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A TRACE FINITE ELEMENT METHOD FOR
VECTOR-LAPLACIANS ON SURFACES

SVEN GROS*, THOMAS JANKUHNT, MAXIM A. OLSHANSKIIf, AND ARNOLD
REUSKENS$

Abstract. We consider a vector-Laplace problem posed on a 2D surface embedded in a 3D
domain, which results from the modeling of surface fluids based on exterior Cartesian differential
operators. The main topic of this paper is the development and analysis of a finite element method
for the discretization of this surface partial differential equation. We apply the trace finite element
technique, in which finite element spaces on a background shape-regular tetrahedral mesh that is
surface-independent are used for discretization. In order to satisfy the constraint that the solution
vector field is tangential to the surface we introduce a Lagrange multiplier. We show well-posedness
of the resulting saddle point formulation. A discrete variant of this formulation is introduced which
contains suitable stabilization terms and is based on trace finite element spaces. For this method we
derive optimal discretization error bounds. Furthermore algebraic properties of the resulting discrete
saddle point problem are studied. In particular an optimal Schur complement preconditioner is
proposed. Results of a numerical experiment are included.

Key words. surface fluid equations, surface vector-Laplacian, trace finite element method

1. Introduction. Fluid equations on manifolds appear in the literature on math-Jj
ematical modeling of emulsions, foams and biological membranes, e.g. [34, 35, 3, 5,
29, 28]. We refer the reader to the recent contributions [17, 18] for derivations of
governing surface Navier—Stokes equations in terms of exterior Cartesian differential
operators for the general case of a viscous incompressible material surface, which is
embedded in 3D and may evolve in time. This Navier-Stokes and other models of
viscous fluidic surfaces or interfaces involve the vector-Laplace operator treated in this
paper. We note that there are different definitions of surface vector-Laplacians, cf.
Remark 2.1. In this paper we treat a vector-Laplace problem that results from the
modeling of surface fluids based on exterior Cartesian differential operators.

Several important properties of surface fluid equations, such as existence, unique-
ness and regularity of weak solutions, their continuous dependence on initial data
and a relation of these equations to the problem of finding geodesics on the group
of volume preserving diffeomorphisms have been studied in the literature, e.g., [10,
37, 36, 2, 19, 1, 20]. Concerning the development and analysis of numerical methods
for surface fluid equations there are very few papers, e.g., [4, 21, 32, 16, 15, 31] and
research on this topic has started only recently. Much more is known on discretization
methods for scalar elliptic and parabolic PDEs on surfaces; see the review of surface
finite element methods in [9, 25].

In this paper we introduce and analyze a finite element method for the numer-
ical solution of a vector-Laplace problem posed on a 2D surface embedded in a 3D
domain. The approach developed here benefits from the embedding of the surface
in R? and uses elementary tangential calculus to formulate the equations in terms
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of exterior differential operators in Cartesian coordinates. Following this paradigm,
the finite element spaces we use are also tailored to an ambient background mesh.
This mesh is surface-independent and consists of shape-regular tetrahedra. As in
previous work on scalar elliptic and parabolic surface PDEs (cf. the overview paper
[25]) we use the trace of such an outer finite element space for the discretization of
the vector-Laplace problem. Hence, the method that we present is a special unfitted
finite element method. One distinct difficulty of applying (both fitted and unfitted)
finite element methods to surface vector-Laplace and surface Navier—Stokes equations
is to satisfy numerically the constraint that the solution vector field uy is tangen-
tial to the surface I, i.e., up - n = 0, where n is the normal vector field to I', cf.
the discussion in Remark 2.2. The method that we present handles this constraint
weakly by introducing a Lagrange multiplier. The resulting saddle point variational
formulation is discretized by using standard trace finite element spaces. In the dis-
crete variational formulation certain consistent stabilization terms are included which
are essential for discrete inf-sup stability, algebraic stability, and for the derivation of
(optimal) preconditioners for the discrete problem.

The main contributions of this paper are the following. We introduce the La-
grange multiplier formulation for the continuous problem and show well-posedness of
the resulting saddle point formulation. We present a finite element variational formu-
lation which contains suitable stabilization terms and is based on trace finite element
spaces. For this method we work out an error analysis. This analysis shows that for
discrete stability and optimal discretization error bounds the background space for
the Lagrange multiplier can be chosen as piecewise polynomial of the same order or
one order lower as for the primal variable. A further main contribution of the paper
is the analysis of algebraic properties of the resulting discrete saddle point problem.
In particular we derive an optimal Schur complement preconditioner. We note that
in the error analysis we do not include geometric errors induced by an approximation
I'y, = I'. The analysis of the effects of such geometric errors is left for future research.

Our approach is very different from the one based on finite element exterior
calculus suitable for discretizing the Hodge Laplacian on hypersurfaces; see [16]. In
the recent paper [15] a finite element method for a similar vector-Laplace problem
is studied. That method, however, uses a penalty technique instead of a Lagrange
multiplier formulation and requires meshes fitted to the surface. Finally we note that
the finite element methods for surface Navier—Stokes equations presented in [21, 32]
are based on a surface curl-formulation, which is not applicable to the surface vector-
Laplace problem that we consider. We also note that no discretization error analyses
are given in [21, 32]. None of these related papers have considered unfitted finite
element methods.

This paper is meant to be the first one in a series of papers devoted to numeri-
cal simulation of fluid equations on (evolving) manifolds. Our longer-term goal is to
provide efficient and reliable computational tools for the numerical solution of fluid
equations on a time-dependent surface I'(t) including the cases when parametrization
of T'(t) is not explicitly available and I'(¢) may undergo topological changes. This
motivates our choice to use unfitted surface-independent meshes to define finite ele-
ment spaces — a methodology that proved to work very well for scalar PDEs posed
on I'(t) [26, 24].

The remainder of the paper is organized as follows. We introduce in section 2
the vector-Laplace model probem and notions of tangential differential calculus. We
give a weak formulation of the problem with Lagrange multiplier and show its well-
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posedness. An unfitted finite element method known as the TraceFEM for the surface
vector-Laplace problem is introduced in section 3. In section 4 an error analysis of
this method is presented. We derive discrete LBB stability for certain pairs of Trace
FE spaces. The main result of this section is an optimal order error estimate in
the energy norm. An optimal order discretization error estimate in the L? norm is
shown in section 5. In section 6 we prove that the spectral condition number of the
resulting saddle point stiffness matrix is bounded by ch™2, with a constant c that is
independent of the position of the surface I' relative to the underlying triangulation.
We also present an optimal Schur complement preconditioner. Numerical results in
section 7 illustrate the performance of the method in terms of discretization error
convergence and efficiency of the linear solver.

2. Continuous problem. Assume that I' is a closed sufficiently smooth surface
in R3. The outward pointing unit normal on I is denoted by n, and the orthogonal
projection on the tangential plane is given by P = P(x) := I —n(x)n(z)”, € . For
vector functions u: I' = R3 we use a constant extension from I to its neighborhood
O(T') along the normals n, denoted by u® : O(I') — R3. Note that on I' we have
Vu® = V(uop) = VuP, with Vu := (Vu; Vuy Vuz)? € R3*? for vector functions
u (note the transpose; this notation is usual in computational fluid dynamics). For
scalar functions u : O(I') — R the gradient Vu denotes the column vector consisting
of the partial derivatives. In the remainder this locally unique extension u® to a small
neighborhood of T" is also denoted by u. On I'" we consider the surface strain tensor
[12] given by

1 1
Es(u) := 5P(vu +vulP = 5(vpu +Vru?), Vru:=PVuP. (2.1)

We also use the surface divergence operators for u : I' — R? and A : T' — R3*3,
These are defined as follows:

divru := tr(Vru) = tr(P(Vu)P) = tr(P(Vu)) = tr((Vu)P),
divr A := (divp(eTA), divr(elA), divr(elA))"

with e; the ith basis vector in R®. For a given force vector f € L(T")3, with f-n =0,
we consider the following elliptic partial differential equation: determine u: I' — R?
with u-n =0 and

—Pdivp(FEs(u))+u=f onT. (2.2)

We added the zero order term u on the left-hand side in (2.2) to avoid technical details
related to the kernel of the strain tensor Ej.

REMARK 2.1. In this paper we consider the operator P divroF; because it is a key
component in the modeling of Newtonian surface fluids and fluidic membranes [34, 12,
4,18, 17]. We note that in the literature there are different formulations of the surface
Navier—Stokes equations, and some of these are formally obtained by substituting
Cartesian differential operators by their geometric counterparts [37, 7] rather than
from first mechanical principles. These formulations may involve different surface
Laplace type operators. In the recent preprint [15] the Bochner (also called rough)
Laplacian u — Arpu := Pdivp(Vru) is treated numerically. Another Laplacian
operator, which in a natural way arises in differential geometry and exterior calculus
is the so-called Hodge Laplacian. The diagram below (from [17]) and identities (2.3)
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illustrate some ‘correspondences’ between Cartesian and different surface operators.
For u on I' we assume u-n = 0.

In R3: —div(Vu+ V7Tu) divu=0 —Au = (rotTrot — Vdiv)u
{ { !
divru=0
OnT : —Pdivp(2E,(u)) #+ —Aru  # —Alflu
surface Bochner Hodge
diffusion Laplacian Laplacian

For a smooth surface I' C R? with Gauss curvature K we have, cf. Lemma 2.1 in [17]
and the Weitzenbock identity [33], the following equalities for a tangential field u :

—Pdivr(2Fs(u)) = —Aru— Ku= -Afu—-2Ku onT, (2.3)

where for the first equality to hold, u should satisfy divru = 0.

For the weak formulation of this vector-Laplace problem we use the space V :=
HY(T")3, with norm

lulff = /F [u(s)3 + [IVu(s)|3 ds, (2.4)

where || - ||2 denotes the vector and matrix 2-norm. Note that due to Vu = Vu® =
VuP on T only tangential derivatives are included in this H!-norm. The correspond-
ing space of tangential vector fields is denoted by

Vr:={ueV|un=0 on I'}. (2.5)

For u € V we use the following notation for the orthogonal decomposition into tan-
gential and normal parts:

u=ur+uyn, ur-n=>0.

We introduce the bilinear form
a(u,v) := / Es(u): Es(v)+u-vds= /tr(ES(u)Es(v)) +u-vds, u,veV.
r r

For given f as above we consider the following variational formulation of (2.2): deter-
mine u = ur € Vr such that

a(ur,vr) = (f,vr)p2qy forall vy € Vr. (2.6)

The bilinear form a(-, -) is continuous on V. Ellipticity of a(-,-) on V¢ follows from
the following surface Korn inequality, which is derived in [17].
LEMMA 2.1. Assume T is C? smooth. There exists cx > 0 such that

[ullL2) + 1 Bs()llz2ry = exlully - for all we V. (2.7)

Hence, the weak formulation (2.6) is a well-posed problem. The unique solution is
denoted by u* = uy.



REMARK 2.2. The weak formulation (2.6) is not very suitable for a finite ele-
ment Galerkin discretization, because we then need finite element functions that are
tangential to T, which are not easy to construct. If I' N K is curved in a simplex K
where uy, is polynomial, then it is easy to see that enforcing up -n =0 on I'N K
may lead to ‘locking’, i.e. only u; = 0 satisfies the constraint. Alternatively, one can
approximate a smooth manifold " by a polygonal surface I}, (in practice, this is often
done for the purpose of numerical integration; moreover, only I'y, is available if finding
the position of the surface is part of the problem). In this case the surface I';, has a
discontinuous normal field n; and enforcing the tangential constraint, uy - np = 0 on
Ty, for a continuous finite element vector field u, may lead to a locking effect as well.

In view of the remark above we introduce, in the same spirit as in [14, 15, 17], a
weak formulation in a space that is larger than V; and which allows nonzero normal
components in the surface vector fields. However, different from the approach used in
these papers we treat the tangential condition with the help of a Lagrange multiplier.
The following basic relation will be very useful:

Ey(u) = E,(ur) + uyH, (2.8)

where H := Vn is the shape operator (second fundamental form) on I'. We introduce
the following Hilbert space:

V,:={uc?*T)?:ur € Vy, uy € L*(I')}, with |u]

v, = lurli + lun ).

Note that V., ~ Vg @ L%(T). Based on the identity (2.8) we introduce, with some
abuse of notation, the bilinear form

a(u,v) := /th((Es(llT) +unH)(Es(vy) + vvH)) +u-vds, u,veV, (29)

This bilinear form is well-defined and continuous on V.. We enforce the condition
u € Vr with the help of a Lagrange multiplier. For given g € L*(T")® (note that we
allow g not necessarily tangential) we introduce the following saddle point problem:
determine (u,\) € V, x L(T") such that

a(u,v) + (v-n,\) 2y = (8, V)2 for all v e V, (2.10)
(w-n, )2y =0 for all € L*(T). '

Well-posedness of this saddle point problem is derived in the following theorem.
THEOREM 2.2. The problem (2.10) is well-posed. Its unique solution (u*,\) €
V. x L?(T") has the following properties:

1. u"-n=0, (2.11)
2. wp=ur, whereur is the unique solution of (2.6) with f := gr = Pg, (2.12)
3. A=gn— tr(ES(u})H)), for g =gr + gnn. (2.13)

Proof. Note that v € V, satisfies (v -n, p) 20y = 0 for all p € L2(T) iff v € V.
From this and (2.7) it follows that a(-, -) is elliptic on V7, the subspace of V, consisting
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of all functions u that satisfy the second equation in (2.10). The multiplier bilinear
form (v, p) = (v -n, ) p2(ry has the inf-sup property

(v-m, M)LZ(F) . (v, M)L2(r)
- 277 > inf sup =
vilvillpllz@y — wer2) oyerz @y lvnlle@llplle @)

inf sup

reL*(M) vev,
Furthermore, the bilinear forms are continuous. Hence, we have a well-posed saddle
point formulation, with a unique solution denoted by (u*, \). From the second equa-
tion in (2.10) one obtains u*-n = 0. If in the first equation we restrict tov = vy € Vr
we see that u}. satisfies the same variational problem as in (2.6) with f := Pg, hence,

(2.12) holds.
If in the first equation in (2.10) we take v = vyn and use u* - n = 0 we get

(A uN) 2y = (8, vnn) 2y — a(u”,vyn)
= (9N, UN)L2(r) — / tr(Es(u*T)Es(an)) ds
r
= (gn,on) 2y — (tr(Es(uj)H)),on) 2y for all vy € L3 (),

hence we have the characterization as in (2.13). O

From (2.13) it follows that if u% has smoothness u} € H™(I')® and the manifold is
sufficiently smooth (hence H sufficiently smooth) then we have A € H™ 1(T"). Note
that if H=0 and gy = 0 then A = 0.

REMARK 2.3. In the proof above we used that the form a(-,-) is elliptic on Vr,
the subspace of V, consisting of all functions that satisfy the second equation in
(2.10). Note the inequality

. €
a(u,w) > || Ey(up) [y — 7 Fun 7y + ullZe

. €
> ¢l Es(uf) |2y + (1 - E”HH%“’(F))HUH%Q(F) VueV,, Ve<l

With eg := (1 + HH||%QC(F))*1 and the Korn inequality (2.7) we get

N 1
a(u,w) > eo (| Bs (up)lIZery + [[ullZery) > seock lurllf + collunllzer

for all u € V.. Hence, the bilinear form a(-,-) is also elliptic on V,. Note that the
ellipticity constant depends on the curvature of T.

REMARK 2.4. Instead of the weak formulation in (2.10) one can also consider
a penalty formulation, without using a Lagrange multiplier A. Such an approach is
used for a similar Bochner-Laplace problem in [15]. This formulation is as follows:
determine u € V, such that

a(u,v)+n(u-n,v-n)2mqy = (£,v)p2qy foral veV,, (2.14)

with n > 0 (sufficiently large). From ellipticity and continuity it follows that this
weak formulation has a unique solution, denoted by @. Opposite to the solution u* of
(2.10), the solution t does not have the property @ - n = 0, and in general Gy # uk
holds. Using standard arguments one easily derives the error bound

~ _1
[ar —upllv- < en™2[[f] 2r).-
6



Hence, as usual in this type of penalty method, one has to take 7 sufficiently large
depending on the desired accuracy of the approximation.

REMARK 2.5. The analysis of well-posedness above and the finite element method
presented in the next section have immediate extensions to the case of the Bochner
Laplacian on I'. For this, one replaces the bilinear form in (2.6) by

aP(u,v) ::/(Vpuzvru—i-u-v)ds, u,vev,
r

and instead of (2.8) one uses Vru = Vrur + uyH for further analysis. In this case,
Korn’s inequality (2.7) is replaced by Poincare’s inequality on T' (cf. [15]). Based on
the second equality in (2.3) and the tangential variational formulation for the Bochner
Laplacian, one can also consider the bilinear form

af (u,v) I:/(VFUIVFU+(1+K)U'V)dS7 wvev,
r

for an equation with the Hodge Laplacian. This formulation, however, is less conve-
nient for the analysis of well-posedness in the framework of this paper, since the Gauss
curvature K in general does not have a fixed sign. Moreover, in a numerical method
one then has to approximate the Gauss curvature K based on a “discrete” (e.g.,
piecewise planar) surface approximation, which is known to be a delicate numerical
issue.

3. Trace Finite Element Method. For the discretization of the variational
problem (2.10) we use the trace finite element approach (TraceFEM) [23]. For this,
we assume a fixed polygonal domain Q C R? that strictly contains I'. We use a family
of shape regular tetrahedral triangulations {7, }r>o of Q. The subset of tetrahedra
that have a nonzero intersection with I' is collected in the set denoted by ’ThF. For
simplicity, in the analysis of the method, we assume {7,] },~0 to be quasi-uniform.
The domain formed by all tetrahedra in 7, is denoted by Q} := int(UpezrT). On
T.X' we use a standard finite element space of continuous functions that are piecewise
polynomial of degree k. This so-called outer finite element space is denoted by V;¥. In
the stabilization terms added to the finite element formulation (see below), we need
an extension of the normal vector field n from I' to 2}. For this we use n® = Vd,
where d is the signed distance function to I'. In practice, this signed distance function
is often not available and we then use approximations as discussed in Remark 3.1.
Another aspect related to implementation is that in practice it is often not easy to
compute integrals over the surface I' with high order accuracy. This may be due
to the fact that I' is defined implicitly as the zero level of a level set function and
a parametrization of I' is not available. This issue of “geometric errors” and of a
feasible approximation I', ~ I'" will also be addressed in Remark 3.1. Below in the
presentation and analysis of the TraceFEM we use the exact extended normal n = n®
and we assume exact integration over I'.

We introduce the stabilized bilinear forms, with U := {v € H'(Q},)? | vir € V },
7



M= HY(O)),

Ap(u,v) :=a(u,v) + p/ (Vun) - (Vvn) dz, u,veU,
Q

b(u, p) := (a-m, p)re2(r) + ﬁ/ (0" Vun)(n - V) do
@,

= (un, 1) L2(r) —I—ﬁ/ (n-Vuy)(n-Vy)dz, ueU, pe M.

@,
Such “volume normal derivative” stabilizations have recently been studied in [11, 6].
The parameters in the stabilizations may be h-dependent, p ~ h™, 5 ~ h™. One
can consider different scalings, i.e., m # . From the analysis below it follows that
the best choice is m = m. To simplify the presentation we set p = p. Based on the
analysis in [11] of scalar surface problems we restrict to

h<p=p<h. (3.1)

Here and further in the paper we write x < y to state that the inequality x < cy holds
for quantities x,y with a constant ¢, which is independent of the mesh parameter h
and the position of I' over the background mesh. Similar we give sense to = 2 y; and
x ~ y will mean that both < y and z 2 y hold. For fixed k,I > 1 we take finite
element spaces

U,:=VHcu, M,:=VcM,

for the velocity u and the Lagrange multiplier A\, respectively. The finite element
method (TraceFEM) that we consider is as follows: determine (up,An) € Up x Mj,
such that

Ah(uh,vh) + b(Vh, )\h) = (gavh)LQ(F) for all v, € Uy,

(3.2)
b(up, pp) =0 for all pp € My,

REMARK 3.1. Asnoted above, in the implementation of this method one typically
replaces I" by an approximation I'y, &~ I" such that integrals over I';, can be efficiently
computed. Furthermore, the exact normal n is approximated by n; =~ n. In the
literature on finite element methods for surface PDEs there are standard procedures
resulting in a piecewise planar surface approximation I';, with dist(I',T',) < h2. If
one is interested in surface FEM with higher order surface approximation, we refer to
the recent paper [11], where one finds an efficient method based on an isoparametric
mapping derived from a level set representation of I'. In [8] another higher order
surface approximation method is treated. In the numerical experiments in section 7
we use a piecewise planar surface approximation. Also for the construction of suitable
normal approximations n; = n several techniques are available in the literature. One
possibility is to use ny(x) = %, where ¢y, is a finite element approximation of
a level set function ¢ which characterizes I'. This technique is used in section 7. In
this paper we do not analyze the effect of such geometric errors, i.e., we only analyze
the finite element method (3.2).

4. Error analysis of TraceFEM. In this section we present an error analysis of
the TraceFEM (3.2). We first address consistency of this stabilized formulation. The
solution (u*,\) of (2.10), which is defined only on T, can be extended by constant
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values along normals to a neighborhood O(T') of T' such that Q) < O(T'). This
extended solution ((u*)¢, A°) is also denoted by (u*,\). Hence we have Vu*n = 0,
n-V(u*-n) =0, n-VXA=0on Q. Using these properties and (Up)r C V.,
(Mp)r C L*(T) we get the following consistency result:

Ah(u*,vh) + b(Vh7 )\) = a(u*,vh) + (Vh ‘N, )\)Lz(p) = (g, Vh)Lz(p) vV vy € Up,

b(u*, pp) = (0" -n, pp) 2y =0 Y pn € Mp.
(4.1)
We now address continuity of the bilinear forms. For this we introduce the semi-norms

[ull == An(u,u), ueU, (4.2)
alls == N2y + plln- VallZaory, @€ M.
LEMMA 4.1. The following holds

Ap(u,v) < |ul|lylvlle for allu,v € U, (4.4)
b(w, ) < fullollullae for all we U, e M. (45)

Proof. The result in (4.4) follows from Cauchy-Schwarz inequalities. Note that
due to Vnn = 0 and the symmetry of Vn we obtain n-Vuy = n-V(u-n) = n” Vun+
n?Vnu = n? Vun. Hence, [n-Vuy| < ||[Vun||; holds (pointwise at 2 € O(T")). Using
this we get foru e U, y € M:

b(u, )| < [(u-n, p)r2r)| + pl(n- Vuy,n- Vi) peon|
< lallzzmllpllizz@y + plln - VUNHL?(QI,:)HH ’ VMHL?(Q;)
< (all3ay + 2l or)* (Il + plm - Valagr)®  (46)
< Ap(w,w)? pflar = ol
This completes the proof. O

The following result is crucial for the stability and error analysis of the method.
LEMMA 4.2. The following uniform norm equivalence holds:

h||vh||%2(r) +h?[|n - VUhHiz(Qg) ~ ||Uh||2L2(Qg) for all vy, € V. (4.7)

Proof. A fundamental result derived in [11] (Lemma 7.6) is:
||Uh||%2(91;) 5 h”'UhH%Q(F) + h2||n . vvhH%Z(QE) fOI' all Vh, c Vh{f (48)

(This follows by taking ¥ = id in the analysis in section 7.2 in [11]). We combine this
with the following estimate, cf. [13]:

h”UHZLZ(F) S ”’UH2L2(Q£) + hQHvH?{l(Q}:) for all v € H'(42,), (4.9)

and a standard finite element inverse inequality |[va g1 (ar) < h_1||vh|\L2(Q£) for all
v € V}f. This completes the proof. O



Using (4.7) and (3.1) we get

Ap(up,up) = a(up,up) + p/ (Vugn) - (Vuyn) dz
Qf

> ||uhH%z(F) + h/QF (Vupn) - (Vupn) dz

3 (4.10)
=3 (In)illZqey + Alln- (n)ilZ o))

i=1
3

2 h~ ! Z Il (un) ||L2 by = Ch71||u}LH2L2(Q}:)a

for all up, € Uy. This implies that Ay (-, ) is a scalar product on Uy,. Using (4.7) and
p 2 h we get

lanl3s 2 0l By for all € M. (4.11)

This in particular implies that || -||as corresponds to a scalar product on My. We now
turn to the discrete inf-sup property.

LEMMA 4.3. Take m > 1. There exist constants di > 0, do > 0, independent of
h and of how I intersects the outer triangulation, such that:

b(v 3 m
sup VB o g g Sl for all € V™. (4.12)
Vh,e(‘/;:”)S th”U

Proof. Take pup, € V;*. Note that

b(pnm, i) = || pn|3-

Take vy, := L,,(ppn) € (V;™)3, where I,,, is the nodal (Lagrange) interpolation oper-
ator. The latter is well defined, because both p; and n are continuous in QF. Now
note, cf. (4.6),

6(Vh, pn)| = [b(pnm, pn)| = [0(In (pam) — pam, )|
= [lunll3s = 10(m (pnm) — i, )|

1
> (lunllar = (Hm (uan) = pnl| 2oy + IV (I (am) = prm)nl|72gry) * ) lnlar-
(4.13)

From E,(upn) = ppH we get a(upn, ppn) < ||#h\|%2(r) and using this and Hn = 0
we obtain

Ivillo < lpnnllo + [[In(pan) — ppnllo S llpnlla + [ Im(pen) — ppnlly. (4.14)

We now consider the terms with I, (upn) — ppn in (4.13) and (4.14). We use stan-
dard element-wise interpolation bounds for the Lagrange interpolant, the identity
ltn| i1 () = 0 for the H™*1 seminorm of py, over any tetrahedron K € T,I', the
inverse inequality ||pnllgmx)y < ch™™||pnllL2(k), (4.7) and the local variant of the

10



estimate (4.9). We then obtain

[ L (pnm) — |2,
= a(Ln(unn) = pn, L (pnm) = pm) + p||V (I (pam) — ppn)nl|72 qor

< Mnnm) = pnlps oy + 21V (L (anm) — )22 g

KeTF
< 30 {0 o)) — s ) + bl T Ganm) = e e}
KeTrF
S O L O 1778 o PP (o L N 177 e
KETF KETF
ST ) Y ||Mh||%2(K)N(1+Ph)h71||uh||2m(91;)
KeTFl

< @+ ph) (il 22 oy + Plln - Vinll7z o) < (4 pB)llunllne < Nl
From this and (4.14) we get

[villo S llenlla- (4.15)

With similar arguments we bound the interpolation terms in (4.13):

1 Eun (i) — g3y + IV (L (1nm) — ram) 22 e

) -

< S B () — 3y + Bl ) = s e §
KeT[l

+P||V(I (1nm) Nhn)nniz(gg)

4.16
S {0 1) — ey + ot p) (i) — s ey} 1)

KeTF

S (AR Y |unn) e )
KeT!

S (B + ph)|pnll3s S bl

Combining this with the results in (4.13) and (4.15) completes the proof. O

COROLLARY 4.4. Take m > 1. Consider p = c,h'™%, a € [0,2], and assume
h < hg < 1. Take ¢, such that 0 < ¢, < d52h8“72 with dy as in (4.12). Then
there exists a constant d > 0, independent of h and of how T’ intersects the outer
triangulation, such that:

b
su M >d|pnllar for all pp € V™. 4.17
P 2 H h

vnevmys  Ivallu

ASSUMPTION 4.1. In the remainder we restrict to p = coh'™%, a € [0,2], with
Co. as in Corollary 4.4.
COROLLARY 4.5. For b(-,-) the discrete inf-sup property holds for the pair of
spaces (Up, My) = ((ViF)3, V) with 1 <1 < k. The constant in the discrete inf-sup
11



estimate can be taken independent of h and of how I intersects the outer triangulation,
but depends on k.

From the fact that Ax(-,-) defines a scalar product on Uy and the discrete inf-sup
property of b(+,-) on Uy, x M}, it follows that the discrete problem (3.2) has a unique
solution (up, Ap).

For the remainder of the error analysis we apply standard theory of saddle point
problems. We introduce the bilinear form

An((w,N), (v, p) == Ap(u,v) +b(v,\) + b(u, 1), (u,\),(v,n) € Ux M. (4.18)

THEOREM 4.6. Let (u*,\) € V. x L?(T") be the solution of (2.10) and assume
that this solution is sufficiently smooth. Furthermore, let (up, Ap) € (V;¥)3 x Vi be the
solution of (3.2). For 1 <1 <k the following discretization error bound holds:

[u* —up o+ [|A = Anllar

k 1 * 1+1 1 (419)
S+ (ph) 2 )| ey + RN+ (/7)) I 1 (.-

Proof. Using the consistency property (4.1), the continuity results derived in
Lemma 4.1, ellipticity of Ap(+,-) on Uy and the discrete inf-sup property for b(-,-) we
obtain, for arbitrary (wy, &) € Uy x Mp:

Ap((an —wi, Aw = &), (Vi 1n))

1
(han = wallz + [IAn — &nll7r) * S

Sup 2 2 )3
(Vh,pun)EURXMp (HVhHU + HMhHM)2
Ah (U* *Wh,)\*&h),(Vh,,uh) *
= sup ( 5 1 ) S a® = wally + [|A = &nll-
(Vhoin)EUL X My, (IvallZ + llenllar)2

Hence, with a triangle inequality we get the Cea-type discretization error bound

u—u + A=A < inf u—-v + |\ = . 4.20
l rllo + |l h”MN<vh,uh)eUthh(H wllu + 1IN = pnllar). (4.20)

For (vp,pun) € Uy x My, we take the interpolants vj, = Ik((u*)e), wn = I (A°), and
assume sufficient smoothness of u* and hence of A, cf. (2.13). Then, thanks to the
interpolation properties of polynomials and their traces, cf., e.g., [30], we have the
estimates:

0" = vhllo 4+ [[A = pallae

* 1 * 1
S lu® =valls + p2 ([0 = vallgiary + A = pallezay + 22 [IA = pall i @r)
* 1 * 1
S Bt gy + p2hFJu | e+ ary + R g oy + P2hl||>\||Hl+1(Qg)
SHE L+ (ph)2) [0 | grsr ey + R+ (0/B)2) [ meer oy,

which in combination with (4.20) yields the desired result. O

COROLLARY 4.7. Assume that the solution of (2.10) is sufficiently smooth. We
obtain for [ = k > 1 the optimal error bound:

u* = unlly + [IA = Aallar S AF(a* [ e ey + 1A e ()- (4.21)
12



For Il =k —1>1 and with p ~ h we obtain the optimal error bound:
[ = wpllo + A = Mallar S R gess oy + I e ) (4.22)

If A =0, cf. (2.13), the bound (4.22) holds for I = k —1 > 1 and for any p that fulfills
Assumption 4.1. Using (2.13) we can bound the norm of A in terms of the normal
component of the data gy and u*:

[AMEm )y S lgnllam @y + [ gme ). (4.23)
Note that for the original problem (2.6) the data f = g satisfy gy = 0.

5. L?-error bound. In this section we use a standard duality argument to derive
an optimal L?-norm discretization error bound, based on a regularity assumption for
the problem (2.6). We note that in the analysis we need the assumption p ~ h.

THEOREM 5.1. Assume that (2.6) satisfies the reqularity estimate

||uTHH2(F) 5 ||f||L2(F) fO?” all f € L2(F)3 with f-n = 0. (51)
Take p~h,l=k>1o0orl=k—12>1. The following error estimate holds:

lu* = Pyl S (0 Lmo ey + M ). (5.2)

Proof. We consider the problem (2.6) with f. := P(u* — u) = u* — Pu,. We
take g = f. in (2.10), hence gn = 0, and the corresponding solution of (2.10) is
denoted by (w*,7) € V, x L*(T'). The extensions (w*)¢, 7¢ are also denoted by
w* and 7. From the regularity assumption and 7 = —tr(Es(w*)H) it follows that
(w*,7) € H*(T')® x H(T') and that

w2y + 17l 0y S [fell 2y (5.3)
holds. With Ap(-,-) as in (4.18) we get the consistency result
An((wW, 1), (v,p)) = (£, v) 2y forall (v,p) € U x M.

We take (v, ) = (u* —up, A — Ap) € U x M and using the symmetry of Ay(-,-) and
the Galerkin orthogonality we obtain

Ju* — Pun By = [P — w)[3ap) = (P — w), 0 — wp)pacr)
= (ga u — uh)L2(F) = Ah((W*7 T)7 (U* — Uy, A= )\h))

= k((u* —up, A= A\p), (W —wp, T — Th))

for all (wp,7) € Up x My. We use continuity of Ap(-,-) and the results derived in
Corollary 4.7 and thus obtain

l0* = PunZaey S B (0 e o)+ [N r00e) (19 = Wil + I = 7allar)- (5.4
We take wy, = I1(w™*), 7, = I1(7). Using (5.3) this yields
* * * 1 * *
W —whrllo S [W* = Li(w)llgr) + p2 [W* = L (W) || g1 ar)
* 1 *
S MW a2y + 2 BI[W{| g2 ar)
SR+ (ph)2)[w* |2y S hllfellzzqry S bl = Pul| gy

13



and
1
I = 7ullar S llm = L0 llz2 ey + 22 17 = L7l ar
S Rl @y + o2 17l aany
S+ (/) )7l ) S hllfell oy S hllu* = Punl|zar),

where in the second last inequality we used p ~ h. Combining these estimates with
the result in (5.4) completes the proof. O

Note that the term [[Al|git1(py in (5.2) can be replaced by |[u*||gi+2(r), cf. (4.23).
From the proof above it follows that we do not need the assumption p ~ h for the
special case A = 0.

We address the question how accurate the discrete solution uy, satisfies the tan-
gential condition u-n = 0 on I'. Due to the zero order term fF u-vds in the definition
of the bilinear form a(-,-) in (2.9), the norm || ||y in (4.19) gives control of the normal
components, and hence we get

lap - |2y < [lup —ulo.
Therefore, under the assumptions of the Corollary 4.7 we obtain the estimate
[u -l L2y S B (5.5)

Another bound on uy, - n can be derived from the second equation in (3.2). Denote
by P, the orthogonal projection onto M}, with respect to the (-, )y scalar product,
then the second equation in (3.2) implies P;(up, - n) = 0. Therefore, we have
lun - nll ey < llan - mllar = 12 = Pyus -nla = inf fuy -0 — paaar.
h €Mp

6. Condition number estimate. It is well-known [22, 6] that for unfitted finite
element methods there is an issue concerning algebraic stability, in the sense that the
matrices that represent the discrete problem can have very bad conditioning due to
small cuts in the geometry. Stabilization methods have been developed which remedy
this stability problem, see, e.g., [6, 25]. In this section we show that the ‘volume
normal derivative’ stabilizations that we use in both bilinear forms Ay (-, ) and b(, -),
with scaling as in (3.1), remove any possible algebraic instability. More precisely, we
show that the condition number of the stiffness matrix corresponding to the saddle
point problem (3.2) is bounded by ch™2, where the constant ¢ is independent of the
position of the interface. Furthermore, we present an optimal Schur complement
preconditioner.

Let integer n > 0,m > 0 be the number of active degrees of freedom in Uj and
M), spaces, i.e., n = dim(Uy), m = dim(M), and PY : R® — Uj, and PM : R™ —
M}, are canonical mappings between the vectors of nodal values and finite element
functions. Denote by (-,-) and || - || the Euclidean scalar product and the norm. For

matrices, || - || denotes the spectral norm. Now we introduce several matrices. Let
A, M, e R"™*™ B e R"™™_ My, Sy € R™*™ be such that

(4@, 7) = An(PY@, P9), (B, X) = b(P@, PYX),
(M@, 7) = (P, P02y, (MAX i) = (BMX P i) o),

<SMX’ ﬁ> = (Pfilev PFZLM/I)Lz(F) + p(V(PéwX)n, V(P}i\/[ﬁ)n)LQ(QE)
14
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for all 4, € R™, ji, A € R™. Note that the numerical properties of mass matrices
M, and M) do not depend on how the surface I" intersects the domain Ql,: Since the
family of background meshes is shape regular, these mass matrices have a spectral
condition number that is uniformly bounded, independent of A and of how I intersects
the background triangulation 7. Furthermore, for the symmetric positive definite
matrix Sy we have

<SMX, X> = |PMX|3, forall X € R™,
cf. (4.3). We also introduce the system matrix and its Schur complement:

R A BT _ —1pT
an[4 5], separ

The algebraic system resulting from the finite element method (3.2) has the form
AZ =b, with some Z,b € R, (6.1)

We will consider a block-diagonal preconditioner of the matrix 4. For this we first
analyze preconditioners of the matrices A and S. In the following lemma we use
spectral inequalities for symmetric matrices.

LEMMA 6.1. There are strictly positive constants vai, Va2, Vs1, Vs,2, Vs1,

Vg2, independent of h and of how I' intersects Ty, such that the following spectral
inequalities hold:

UAJh_lMu <AL Z/A)Qh_3Mu7 (62)
Vs,ﬂflM)\ <8< VS,2h73M>\> .
Us1Sm <5 < UsaSum. (6.4)

Proof. Note that

(M,v,%)  ||P{¥

5 for all ¥ € R™. (6.5)
||L2(Ql;)

From (4.10) we get

VA,1h_1 < A}L(Vha Vh)

5 for all vy, € Uy,.
”VhHLz(QE)

Using the local variant of (4.9) and a FE inverse inequality we get

||VhH% 5 h_1HVh||§_11(Q£) + h Z |Vh|%—12(T) S h_leh”?—]l(QE) fOI' all Vp (S Uh7
TeTY

and thus,

Ah(vh,vh) HVhH% +p||VhH§{1(Q£) h_lHVthql(QE)

< < < VA72h_3 for all vj, € Uy,

e,
15
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with a suitable constant v4 2. Combination of these results yields the inequalities in
(6.2). For the Schur complement matrix S = BA~1 BT we have

- . 2 2
(8%, (A3 BTX) (Ba,X)
(SuX Xy e @YX, wen AT P2 (6.6)
b 2 -
~ sup (uh,ﬂh) [, = P}{VI/\

weevy, [Manllfllenl3,

Using the results in (4.5) and Corollary 4.5 we obtain the result in (6.4). We also
have

(SuX %)

MY
Raivays .= PMX. (6.7)
<M)\/\7 )\> i1 72 or

Using h < p < h~! and (4.7) we get
W anl ey S il S B lnlBagay,  for all wn € My,

Using this we see that the result in (6.3) follows from (6.4). O

We introduce a block diagonal preconditioner
_|Qa 0 }
Q= { 0 @s
of A.

COROLLARY 6.2. The following estimate holds with some ¢ > 0 independent of
how T cuts through the background mesh,

cond(A) = || A AT < ch™. (6.8)

Proof. Take Q4 := M,, Qg := M. Let £ be an eigenvalue of Q71 A. We apply
the result in Lemma 5.14 from [27] to derive from (6.2), (6.3):

) . Va1 + \/me +4va1vs1 Va2 + \/me +4v40V52
€ [vs1h™ ", vsah™°lU ,
g [ 571 572 } 2h 2h3
Vag — \[VAg t4vasvsa vaq — Vi, +4vaavsa
U .
2h3 ’ 2h

(6.9)

From this spectral estimate and the fact that @ has a uniformly bounded condition
number we conclude that (6.8) holds. O

Similar to (6.9) we also get from (6.4) the following result.
COROLLARY 6.3. Let Q4 ~ A be a uniformly spectrally equivalent preconditioner
of A and Qs := Syr. For the spectrum o(Q~1A) of the preconditioned matriz we have

o(Q7'A) C ([C-. e Ules. C4)),
16



with some constants C_ < c_ < 0 < ¢y < C4 independent of h and the position of
T.

Note that the optimal Schur complement preconditioner S, is easy to implement
since the terms occurring in Sy are essentially the same as in the bilinear form b(-, -).
Furthermore, for p ~ h we have the spectral equivalence

Sy~ h71 My, (6.10)

which follows from (4.7). Hence, systems with the matrix Sys are then easy to solve.

7. Numerical experiments. In this section we present results of a few numeri-
cal experiments. We first consider the vector-Laplace problem (2.2) on the unit sphere.
We use a standard trace-FEM approach in the sense that the exact surface is approx-
imated by a piecewise planar one. Due to this geometric error (dist(T's,T) < h?)
the discretization accuracy is limited to second order and therefore we consider the
discretization (3.2) with piecewise linears both for the velocity and the Langrange
multiplier. Higher order surface approximations with the technique introduced in [11]
will be treated in a forthcoming paper. To be able to use a higher order finite element
space, and in particular the pair (V;?)3-V;! for velocity and Lagrange multiplier (which
is LBB stable, cf. Corollary 4.5), we also consider an example in which the surface
is a bounded plane which is not aligned with the coordinate axes. For both cases
we present results for discretization errors and their dependence on the stabilization
parameter p. For the problem on the unit sphere we also illustrate the behavior of a
preconditioned MINRES solver.

7.1. Vector-Laplace problem on the unit sphere. For I" we take the unit
sphere, characterized as the zero level of the level set function ¢(x) = ||x||2 — 1,
where || - |2 denotes the Euclidean norm on R3. We consider the vector-Laplace
problem (2.2) with the prescribed solution u* = P(—22,z2,71)” € Vr. The induced
tangential right hand-side is denoted by f and we use the saddle point formulation
(2.10) with g = f. The associated Lagrange multiplier A is then given by (2.13)
with gy = 0. The sphere is embedded in an outer domain Q = [-5/3,5/3]3. The
triangulation 75, of € consists of nj sub-cubes, where each of the sub-cubes is further
refined into 6 tetrahedra. Here ¢ € N denotes the level of refinement yielding a mesh
size hy = %i?’ with n, = 2¢+1.

On the outer mesh 7;'" we define the nodal interpolation operators I, : C(Q}) —
th. For the TraceFEM, instead of the exact surface I', we consider an approximated
surface T', = {x € QF : (I1¢)(x) = 0}, consisting of triangular planar patches. This
induces a geometry error with dist(I',I';,) < k2. The normals n are approximated
by ny = %7 where ¢y, is the piecewise quadratic interpolant ¢y := I2(¢). For
the pair of TraceFE spaces ((Vi¥)?, V}!) in the saddle point formulation (3.2), with
T" replaced by I'y,, we use piecewise linear finite elements, i.e., £k = [ = 1, and we
first choose p = p = h for the stabilization parameters. The numerical solution on
refinement level ¢ = 4 is illustrated in Figure 7.1. The very shape irregular surface
triangulation I'y, is illustrated in Figure 7.2.

Figure 7.3 shows different norms of the errors for different refinement levels £.

Optimal convergence orders are achieved for ||u* —uy||y and ||[u*—Puy| z2(r,,), cf.
the theoretical results in Theorems 4.6 and 5.1 (note that in the theoretical analysis
we do not treat geometric errors). For ||A — Ap||aps we observe a convergence order
of about 1.5, which is better than the theoretical result for |[A — Ap|ar. For the
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Fig. 7.1: Numerical solution on the
sphere for k =1 =1, p = p = h and
refinement level ¢ = 4.
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Fig. 7.2: Detail of the surface triangu-
lation I'j, of the sphere for refinement
level ¢ = 4.

Error

1071 E
1072 F

1073 |

4| v —wllu
—&— |[u* — Pupl|r2(ry,)
|~ llun - mpll 2y,
1= [IA = Anllm

Refinement level

Fig. 7.3: Discretization errors for the sphere and k =1 =1 with p = p = h.

normal component of u, we observe ||uy, - 0|/ z2(r,) ~ h2, i.e., a faster convergence
as predicted by the bound (5.5). From further experiments (results are not shown) it
follows that the same convergence orders are obtained for the choice p = p = 1, but

then the errors are slightly increased.

The experiments are repeated for a different choice of the stabilization parameters,
taking the other limit case p = p = 1/h. The convergence results are presented in

Figure 7.4.

Compared to Figure 7.3, the reported errors are all larger, especially those for
IA = Anllar and [[up - np||z2(r,), but the convergence orders still behave in an optimal
way, as expected from the error analysis. Only first order convergence is achieved for
A = Anllas compared to order 1.5 for the choice p = p = h. For |[uy - np|[z2(r,) the
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Fig. 7.4: Discretization errors for the sphere and k =1 =1 with p = p = 1/h.

convergence order drops below 2.

As noted above, due to the geometry error we do not consider the higher order
case k > 1 here.

Next we study the performance of the iterative solver and the preconditioners.
To solve the linear saddle point system (6.1) a MINRES solver is applied using the
block preconditioner ) presented in Section 6. For the application of © = leg,
the system Au = b is iteratively solved using a standard SSOR-preconditioned CG
solver, with a tolerance such that the initial residual is reduced by a factor of 10%.
The same strategy is used for the Schur complement, i.e., for the application of ¥ =
leé', the system Sy, U = €is iteratively solved using a standard SSOR-preconditioned
CG solver, with a tolerance such that the initial residual is reduced by a factor of
10%. We note that these high tolerances are not optimal for the overall efficiency of
the preconditioned MINRES solver, but are appropriate to demonstrate important
properties of the solver. Furthermore, in practice it is probably more efficient to
replace the SSOR preconditioner for the A-block by a more efficient one, e.g., an ILU
or a multigrid method. Iteration numbers used for the solution of the linear systems
are reported in Tables 7.1 and 7.2. Here N denotes the number of MINRES iterations
needed to reduce the residual by a factor of 10° (initial vector Fy = 0). N4 and Ng
denote average PCG iteration numbers (per MINRES iteration) needed to apply the
preconditioners @ 4 and @Q)g, respectively.

We first discuss the case p = p = h, c¢f. Table 7.1. The number of MINRES
iterations does not grow if the refinement level £ increases, illustrating the optimality
of the block preconditioner, cf. Corollary 6.2. As expected, cf. (6.10), the numbers Ng
are essentially independent of /. The numbers N4 are doubled for each refinement
and show a behavior very similar to the usual behavior of SSOR-CG applied to a
standard 2D Poisson problem (discretized by linear finite elements). In this paper we
do not study the topic of more efficient preconditioners for Q 4.

For the case p = p = 1/h, cf. Table 7.2, the average iteration number Ng of the
Schur complement preconditioner shows a similar behavior as N, i.e., a doubling of
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level ¢ NA NS N level ¢ NA NS N

1 8.2 6.7 45 1 80 75 64

2 174 7.0 29 2 16.7 13.5 38

3 354 73 29 3 33.0 233 34

4 69.0 84 28 4 64.2 46.1 32

5 138.6 9.1 28 5 126.4 89.9 29
Table 7.1: Average PCG iteration Table 7.2: Average PCG iteration
numbers (N4, Ng) for application of numbers (N4, Ng) for application of
Q;HQ?, respectively, and MINRES Qf,Q;l, respectively, and MINRES
iteration numbers (N) for different re- iteration numbers (N) for different re-
finement levels and p = p = h. finement levels and p = 5 = 1/h.

the iteration numbers for each refinement step. These iteration numbers Ng indicate
cond(Syr) ~ h=2. Note that for (6.10) to hold we used a scaling assumption p = p = h.
We also observe that (slightly) more MINRES iterations N are needed compared to
the case p = p = h.

In view of the results for the discretization errors and the results for the iterative
solver obtained in these numerical experiments the parameter choice p = p = h is
recommended.

7.2. Vector-Laplace problem on a planar surface. Let G be the plane
defined by zero level of the level set function ¢(x) = —a3 + 4z — 22 and Q C R® a
bounded outer domain that is intersected by G. We take I' := G N . We consider

the vector-Laplace problem (2.2) with the prescribed solution

u*(x) = (i sin(mzo) sin(mas), sin(rze) sin(nas), — sin(rws) sin(rr3))’ € V.

17 17

The induced tangential right hand-side is denoted by f and we use the saddle point
formulation (2.10) with g = f. The associated Lagrange multiplier is A = 0. Concern-
ing the choice of the outer domain 2 there is an issue concerning Dirichlet boundary
conditions on 9Q NG = JI'. It turns out that we obtain significantly larger discretiza-
tion errors if the parts of 92 that are intersected by G are not perpendicular to G.
This effect is not understood, yet. Therefore in this experiment we choose €2 as the
parallelepiped with origin (-2, —2,—65/48) and spanned by the vectors (4,0, —1)T,
(0,4,0)T and (0,0,4.25)T. Then the parts of 92 that are intersected by G are perpen-
dicular to G. The construction is such that on 02N G = 9I" we can use homogeneous
Dirichlet boundary conditions.

The triangulation 7, of € consists of n? sub-parallelepipeds, where each of the
sub-parallelepipeds is further refined into 6 tetrahedra. Here ¢ € N denotes the level
of refinement yielding a mesh size hy = -+ with n, = 22, Note that for this specific
example, the approximation of the surface I" and the normals n is exact, i.e., [', =T
and n; = n.

The numerical solution on refinement level ¢ = 4 is illustrated in Figure 7.5. The
(very shape irregular) surface triangulation is illustrated in Figure 7.6.

Note that A = A, = 0 due to H = 0, cf. (2.13), so in the following we only
consider errors in uy. In view of the recommendation at the end of the section above,
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Fig. 7.5: Numerical solution on the Fig. 7.6: Surface triangulation for re-
plane for k =1 =1, p = p = h and finement level ¢ = 1.

refinement level ¢ = 3.

we only present results with the stabilization parameter p = p = h. Figures 7.7 and
7.8 show the errors ||[u* — uy|y and |[u* — Puy| g2y for the cases k = [ = 1 and
k =2, 1 =1, respectively. In both cases, optimal convergence orders |[u* —uy, ||y ~ h*
and |[u* — Pup| 2@y ~ h¥*! are achieved. In this special planar setting we have
up - nNp = 0.

102 - i lu* —uys|o
i 1| = lu* = Pup 2
101 5 E -=- O(h)
; ; ....... O(h2)
100 | £
— = B
B |
10_1 ; E
1072 E
1073 £ =
= | | | | | B

Refinement level

Fig. 7.7: Discretization errors for planar I', k=1=1and p=p = h.
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