
1 2 3 4 5 6
Refinement level
Fig. 6.1: || - || yr, -error for problem (P1h) with k; = k and p = h™".
r «
For isoparametric linear finite elements (k = k; = 1) and a one order higher
normal approximation for the penalty term (k, = 2) we observe optimal O(h)-

convergence. Choosing the same order for the normal approximation (k, = 1) we do

not have convergence. In the experiment with k =k, =k, = 1 we used n = 10- h™?

(instead of 7 = h™2) to have a bigger constant in the term 72 h*» in (5.47), in order to

see the loss of one order more clearly. For the case k = 2 we do not observe optimal
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(second order) convergence in Figure 6.1. For k = 2, n = h™2, k, = 3 we obtain
(only) first order convergence, whereas for k = 2, n = h=3, k, = 4 the error behaves
as ~ h'®. All these results are in agreement with the bounds in Theorem 5.20, cf.
Remark 5.3.

Next we consider problem (P2h). In Figure 6.2 we show the discretization error
measured in the ||| 4P2-horm for different choices of parameters and refinement levels.
For isoparametric finite elements (k = k,) and a one order higher normal approxi-
mation for the penalty term (k, = k + 1) we observe optimal O(h*)-convergence for
k=1,...,3. For isoparametric quadratic finite elements (k = k, = 2) and a normal
approximation of order two in the penalty term (k, = 2) we observe a loss of one
order, i.e. O(h)-convergence. All these results are in agreement with the bounds in
Theorem 5.21, cf. Remark 5.4.

10" 1|ek=1k =2
F 1|m=k=2k,=3
10° 1 k=2 k=2
r B - 4 vp —
10-1 1|——k=3k,=4
{]---0(h)
5 1072 El O(h?)
—~ = | -
A q-s | | =9
1074 :
1075
10_65 | | 1 | | | E

Refinement level

Fig. 6.2: || - [| yp.-error for problem (P2h) with ky =k, p = h=! and n=h~2.
h

Finally we present results for problem (Lh). The exact Lagrange multiplier A
is computed according to equation (2.12). We use a preconditioned MINRES solver
with a block diagonal preconditioner as introduced in [6] to solve the linear systems.
In Figure 6.3 we present the error [[u* —uy[| 4z and in one case the error |[A — Ay ||ar,
which is labeled with an M, for different choices of parameters and refinement levels
(note that the two curves for k; = 1 are almost indistinguishable).

We take p = h~! for superparametric finite elements (kg =k+1) and p = h for
isoparametric finite elements (k, = k). For superparametric finite elements (k, = k +
1) with k; = k we observe optimal O(h*)-convergence. For these cases the error ||\ —
Ar|lar has the same convergence order (not shown). However, isoparametric quadratic
finite elements (k = k, = 2) with k; = k results in optimal O(h?)-convergence for
[u* —up 4z but suboptimal O(h)-convergence for [|A — Ay |[asr (shown with label M
in the ﬁgure). This shows that the power £, — 1 in the term hFs=1 in Theorem 5.23
is sharp and superparametric finite elements (k; = k + 1) are necessary to obtain
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10t | {|-ek=k=1k =2
E 1|w—k=k=Fk =2
100; | |——k=k=k,=2 M
& ||—7—k=k=2k;=3
_1: {|——k=2,k=1k,=3
S 107 || o
5 r qofeeeeens O(hQ)
1072 ¢ §
1072 E
10_4 ; | | | | | | é
1 2 3 4 5 6
Refinement level
Fig. 6.3: || - || az-error and || - [|as-error for problem (Lh).

an optimal order of convergence (for both primal variable and Lagrange multiplier).
Taking p = h™! in this case results in better than O(h)-convergence but clearly less
than O(h?)-convergence (not shown). For superparametric quadratic finite elements
(k =2, kg = 3) with k; = 1 we observe (only) O(h)-convergence. All these results are
in agreement with Theorem 5.23, cf. Remark 5.5.

A drawback of the Lagrange multiplier method compared with the two penalty
methods is the fact that (in our experience) the resulting saddle point system is (much)
more difficult to solve. The condition number of this matrix is typically very large,
in particular for the case p = h.

We did not derive L2-error bounds and therefore do not present numerical results
for L2-errors. We note, however, that for the cases of optimal O(h*)-convergence in
the energy norms we also have O(h**1)-convergence in the L?-norm. In case of the
Lagrange multiplier method (Lh) we observe this optimal L?-norm convergence only
for tangential error component, i.e. [[Py(u* — up)|r2(r,). An analysis of L?-norm
convergence is left for future research.

REMARK 6.1. For the problem considered in this section we performed an exper-
iment to see whether the h=2 factor in the estimate (5.46) is sharp. We numerically
computed

AL
cp = min 7h(vh’vh)

viEVE o ||Vh||§{1(ph)
for the parameter values p = h, k = 1 and k; = 2 as well as k; = 1. The results
clearly indicate a ¢, ~ h? behavior.
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