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Highlights

e We develop a second order accurate adaptive numerical method for PDEs posed on surfaces.

e The method does not fit a mesh or triangulates a surface. The surface may be given implicitly.

e No PDE extensions off the surface is needed. Only standard computational tools on bulk octree grids are required.
e The method enjoys rigorous error analysis. An error indicator is also introduced.

Abstract

The paper develops a finite element method for partial differential equations posed on hypersurfaces in RN, N = 2, 3. The
method uses traces of bulk finite element functions on a surface embedded in a volumetric domain. The bulk finite element space
is defined on an octree grid which is locally refined or coarsened depending on error indicators and estimated values of the surface
curvatures. The cartesian structure of the bulk mesh leads to easy and efficient adaptation process, while the trace finite element
method makes fitting the mesh to the surface unnecessary. The number of degrees of freedom involved in computations is consistent
with the two-dimension nature of surface PDEs. No parametrization of the surface is required; it can be given implicitly by a level
set function. In practice, a variant of the marching cubes method is used to recover the surface with the second order accuracy.
We prove the optimal order of accuracy for the trace finite element method in H Iand L? surface norms for a problem with
smooth solution and quasi-uniform mesh refinement. Experiments with less regular problems demonstrate optimal convergence
with respect to the number of degrees of freedom, if grid adaptation is based on an appropriate error indicator. The paper shows
results of numerical experiments for a variety of geometries and problems, including advection—diffusion equations on surfaces.
Analysis and numerical results of the paper suggest that combination of cartesian adaptive meshes and the unfitted (trace) finite
elements provide simple, efficient, and reliable tool for numerical treatment of PDEs posed on surfaces.
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1. Introduction

Partial differential equations posed on surfaces arise in mathematical models for many natural phenomena:
diffusion along grain boundaries [1], lipid interactions in biomembranes [2], and transport of surfactants on multiphase
flow interfaces [3], as well as in many engineering and bioscience applications: vector field visualization [4], textures
synthesis [5], brain warping [6], fluids in lungs [7] among others. Thus, recently there has been a significant increase
of interest in developing and analyzing numerical methods for PDEs on surfaces.

One natural approach to solving PDEs on surfaces numerically is based on surface triangulation. In this class
of methods, one typically assumes that a parametrization of a surface is given and the surface is approximated by
a family of consistent regular triangulations. It is common to assume that all nodes of the triangulations lie on the
surface. The analysis of a finite element method based on surface triangulations was first done in [8]. To avoid surface
triangulation and remeshing (if the surface evolves), another approach was taken in [9]: It was proposed to extend a
partial differential equation from the surface to a set of positive Lebesgue measure in RV . The resulting PDE is then
solved in one dimension higher, but can be solved on a mesh that is unaligned to the surface. A surface is allowed to be
defined implicitly as a zero set of a given level set function. However, the resulting bulk elliptic or parabolic equations
are degenerate, with no diffusion acting in the direction normal to the surface. Versions of the method, where only an
h-narrow band around the surface is used to define a finite element method, were studied in [10,11]. An overview of
finite element methods for surface PDEs and more references can be found in the recent review paper [12].

Another unfitted finite element method for equations posed on surfaces was introduced in [13,14]. That method
does not use an extension of the surface partial differential equation. It is instead based on a restriction (trace) of the
outer finite element spaces to a surface. The trace finite element method does not need parametrization or fitting a mesh
to the surface and avoids some well known pitfalls of PDE-extension based methods related to the bulk equation de-
generacy and numerical boundary conditions. Since only those bulk elements are involved in computations which are
intersected by a surface, the number of active degrees of freedom is consistent with the dimensionality of the surface
problem. The trace finite element method is also very natural approach when one needs to solve a system of partial
differential equations that couples bulk domain effects with interface (or surface) effects, the situation which occurs
in a number of applications [15,16]. Therefore, recently several authors developed the trace finite element method in
various directions: In [17-20] the method was extended and analyzed for the case of evolving surfaces; Papers [21,22]
considered surface-bulk coupled problems, and [23] treated singular-perturbed surface advection—diffusion equation;
An analysis of higher order trace finite elements was given in [24]; A posteriori estimates and adaptivity were stud-
ied in [25]; Versions of the method with improved algebraic properties were introduced in [26,10]. All these studies
considered continuous piecewise polynomial (typically Pp) bulk finite elements with respect to a regular tetrahedral
subdivision of a volumetric domain or a regular triangulation in 2D case.

In the present paper, the trace finite element method is developed for octree bulk meshes. The cartesian structure and
embedded hierarchy of octree grids makes mesh adaptation, reconstruction and data access fast and easy, which is not
always the case for tetrahedral meshes. For these reasons, octree meshes became a common tool in image processing,
the visualization of amorphous medium, free surface and multi-phase flows computations and other applications where
non-trivial geometries occur, see, for example, [27-32]. Thus, employing octree grids for numerical solution of PDEs
on surfaces one benefits from their local adaptation properties in the case fine surface structures or solution with
a singularity. Moreover, the resulting tool for solving surface PDEs is ready for coupling with many of existing
octree-based methods (not restricted to finite element methods) for solving bulk problems. Some of these octree-based
solvers are parts of the publicly available software, e.g., [33,34]. One intrinsic property of octree grids, however, is
only the first order approximation of curved geometries. It appears that the trace finite element method is the right
tool to deal with this potential shortcoming. We shall see that a surface may cut the octree mesh in an arbitrary
way. The finite element method is unfitted and uses a second order surface recovery with a variant of the marching
cubes algorithm [35]. As a formal demonstration of the method accuracy, we prove the O(h) error estimate in the
H'(I')-norm and the O (h?) error estimate in the L2(I")-norm on a smooth closed surface I". Here A is the maximum
side length among all cubes intersected by the recovered (discrete) surface. To access the local error, we introduce an
error indicator based on elementwise residual and surface curvature. A grid adaptation strategy based on this indicator
leads to optimal convergence of numerical solution with respect to the number of degrees of freedom.

In the paper, we consider regular Laplace—Beltrami type problems as well as singular-perturbed advection—
diffusion equations on surfaces. The latter case is of interest for a number of applications such as the transport of
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surfactants along fluidic interfaces or a pollutant transport in fractured porous media. For the advection dominated
problem we consider a stabilized variant of the trace finite element method as well as layer fitted meshes. The
remainder of the paper is organized as follows. Section 2 sets up a problem. In Section 3, we introduce a finite
element method. Analysis of the finite element method is presented in Section 4. It includes a well-posedness result, a
priori and a posteriori error estimates. Section 5 collects the result of several numerical experiments. Finally, Section 6
contains some closing remarks.

2. Problem formulation

Let £2 be an open domain in R? and I" be a connected C* compact hyper-surface contained in 2. For a sufficiently
smooth function g : 2 — R the tangential derivative on I is defined by

Vrg=Vg— (Vg -n)n, (D

where n denotes the unit normal to I". Denote by divy = V- the surface divergence operator and by Ar = Vp - Vp
the Laplace—Beltrami operator on I'. The simplest elliptic PDE on [ is the classical Laplace—Beltrami equation

—Aru=f onl, With/de:O. 2
r

Although, (2) is an interesting problem arising in many applications, we shall consider a slightly more general
problem on I'. To motivate it, consider w : 2 — R3, a given velocity field in £2. If the surface I" evolves with
a normal velocity of w - n (e.g., I' is passively advected by the velocity field w), then the conservation of a scalar
quantity u with a diffusive flux on I'(¢) leads to the surface PDE, see, e.g., [12]:

i+ diviwu —eAru =0 onI'(2), 3)

where 1 denotes the advective material derivative, ¢ > 0 is the diffusion coefficient. If we assume w - n = 0, i.e. the
advection velocity is everywhere tangential to the surface, and the surface is steady in the geometric sense, then the
surface advection—diffusion equation takes the form:

ur+w-Veu+ (divpw)u —eApru =0 on . 4)

Although the methodology of the paper is applied to the parabolic equations (4), we shall present the method and
analysis for the stationary problem:

—eAru+w-Veu+ (c+divrw)u = f on I, 5)

with f € L2(I") and ¢ = ¢(x) € L®(I"). If w = 0 and ¢ = 0, we recover the classical Laplace—Beltrami problem
(2). Otherwise we assume w € H1-%°(I").
We need the following identity for integration by parts over I

/q(divrﬂ+f-quds=/ k(f-n)q ds (6)
r r

for smooth g and vector field f, where ¥k = divn is the (doubled) surface mean curvature. Applying (6) and w-n = 0
one finds the equality

f (w-Vpru)vds = —/ (w-Vpv)uds — / (divpw) uvds.

r r r

Integrating (5) over I" and applying the above identity with v = 1, one finds that for ¢ = 0 the source term in (5)
should satisfy the zero mean constraint [} f ds = 0.

Introduce the bilinear form and the functional:

a(u,v) = / eVru-Vrv— (w-Vpv)u 4+ cuvds,
r

f) :=/Ffvds.
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The weak formulation of (5) is as follows: Find u € V such that
au,v) = f(v) YveV, )

with

{veHl(F)l / vds:O} if ¢ + divpw = 0,
V= r
H! (I otherwise.

For functions satisfying zero integral mean condition, the following Poincare’s inequality holds:

WlZ2py < CPIVPVIspy YV EV, st /des=0. (8)

‘We shall assume

gC;l —sup |divrw(x)| > ¢cg > 0 ifc+divpw =0,
xel’
)
c+ Edivo >co>0on I' otherwise.

If a time stepping scheme is used for (4) and c is proportional to the reciprocal of the time step, then the assumption
is not restrictive.

The Lax—Milgram lemma and (8) immediately yield the well-posedness result for (7). A higher smoothness of the
solution follows from a regularity result for the Laplace—Beltrami equation in [36].

Proposition 2.1. Assume (9), then there exists a unique solution of (7), satisfying

Oy + eIVl < 265 1112 (10)
o W2 (py T ENVIUI 2y = £C0 L2(I)

and
el 32y < C20f 12y,

with a constant Co depending on &, W, co, and I'.
3. The trace finite element method

In this section we review the trace FEM. The method developed in this section is an extension of the trace FEM
introduced in [13].

3.1. The idea of the method

Assume we are given a polyhedral subdivision 7}, of the bulk domain 2 and V}, is a H!(£2) conforming finite
element space. Consider all traces of functions from Vj, on I" and denote the resulting space of surface functions by
VhF . Now one substitutes V' by Vhp in the weak formulation (7) to obtain a finite element formulation. If I" is given
implicitly or no parametrization of I" is known, a problem of integration of finite element functions over I arises.
Hence in practice, I" in the finite element formulation is replaced by an approximate (“discrete”) surface I}, such
that integration over 7, is feasible. For example, I, is piecewise polygonal. Trace space for V}, is now defined over
Iy rather than I' and problem data is extended from I to I7},. Substituting I" by I introduces a geometric error in
the method that has to be quantified. It is remarkable, however, that a suitable I}, can be easily constructed for an
implicitly given surface without any knowledge of the surface parametrization. Moreover, in some applications [’
is not known, and I}, is recovered from a solution to an (discretized) equation. The trace finite element method is
perfectly suited for such a situation.

It is clear from this general description that both I" and I, may cut the bulk mesh in an arbitrary way. So the trace
finite element method can be related to the family of unfitted finite element methods, well developed for equations
posed in bulk domains, such as XFEM or cut-FEM. To build a basis or a frame in VhF , one may consider traces of
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basis functions from V}, on I',. It is also clear that only those bulk basis functions should be considered that have their
support intersected by I},.

Further in the paper, we study the method if 7}, is a cubic octree mesh, V}, is a space of piecewise trilinear continuous
finite elements, and I, is reconstructed by a variant of marching cubes method from a piecewise trilinear interpolant
to a level set function of I'.

3.2. The method

Consider an octree cubic mesh 7, covering the bulk domain (2. We assume that the mesh is gradely refined, i.e. the
sizes of two neighboring cubes differ at most by a factor of 2. Such octree grids are also known as balanced. The
method applies for unbalanced octrees, but in our analysis and experiments we use balanced grids.

Denoted by I}, a given polygonal approximation of I". We assume that I7, is a C%! surface without boundary and
I'y, can be partitioned in planar triangular segments:

Iy = U T, (11)

TeF;

where F, is the set of all triangular segments 7. Without loss of generality we assume that for any T € F, there is
only one cube St € 7 such that T C Sy (if T lies on a side shared by two cubes, any of these two cubes can be
chosen as St).

In practice, we construct I, as follows. Let ¢ be a piecewise trilinear continuous function with respect to the
octree grid 75, and consider its zero level set

Thi=1{xe: ¢px) =0}

We assume that fh is an approximation to I'. This is a reasonable assumption if ¢, is an interpolant to ¢, a level
set function of I'; one example of ¢ is the signed distance function for I'. To define ¢, one only should be able
to prescribe in each node an approximate distance to I'. Alternatively, in some applications, ¢ is recovered from a
solution of a discrete indicator function equation (e.g. in the level set or the volume of fluid methods), without any
direct knowledge of I'.

Once ¢, is known, we recover I}, by the cubical marching squares method from [37] (a variant of the very well-
known marching cubes method). The method provides a triangulation of I, within each cube such that the global
triangulation is continuous, the number of triangles within each cube is finite and bounded by a constant independent
of I, and a number of refinement levels. Moreover, the vertices of triangles from Fj, are lying on I7},.

An illustration of a bulk mesh and a surface triangulation is given in Fig. 1. The mesh shown in this figure
was obtained by representing a torus I' implicitly by its signed distance function, constructing the piecewise
trilinear continuous interpolant of this distance function and then applying the cubical marching squares method
for reconstructing '}, from the zero level of this interpolant.

Note that the resulting triangulation F}, is not necessarily regular, i.e. elements from 7" may have very small internal
angles and the size of neighboring triangles can vary strongly, cf. Fig. 1 (right). Thus, I}, is not a “triangulation of
I in the usual sense (an O (h?) approximation of I, consisting of regular triangles). The surface triangulation F, is
used only to define quadratures in the finite element method below, while approximation properties of the method, as
we shall see, depend on the volumetric octree mesh.

The surface finite element space is the space of traces on I'y, of all piecewise trilinear continuous functions with
respect to the outer triangulation Tj,. This can be formally defined as follows.

Consider the volumetric finite element space of all piecewise trilinear continuous functions with respect to the bulk
octree mesh 7y,

Vi ={vy e C(2) |vls€ Q1 VS €Ty}, with Qp =span{l, xy, x2, X3, X1X2, X1X3, X2X3, X] X2X3}. (12)

Vi, induces the following space on I7;:

Vil .= (s, € H'(I,) | 3 v, € Vj such that ¥, = vy, ). (13)
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.

Fig. 1. Left: A cutaway of a bulk domain shows the bulk octree mesh three times refined towards the surface and the resulting approximate surface
Iy, for the part of a torus. Right: The zoom-in of the resulting surface triangulation. The triangulation does not satisfy a minimal angle condition.

Given the surface finite element space V.I' the finite element discretization of (5) is as follows: Find u;, € VhF such
that

S/F Vrup - Vpvp — (W - Vi vpuy + cpupvp dsy, = /F Shvon dsy (14)
h h

for all v, € VhF . Here wy,, ¢, and f, are some approximations of the problem data on I,. A well-posedness result for
(14) will be proved in the next section.

3.3. Variants of the method

Here we discuss several extensions of the trace finite element method (14), which can be advantageous in some
situations. One obvious update of the method is the following one. Define a subdomain wj, of {2 consisting only of
those end-level cubic cells that contain [7,:

o= Sr. (15)

TeFy,

For the outer finite element space, instead of piecewise trilinear continuous functions in {2, consider all such function
restricted to wy,:

Vi = {vp € C(wp) | vls € Q1 VS € Tp}.

Further, define the space of traces of functions from V;” on I’:
vl = {yy, € H'(I) | 3 vy, € Vi such that v, = vl ).

It is clear that VhF C V,;" I’ When the grid is locally refined, the dimension of the space V}j" I can be larger for
the following reason: The inter-element continuity of bulk finite element functions imposes algebraic constraints in
hanging nodes. For the space V}f’ ‘I such constraints should be imposed only for hanging nodes shared by two cubic
cells from wy,, but not for hanging nodes lying on the boundary of wy, which are now available for extra degrees of
freedom.

We performed numerical experiments with the trace finite element space from (13) and observed optimal
convergence behavior with respect to the number of degrees of freedom (cf. Section 5). We expect that the method
with V,f” T instead of VhF behaves similarly.

Furthermore, one may relax the continuity assumption for the bulk finite element functions in wj and consider a
discontinuous Galerkin finite element method. This is an interesting (and natural in some sense) alternative for an
octree based finite element method, which we plan to study elsewhere.
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As usual with transport-diffusion problems, the advection terms can be written in several equivalent ways, leading,
however, to different discretizations. For example, instead of —(wy, - V, v, )uj, one may choose the ‘skew-symmetric’
variant

1 .
3 (W - Vup)vy — Wy - Vvpup + (dive, wie) upvp dsy.
Iy
We shall analyze the ‘conservative’ formulation (14), since it avoids the surface divergence of wj,. Our motivation is
that for a polygonal surface reconstruction the term div , wy, leads to the consistency error of the method of order
O (h), if wy, is a smooth extension of w from I', and hence the observed asymptotic convergence of the method is at
most O (h). For the ‘conservative’ form we are able to prove O (h?) accuracy of the method.

Below we discuss a few more developments of the trace finite element method known from the literature.

3.3.1. Full gradient method

The “full gradient” variant of the trace finite element method was suggested in [10] and studied in [10,24]. The
modification is aimed on improving algebraic properties of the stiffness matrix of the method. The rationality behind
the full gradient method is clear from the following observation. For solution u of (5), denote by u¢ its normal
extension to an arbitrary small neighborhood O(I") of I', i.e., u® is constant along normal directions to I'. Note that
Vru = Vu® and so u® satisfies the identity (5) with surface gradients (in the diffusion term) replaced by full gradients:

/SVue-Vv —(W-va)ue+cuevds=f fuds
r r

for all v sufficiently smooth in O(I") (v is not necessarily constant along normals). This identity shows that the
following finite element formulation is consistent: Find uj, € V}, satisfying

/ eVup - Vo, — (W - Vo opup + cpupvp dsy = / fnop dsp (16)
Fh Fh

for all v, € Vj,.

The full-gradient method (16) uses the bulk finite element space V}, instead of the surface finite element space
Vhp in (14). However, practical implementation of both methods uses the frame of all bulk finite element nodal basis
functions ¢; € Vj, such that supp(¢;) N I, # B. Hence the active degrees of freedom in both methods are the same.
The stiffness matrices are, however, different. For the case of the Laplace-Beltrami problem and a regular quasi-
uniform tetrahedral grid, results in [10,24] show that the conditioning of the (diagonally scaled) stiffness matrix of the
full gradient method substantially improves over the conditioning of the matrix for (14), for the expense of a slight
deterioration of the accuracy of the method.

3.3.2. SUPG stabilized method

Similar to the plain Galerkin finite element for advection—diffusion equations the method (14) is prone to instability
unless mesh is sufficiently fine such that the mesh Peclet number is less than one.

In [23], a SUPG type stabilized trace finite element method was introduced and analyzed for P; continuous bulk
finite elements. The stabilized formulation reads: Find u;, € VhF such that

f eVpup - Vpvp — Wy - Vi vp)up + cp upvp dsy
Iy

+ > 3T/(—8AFhu+Wh~VFhu+(Ch + divp, wh) 1) Wy, - Vi, v dsy,
TeF; r

= | favdsi+ Y. aT/ fu(Wy - Vp,v)ds, Vo, € ViE. (17)
Ty TeF, T
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The stabilization parameter §7 depends on 7 C S7. The side length of the cubic cell St is denoted by hg,. Let
Per = M be the cell Peclet number. We take

Soh
_ 0% ifper > 1,
o = gvzl”z”m"(” and 87 = min{S7, ¢}, (18)
1
5T ifPer <1,

with some given positive constants &g, 61 > 0.

3.3.3. Gradient-jump stabilized method
Another way of improving algebraic properties of the trace finite element method was suggested in [26]. In that
paper, the authors introduced the term

J,v)y= Y oF/ [nf - Vallng - VoI,
oF

F
Few,

with o = 0(1). Here wf denotes the set of all internal interfaces between cubic cells in wy, ng is the normal vector
for interface F, and [nF - Vu] denotes the jump of the normal derivative of u across F'. Now, the edge-stabilized trace
finite element reads: Find uj, € V}, such that

S/F Vrup - Vp,vp — (W - Vi opuy + cpupvp dsy + J (up, vp) = /F Shvon dsp (19)
h h

for all vy, € Vj,.

For P; continuous bulk finite element methods on quasi-uniform regular tetrahedral meshes and the Laplace—
Beltrami equation, the paper [26] shows the optimal orders of convergence of the trace finite element method (19) and
improved algebraic properties of the stiffness matrix.

In this paper, we consider the trace finite element in (14), its full-gradient variant in (16), and the SUPG stabilized
version (17) for the case of convection-dominated equations. We are not studying the edge stabilized version here.

4. Well-posedness and error analysis of the trace FEM

In this section, we state a well-posedness result for (14). Further, an error analysis of the trace method is presented
for a regular problem (we assume ¢ is not too small). In particular, we shall prove optimal order of convergence of
the method in H' and L? surface norms. The analysis can be extended to the full-gradient and the SUPG stabilized
formulations following the arguments of [24] and [23], respectively. However, in this paper we restrict ourselves to
the original formulation (14).

Let {7}, }>0 be a family of octree meshes covering the domain (2. Parameter /& denotes the maximum size of a cubic
cell from 7j,. For the sake of analysis, we assume that the maximum number of local refinement levels is bounded
from above independently of /. Further, we need some more notations and definitions.

4.1. Preliminaries

For a given octree mesh 7j, let ¥, be the set of all nodal basis functions of the bulk finite element space V},. Here
and further denote by {2, the union of all supports of nodal basis functions intersected by I7;:

O = | (supp) | supp(y) N Iy # B}
ved,

For the surface I', we define its #-neighborhood:

Up = {x € R | dist(x, I") < &h}, (20)
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and assume that ¢ is sufficiently large and 4 is sufficiently small such that 2, C U;, C (2 and

-1
ch < (111_121175 ||Ki||L°°(F)> 21

holds, with «; being the principal curvatures of I'.

Letd : U, — R be the signed distance function. Thus I is the zero level set of d and I" € C? = deC3Uy.
We assume d < 0 in the interior of /" and d > 0 in the exterior and define n(x) := Vd(x) for all x € Uy,. Hence, n is
the normal vector on I" and |[n(x)| = 1 for all x € Uj. The Hessian of d is denoted by

H(x) = V2d(x) e R¥3, xe Uy,

The eigenvalues of H(x) are denoted by «1(X), x2(x), and 0. For x € I' the eigenvalues «;, i = 1, 2, are the principal
curvatures. For each x € Uy, define the projection p : U, — I' by

p() = X — d(X)n().
Due to the assumption (21), the decomposition x = p(x) + d (x)n(x) is unique. We need the orthogonal projector
P(x) :=I—nxnx)’, forxe Uy.

The tangential derivative can be written as Vpg(x) = PVg(x) for x € I'. One can verify that for this projection and
for the Hessian H the relation HP = PH = H holds. Similarly, define

P,(x) :=I—n,(x)n,(x)7, forx e I}, xisnotonan edge,

where ny, is the unit (outward pointing) normal at x € I';. The tangential derivative along I, is given by Vp, g(x) =
P (x)Veg(x).
Assume the following estimates on how well I, approximates [':

ess Supye, [d(X)| < c1h?, (22)
ess SUPyer, n(x) — n,(x)| < crh, (23)

with constants cq, ¢» independent of /. The assumption is reasonable if I" is defined as the zero level of a (locally)
smooth level set function ¢ and [, is reconstructed as described in the previous section from the zero level set of
¢n € Vi, where ¢, interpolates ¢ and it holds

I — @nlloewy) + BIV(@ — o)l Low,) < ch®.

In the remainder, A < B means A < ¢ B for some positive constant ¢ independent of &.
For x € I}, define pu,(x) = (1 — d(X)k1(x))(1 — d(X)k2(x))n” (x)ny,(x). The surface measures ds and ds, on I’
and Iy, respectively, are related by

pr(X)dsy (x) = ds(p(x)), X € I}. (24)

The assumptions (22) and (23) imply that

ess sup(l — up) < h?, (25)

XEFh

cf. (3.37) in [13]. The solution of (5) and its data are defined on I', while the finite element method is defined on I7},.
Hence, we need a suitable extension of a function from I to its neighborhood. For a function v on I" we define

vé(x) .= v(p(x)) forallx € Uj,.
The following formula for this lifting function are known (cf. section 2.3 in [38]):

Vul(x) = I —-dx)H)Vru(p(x)) in Uy, (26)
vr, u’x) =P,x)A - dxX)H)Vru(p(x)) ae.on [}, 27
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Fig. 2. Two neighboring surface triangles may belong to two different planes and so two tangential normals m;l" and m; to the edge E are not
necessarily collinear.

with H = H(x). By direct computation one derives the relation
Vi (x) = (P — dx)H)V2u(px) (P — dH) — (2" Vu(p(x))H
~ HVu(p)n” —nHVu@Px))" —dVH: Vu(p(x)). (28)

For sufficiently smooth u and || < 2, using this relation one obtains the estimate

D u(x)] S (Z | Du(p(x))| + IVru(p(X))|> in Uy, (29)

lul=2

(see also Lemma 3 in [8]). This further leads to (cf. Lemma 3.2 in [13]):
ID"ul 2y S Vllullgaerys el <2. (30)

For the analysis, we shall assume that wy, ¢;, and fj are defined as the extensions of w, ¢, and f, respectively,
along normals to I, i.e. it holds

w, = W, cp=c° and fp=f° only. 31

4.2. Well-posedness

We need some further notations. For each T € Fj,, denote by my,|g the outer normal to an edge E in the plane
which contains element 7. For curved geometries, “tangential” normal vectors to E from two different sides are not
necessarily collinear, cf. Fig. 2. Let [my]l|g = mh+ + m, be the jump of two outward normals to the edge E. For a
‘usual’ planar case, this jump is zero. Over I, these jumps produce additional consistency term in the integration by
parts formula:

1 .
- /. (W -V, vpuy dsy = 5/1" (W - Vpup)vy — (Wp - Vevp)uy + (div e, wi)ug vy dsy,
h h

1
4 Z /T(Wh - [Imy Dup vy dr. 32)

TeF 9

We introduce the notation for the finite element bilinear form and the functional:

ap(u, v) ::8/ Vou-Vpv — Wy - Vpvu +cpuvdsy,  fr(v) ::/ frnvdsp.
Fh Fh
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The following result is now straightforward.

Proposition 4.1. [f one assumes

1. 2 1 2 2 r
cp + zdivp, wy | vy dsy, E (Wp - Iy vy, de = collvally p,ys  forall vy € Vo, (33)
I 2 4 T aT h
' €Fp
then the bilinear form is positive-definite on Vhp and so the trace finite element method (14) is well-posed. The solution

uy, satisfies the a priori estimate,
€0 2 2 —1 2
E”M/’l”LZ(['h) +8||VFhu”L2(Fh) S CO ”f”LZ([‘h)' (34)

If ¢, = 0 and wy, = 0 on [}, (the Laplace-Beltrami problem), then one imposes the zero mean conditions for
the solution and the right-hand side | r, Jn = / 1, “n = 0 and proves the well-posedness result with the help of the
Poincare inequality on I,. For the mesh sufficiently fine, the Poincare constant is uniformly bounded independent of
h, see Lemma 4.1 in [26].

To assess how restrictive the assumption in (33), we invoke the following estimates (Lemmas 3.5 and 3.6 in [23])
to bound the edge terms:

IP(x)[m;,(x)| S h* forx e E,
and
) / vpdsy S B il gy + AUV R a gy, forall v, € Vi
TeFy aT

We remark that in [23] these estimates were proved for tetrahedra bulk subdivision, but all arguments carry over to
cubic bulk meshes once we assume that the number of refinement level in octree is bounded. Since Pw® = w°, we get
with w, = w¢ on [}:

> /T(Wh - [y Tvj dr

2 3 2
S h”U/’l”LZ(['h) +h ”VFhUhHLZ([‘h)'
TeF, Vo

Therefore, we conclude that for sufficiently fine mesh, the bilinear form aj, is positive definite on Vhp and so the
discrete problem is well-posed under condition similar to the differential case: ¢j, + %div r,Wn > co > 0on I

4.3. Consistency estimate

The consistency error of the finite element method (14) is due to geometric errors resulting from the approximation
of I' by I'},. To estimate these geometric errors, we need a few additional definitions and results, which can be found
in, for example, [38]. For x € I, define P, (x) = I—n,(x)n(x)” /(0 (x)-n(x)). One can represent the surface gradient
of u € H'(I') in terms of V, u® as follows

Vrupx) = [ —dH®X) 'P,x)Vu(x) ae xe I}

Due to (24), we get

/VpquvdSZ/ ARV r,u’Vr,veds, forallv e H(D),
r Iy

with A, (X) = uyp (x)f’}{ )T - d(x)H(x))_zf’h (x). From w-n = 0 on I" and w*(x) = w(p(x)), n(x) = n(p(x)) it
follows that n(x) - w(x) = 0 and thus w(p(x)) = f’h (x)w*(x) holds. Using this, we get the relation

/ (w-Vru)vds = Brwe - Vphue)ve dsy,
r T,
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with B, = (x)f’; (I — dH)~'P;,. We shall use the lifting procedure I, — I' given by
I
v,(p(Xx)) :=vp(x) forx € I.

It is easy to see that vi e H\(I).
The following lemma estimates the consistency error of the finite element method (14).

Lemma 4.1. Let u € H2(I") be the solution of (5) and assume (31), then we have

[ fr(vn) — an(u®, vp)|

eVl lorll gy

SRl gy + 1 N2y

Proof. The residual is decomposed as

Fiu(on) — an@®, vp) = faoy) — f(v}) +au, vh) — ap(@®, vy).

The following holds:
sy = [ rdas= [ v as,
r Fh
a(u,vi):s/ Vpqudes—/(w~va2)uds+/ cuvflds
r r r

:8/ AthhueVph v, ds, — Bywe - vr, vp)u® dsy +/ wncuvy dsy.
Fh

Iy ry

Substituting these relations into (35) results in

fu(op) —ap, vp) = /F (1 — pp) fCvp dsp, +8/F (Ap = Pp)Vr,u® -V, dsy
h h

— | (Bn=P)W - Vpvpu®ds, + [ (up — Dculvpdsy =11 + L+ I + 1.
Fh Fh

We estimate the /; terms separately. Applying (25) we obtain
I+ I S R £ 2 lonll 2y -
One can show, cf. (3.43) in [13], the bound
Py — Asl = [Py — Ap)| S A
Using this and (27) we obtain
L SNVl 2 IV vnll 2y S R0 oy lonll g r,)-
Since (I — dH)~' = I 4+ O(h?), we also estimate
B — Pyl Sh*+ Ay — Pyl S 1.
This yields
ISPV onl 2 1l 2y S 2P0l gr ey lonll g oy -

Combining the results (36)—(39) proves the lemma. [

4.4. Interpolation bounds

157

(35)

(36)

(37)

(38)

(39)

For a smooth function v defined on I consider its extension on I}, v¢. In this subsection, we show that v¢ can be
approximated using the finite element trace space VhF with optimal order accuracy. First we need the following simple

lemma.
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Lemma 4.2. Consider an arbitrary plane P C R3 and any cubic cell S € Ty,. It holds

0l 2g5mp) S s 017205 + hslIVUITag Vo e HY(S). (40)

Proof. The proof follows from the fact that any cubic cell is divided into a finite number of regular tetrahedra and
further applying Lemma 4.2 from [39] on each of these tetrahedra. [

Now we are ready to prove the trace finite element interpolation bounds.

Theorem 4.1. For arbitrary v € H*(I') the following estimate holds with a constant ¢ independent of h, v, and on
how I, intersects T,:

inf (10 = vall 2y + RIVE, W = v l2ry) < bz ) (1)
V€ h

Proof. Assume the maximum cell size 4 in 7}, is attained at level k of the octree. Then the cells at the level k provide
uniform cartesian subdivision which covers {2. Denote this subdivision by 7;1]‘ and the set of corresponding nodes by
N, }]l‘ . Note that v € H*(I') and I" € C? imply v* € H*(Uy) for the normal extension and we may define the nodal
piecewise trilinear interpolant Ij, (v¢) such that I; (v¢)(x) = v¢(x) for x € /\/’,f N Uy, and I, (v®)(x) = 0 in other nodes.
Since ’Z;Ik does not contain hanging nodes, I (v®) is continuous and so it holds 7; (v®) € Vj,.

Using the result in (40) and the interpolation properties of 1, (v®), we get for v, = I, (v®)|,:

2 2 2 2 2 2
v = vallZ 2,y + BNV, = o7y = D I = wnllTa gy + P21V E, 0 = o)1y,

TeF
< D g IV = @) o,y + Hohg IV QS = LD, + B IV = TN,
TeF
< Chhg! Y I,

TeFy
The assumption that the number of local refinement levels is bounded yields hhgT1 < C. Hence, it holds

2 2 2 7
v = vnllp2p,y + 270V E, @ = w2,y < h3””e”H2(Uh)‘

It remains to apply (30). O
4.5. Error estimates
Now we combine the results derived in the previous sections to prove the first error estimate.

Theorem 4.2. Assume u is the solution of (5) and let uy, be the discrete solution of the trace finite element method (14).
Then the following estimate holds:

lu® = unll gy S IS i2ry- 42)

Proof. Consider an interpolant (/,u®) € Vj, from Theorem 4.1. The triangle inequality yields

lu® = wnll gy < € = T gy + 10U, = wall g - 3)

The second term in the upper bound can be estimated using coercivity, continuity of the finite element bilinear form,
interpolation properties from Theorem 4.1, and the consistency estimate in Lemma 4.1:

I 1, = unllfpn g,y S an(@nu®Ir, = wns Tpu)lr, —un)
= ap((Ipu®) |, — u®, Tpu®) |, — un) + ap@® — up, (pu®)|r, — up)
S llull g2 py | ) |y — wnll g,y + lan @€, Tpu) r, — un) — fo(Tpu®)|, — un)l
S h(lullg2ery + 1 2emy) IURu) |, = wnll gy
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This results in
I 1, — wnllryy S A g2y + 1 l2r)- (44)
The error estimate (42) follows from (43), (44), (41), and lull g2y S 1 fll2ry- O

We now apply a duality argument to obtain an L?(I7,) error bound.

Theorem 4.3. Additionally assume that (9) and (33) hold with w replaced by —w. With the same u, uy as in Theo-
rem 4.2, the following error bound holds

lu® = unll2cryy S B2 N2er)- 45)
Proof. Denote e, :== (u® —uy)|r, and let "Z be the lift of e, on I". Consider the problem: Find w € H'(I"), such that
a(v, w) =f elvds forallv e H(I). (46)

r

The problem is well-posed and the solution w satisfies w € H?*(I') and |w| HAD) S IIeiLH r2(r)- Furthermore,

~

lwell giery S wllgiry S llekll2cry- Due to (46) we have, for any ¥, € Vi,
lef 172 py = ale), w) = alel,, w) — anlen, w) + an(en, w* — ) + an(en, Yi)

= [atel w) = anten, w)] +anCen we = v + [antu®, yw) = Futw)] 7)

We let ¢, = (Iu®) € Vj, interpolant given by Theorem 4.1. The terms on the right hand side of (47) are treated
separately. The bound for the third one follows from Lemma 4.1:

an @, yn) — fu@Wn) S P Aullgiery + 1 2Dl S Bl gy + 1 1) 1e g2y (48)

The bound for the second term follows from the continuity of the bilinear form, interpolation properties in Theorem 4.1
and the error bound in Theorem 4.2:

2
ap(en, w* = ¥n) S llenll gy 1w = Yallgrry S ANF 2y lwell mzry- (49)

For the first term we get the expression similar to (36):

a(el, w) — ap(ep, w®) = ¢ . (Ap —Pp)Vr,w’ - Ve, dsy
h

— (B, — Pp)W* - vr, w®)ey, dsy, +f (up — DctwCey, dsy,.
Iy Iy

Hence, repeating the same argument as in the proof of Lemma 4.1, we get
a(ey,, w) — anlen, w*) S h*lenll gy 1w Nl g1y
Further, employing the error bound from Theorem 4.2, we have
alel, w) = anlen, w) S BN f 2y 1wl y- (50)

Combining (47)—(50) with the regularity result for the solution of the dual problem (46) completes the proof. [
4.6. A posteriori estimate and error indicator

In this section, we deduce an a posteriori error estimate for the trace FEM. Based on this estimate we define a
residual type error indicator, which we use for a mesh adaptation purpose. We will treat only the formulation with
surface gradient (14) and assume that the Peclet number is sufficiently small and hence no additional stabilization is
needed.
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Consider the surface finite element error e, = u® — uj, on I',. We prove an a posteriori bound for the lift of e;, on
. . . 1
I ie. eél =u— ”2 on I". Thanks to (9) the functional ||[v]| = (e||va||%2(F) +|l(c+ %dwpw) v||%2(r))2 defines a
norm on V such that

Ifej 1l < sup / a(ey,, ) ds. (51)
v llyll=1JT
Now we let ¥ € V with ||[{]|| = 1. For arbitrary ¥, € Vj, observe the identities

atel, ¥) = fpfwds—a(ui,w)
: Feun(P® — ) dsp +/F (fe1n — fOUn dsn + anun, ¥i) — aluly, ¥)
h h
= / Feun(® — ) dsy, +/ feun — Dy dsy + ap(up, Y, — ¥°)
Iy Iy

1 , .
- [e fp (A~ PV, - Vi, dsy — 5 /F (By — PW* - V1, ¥E)up dsy,
h h

(p — DcCupyp® dshi| . (52)
Iy

We apply elementwise integration by parts to the third term on the right hand side of (52):

ap(up, Y —Y°) = / (eAr,up — (cp +divp, wip)up — Wi, - Vup) (W — ) dsy,

53 X [ enua = a3 [ ow i -~ par, 63

Te]% Tef}

where [V, u;, ]l denotes the jump in the normal derivative across an edge of T'. Substituting (53) into (52) and applying
the Cauchy inequality elementwise over Fj,, we get

aeh, ¥) < ( > 1= nBery (11 + a2 ) + 148 = Pulld sy IV anl2a
TeF,
1 1

2
+ By —Ph||iwm||uh||izm) 1 g,y + ( > [nR<T)2 +nE<T)2]>

TeFy,
1

2
X ( > [hSTZIW — Ul oy + D s Il — Wlliz(e)}) : (54)

TeFy, ecdT
with
nr(T)* = h3, | fu + e Ap,un — (cp + divpy, Wa)up — W, - thuh”iz(T)

ne(? = hsy (Va2 + 1w mili2s,)) -
ecdT
Combining (51) and (54) leads to an a posteriori error estimate, where 1/-dependent terms on the right hand side
should be handled further. Due to (24) and (27) we have

1y S 11 ry- (55)

For every e € 9T denote by 7, C St a plane segment of the regular shape such that diam(7,) ~ hg,. We apply the
result in (40) and its two-dimensional analog to estimate
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_2 ¢ 2 -1 2
ht e = Vnll o + D b 1V =l g,

ecdT
- -1
Sh IV = nlags,, + hs, IVG = ¥)l7a s,

+ 2 (h521 = vl + 1V =¥ )

ecdT

-3 e 2 —1 e 2 e 2 2
SEZIE = Wnlidag,, +hs IV = vl + XB:T(IIWf aery + 199122
ec

SHSE = Uil + IS VWS = 0o, + (IV0U 2 sy + 15 1V, ) (56)

In this paper we consider only graded octree meshes. In terms of [40], these are 1-irregular meshes and hence for
¢ € H'(£) (assuming arbitrary smooth extension of ¢ from Uy to 2) one can consider a Scott-Zhang type
interpolant ¥, € Vj, such that

h§1 ||¢e - 1ph”LZ(s) + ||VW11||L2(S) § ||We||Hl(w(S)) VS e, (57)

where w(S) is defined as follows: Let @(S) consist of S and of all cubic cells touching S, then w (S) is a patch of cells
defined as the union of ®(S) and of all cubic cells touching & (S). We assume ¢ in (20) to be sufficiently large and A
sufficiently small that w(S) C Uy, for all S € (2,. Applying (57) in (56) yields

2 2
> [ STV =Vl + D A5y whan(ei S 2 (51 B sy + 190V s )

TeFy, ecdT TeFy,

Z |W”H1(p(w(Sr))) Z ”l[f”Hl(p(w(S))) (58)

TeF,

In the last inequality we used the fact that for the graded octree mesh diam(w (S7)) = hg, . For any two patches w(S7)
and w(S2), S1, $2 € (2, the number of cubic cells in @ (S1) N w(S,) is bounded by a constant independent of 4 and
the number of refinement levels. However, for the projections on I the intersection p(w(S1)) N p(w(S2)) may be
nonempty, even if two patches do not overlap. Thus x € I"' may belong to the projections of patches for several cells
in (2, but the number of such patches may not grow faster than O (K) uniformly over I', where K is the number of
the levels in the octree. Therefore it holds

2 2 < 2
TeF,

We assumed that the number of levels is uniformly bounded for the family of meshes and so K = O(1), while in
general case it holds K < |In Apip|. Using (56)—(59), we prove the existence of ¢, € V}, such that

> [hgfuwe —UnllF 2y + D hsp IV — whniz(e)} S 3y (60)

TeFy, ecdT

Combining (51) and (55), (60) gives the following a posteriori error estimate

ICAIRS < > 1= walEery (17 Wy + a3, ) + 14K = Pl ey |V a3 g,
TeF,

1 1

2 2
+ 1By — Phn%mgﬂmu@z(m) - ( > (e + nE(T>2]) . ©1)

TeF,

Finally, if we assume that local grid refinement leads to better local surface reconstruction, i.e. (22) and (23)
can be formulated locally, then the first term on the right-hand side of (61) is of higher order. We may assume
[1— ,uh|Loo(T) +||Ap =Py ||LOC(T) + 1By — Ph||LoQ(T) < h4 ”H”%m(p(T))' This suggests introducing also the geometric
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error indicator
16(1? = iy 1B ey (17 W2y + N0 )

where Hj, is a Hessian reconstruction on [7,.
Thus, for the purpose of local mesh adaptation we use the following error indicator:

N(T) = (rnr(T)? + ctenp (T)2 + agng(T)?)? (62)

with some parameters a,, a., ag > 0. We set a; equal to 0 or 1 depending on whether we wish to account (explicitly)
for geometric errors or not. For regular elliptic problems we set ¢, = o, = 1, while for transport dominated problems
more weight is put on the edge error indicator (see next section). We also note that the second edge term in the
definition of 5z (T)? is of higher order. Our numerical experience suggests that it can be excluded without any notable
change in the performance of an adaptive method.

Results of experiments in the next section show that the trace FE adaptive method based on 7(7") and standard
“maximum” marking strategy leads to optimal convergence of the error in H' and L? norms.

5. Numerical examples

5.1. Smooth solutions on a sphere and a torus

Example 1. As a first test problem we consider the Laplace—Beltrami type equation on the unit sphere:
—Aru+u=f onl,

with I' = {x e R® | |x]l2 = 1} and 2 = (=2, 2)3. The source term f is taken such that the solution is given by
u(x) = # (3x12xz — x%) ,  X=(x1,x2,x3) € {2,
X

with a = 12. Using the representation of u in spherical coordinates one can verify that u is an eigenfunction of —Ap:
u(r, ¢, 0) = asin(3¢) sin 0, —Apu +u = 13u = f(r,¢,0). Both u and f are constant along normals at I".

Example 2. In the second example, we consider a torus instead of the unit sphere and the same equation: I' C {2 =
(=2,2)3, with ' = {x e 2| r? = x32 =+ ( x12 +x§ — R)?}. We take R = 1 and r = 0.6. In the coordinate system
(p, ¢, 0), with

cos ¢ cos ¢ cos
X=R|sing | +p | sin¢pcosb |,
0 sin 6

the p-direction is normal to [, 3—; L I" for x € I'. Thus, the following solution u# and corresponding right-hand side
f are constant in the normal direction:

u(x) = sin(3¢) cos(30 + ¢),
fx) = r729 sin(3¢) cos(30 + ¢)) — (R +r cos(@))*2(—10sin(3¢) cos(30 4+ ¢) — 6 ¢cos(3¢) sin(36 + ¢))
—r(R+r cos(@))*1 (3sin(0) sin(3¢) sin(360 + ¢)) + u(x). (63)

We compute numerical solutions to Examples 1 and 2 using the trace FE methods (14) and (16) on a sequence of
octree bulk grids. The initial grid was uniform with 7 = 4—1‘. Further the grid was gradely refined towards the surfaces.
All linear algebra systems in this and further experiments were solved with the help of PETSc library: We computed
LU factorizations of diagonally scaled stiffness matrices. Finite element errors and convergence rates are shown in
Table 1. Both variants demonstrate second order convergence in L? surface norm and close to second order in L™
surface norm. Computed solutions and final meshes are visualized in Fig. 3.
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Fig. 3. The numerical solutions and surface meshes from Examples 1 and 2.

Table 1
Surface gradient and full gradient trace FEM convergence for uniform mesh refinement and smooth solutions.
#d.o.f. Surface gradient variant (14) Full gradient variant (16)
L?-norm Rate L®°-norm Rate L?-norm Rate L®°-norm Rate
Sphere 292 2.672e—1 6.631e—1 6.041e—1 1.257e—0
1,398 5.813e—2 2.20 1.462e—1 2.18 1.418e—1 2.09 3.95%—1 1.67
5,960 1.366e—2 2.09 4.032e—-2 1.86 3.566e—2 1.99 1.031e—1 1.94
24,730 3.364e—3 2.02 1.138e—2 1.86 8.891e—3 2.00 2.582e—2 2.00
Torus 297 2.415e—1 7.898e—1 3.199e—1 8.86le—1
1,289 5.047e-2 2.26 2.123e—1 1.90 8.406e—2 1.93 4.437e—1 0.98
5,001 1.049e—2 227 5.400e—2 1.98 1.956e—2 2.10 8.562e—2 2.37
20,073 2.367e—3 2.15 1.341e—2 2.01 4.979¢-3 1.97 2.184e—2 1.97

5.2. Smooth solutions on more complicated geometries

To demonstrate the flexibility of the method with respect to the shape of I', we consider the Laplace—Beltrami
equation on two geometrically more complicated surfaces. Both examples of surfaces can be found in [12].

Example 3. The first surface is given by the zero of the level set function
2
4x3 B
(1 + 5 sin(x))?

¢(x) = x1 +x3 +

The exact solution to (5) with w = 0, & = 1, ¢ = 1, is taken very regular, u = xjx; on I'. The surface is illustrated
in Fig. 4. The normal vector on I" isn = V¢ /|V¢| =: (n1, n2, n3)T and H can be computed from H = Vpn. The
entries of H are given by

3 3 3 3
¢xi kzl ¢xk ¢xkxm + ¢xm Zl ¢x j ¢xix i d)xi ¢xm 21 Z xk ¢xkx j
= j = = :

+
Vo |2 |Vt

1
Hy = —
Vel

¢xi Xm —

fori,m = 1, 2, 3. The right-hand side is then given by
S X)) = x1x2 + 2n1(X)n2(x) + tr(H(x)) (x1n2(X) + x2n1(x)), x€ 1.

Fig. 4 shows the numerical solution and plots it over the trace mesh, which results after 9 steps of adaptation,
starting with the uniform cubic mesh with 2 = 1/4. Here and in any further adaptive mesh refinement we employ
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Cells sol Cells sol

- S

Fig. 4. Illustration of the surface and solution from Example 3. The right figure shows also triangulation after 7 steps of adaptation based on the
error indicator.
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Fig. 5. Left: Adaptive trace FEM convergence in Example 3. Right: The zoom of the trace surface mesh in Example 3. The adaptation was based
on the residual indicator accounting for geometric errors.

a “maximum” marking strategy in which all volume cubes S from w;, with n(S) > %maxSEwh n(S) are marked for
further refinement. Note that some adjunct cubes also may need refinement if one wishes to keep the octree balanced.
Fig. 5 (right) displays the finite element error reduction if the mesh adaptation process is based on the error indicator
(62). The results demonstrate optimal convergence order of the adaptive trace FEM with respect to the total number
of degrees of freedom in L%, H! and L™ surface norms. The results are shown for the surface gradient variant of
the method (14). Here and further “number of d.o.f.” means only the number of active degrees of freedom, which is
equal to the dimension of the resulting system of linear algebraic equations. We set oy = 1 in the error indicator to
account for geometric errors. The left plot in Fig. 5 zooms the trace surface mesh. From this plot we see that the mesh
refinement generally happens in regions with higher surface curvatures.

Example 4. This is another example of a more complicated domain, which is homeomorphic to the sphere with 6
handles, see Fig. 6. The surface is given implicitly as the zero level set of

p=07+x -+ — D>+ @5 +x5 -+ (] — DP+ G 433 -4+ (5 — D?— 13,
We solve the Laplace—Beltrami equation with right-hand side f = 100 Z‘}zl exp(—|x — x/|?), with
x! = (=1,1,2.04), x2 = (1,2.04, 1), x> = (2.04,0, 1), xt = (=0. — 1, —2.04).

The points are close to the surface and the right-hand side is varying rapidly in vicinities of these 4 points, and hence
the same is expected from the solution. The solution and the grid resulted after 12 steps of refinement are visualized
in Fig. 6. The refinement was based on the error indicator (62) with a, = 1.
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Cells sol

Fig. 6. The surface, numerical solution and adaptive mesh from Example 4.

5.3. Laplace—Beltrami problem with point singularity

Example 5. For the next test problem we consider the Laplace—Beltrami equation on the unit sphere. The solution
and the source term in spherical coordinates are given by

u =sin* O sing, f=0+2%>+21)sin*Osing + (1 — A?) sin* 26 sin ¢. (64)

One verifies
1 1 r
Y .| L 245 .2 24 s .
Vru =sin""" 6 (2 sin2¢ (A cos“ 6 — 1), sin“¢p(Acos” 6 — 1) + 1, Z)L sin 20 s1n¢) .

For A < 1 the solution u is singular at the north and south poles of the sphere so that u € H'(I"), but u & H*(I').
Following [38] we set A = 0.6 to model the point singularity and contrast it to the regular problem with A = 1.

Results produced by the adaptive algorithm are shown in Fig. 7, where they are compared to the results for uniform
grid refinement. As expected, the regular refinement leads to a suboptimal convergence for the singular case of
A = 0.6. Adaptive refinement driven by the error indicator (62) leads to optimal convergence rates in L> and H'!
surface norms. Note that reliability of the error indicator for H! error norm was proved in [25] for tetrahedral meshes.
A posteriori error analysis in other norms remains an open question.

The left column in Fig. 7 displays error decrease for the surface gradient formulation (14), while the right column of
plots displays error decrease for the full gradient formulation (16). Similar to regular problems and regular refinement
in Examples | and 2, the adaptive algorithm shows close performance for both formulations producing slightly more
accurate results for the surface gradient formulation (14).

Fig. 8 (left) displays a cutaway view which includes both the adaptively refined bulk and surface meshes. The
meshes are shown after the 12 refinement steps. The middle picture in Fig. 8 shows the surface mesh superimposed
on numerical solution. The coarsest mesh is in the regions with the smallest solution gradient. Fig. 8 (right) displays
the surface mesh near the north pole magnified 20 times. This local mesh appears more structured, since the surface
is locally close to a plane which cuts through a regular bulk mesh.

5.4. Convection—diffusion problem with an internal layer

We now perform several tests for the advection—diffusion problem as in (5), with nonzero advection field w. As

usual, the properties of the problem essentially depend on the value of the dimensionless Peclet number. The Peclet
number can be defined similar to volumetric case as Pe = %, where L is a characteristic problem scale (say, the

diameter of a closed surface ') and W is a characteristic advection velocity. For low values of the Peclet numbers, the
problem is close to the Laplace—Beltrami equation, while for higher Peclet numbers, the problem may demonstrate
behavior typical to singular-perturbed equations, e.g., its solution may exhibit internal layers. The example considered
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Fig. 7. Decrease of the error in H 1 (I'y)-norm (upper plots), L2(Fh)-norm (bottom plots) for the adaptive algorithm and Example 5. Left column
plots show results for the surface gradient formulation (14), while the right column plots show results for the full gradient formulation (16).

Cella 301

R W W O

Fig. 8. Left and middle plots display the cutaway of the bulk and trace surface meshes in Example 5 with & = 0.6 after 12 steps of refinement. The
middle plot is shaded to reflect the numerical solution. The right picture shows the 20-x zoom in of the surface mesh near the north pole.

below is chosen to illustrate the ability of the trace FEM to handle these different cases by employing computational
tools developed for volumetric finite elements: stabilization, error indicators, and layer fitted meshes. Numerical
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Fig. 9. Decrease of the error in the Lz([' ), H 1 (I') and L®°(I") norms for the advection—diffusion problem from Example 6 with Pe = 1 (left)
and Pe = 100 (right). The problem is solved on a sequence of adaptively refined grids.

results will show that the performance of such enhanced trace FEM appears to be similar to its volumetric counterparts
applied to bulk advection—diffusion problems.
For the advection—diffusion problem we set weights ¢, o, in the error indicator (62) dependent on the Peclet
number as recommended in [41] for the planar advection—diffusion problem:
o, = min{e ™, hgrz} o, = min{s_l, hETls_%}.

In experiments below geometry does not play an important role and so we set oy = 0.

Example 6. In this example, the stationary problem (5) is solved on the unit sphere I', with the velocity field

T
w(x) = <—x2\/1 —xg,xl\/l —x3, 0) :

which is tangential to the sphere. We set ¢ = 1 and consider ¢ € [107°, 1]. Letting W := ||W|| poo(py and L = diam(1"),
we compute the Peclet number as Pe = ¢!,

For the exact solution to (5), we take the function

() t. —3
u(x) = xjxzarctan .
1X2 f

The corresponding right-hand side function f is given by

1263 2x 13003 16321 = x)x 10223

foO == 4x2 (¢ + 4x2)2

2x
+ (6exixy + x12 + x%(xf — x%))arctan (—3> + u.

NG

When ¢ gets smaller, a layer of the width 0(8%) is forming in u along the equator of the sphere ({x3 = 0} N I"). The

formation of characteristic internal layers of 0(8%)-Width is typical for advection—diffusion problems.

In this paper, we consider equations posed on closed surfaces, therefore we are not treating parabolic or exponential
boundary layers.

5.4.1. Lower Peclet number case

We consider Eq. (5) for Pe < 100 to be non-singular perturbed. Hence, for this case of lower Peclet numbers,
we expect the trace finite element to behave similar to the case of Laplace—Beltrami equations with smooth solution.
We add no stabilization in this case and recover the expected O (h?) and O (h) convergence rates on a sequence of
uniformly refined grids in L2 and H? surface norms, respectively (not shown). Fig. 9 shows the error reduction plots
for Pe = 1 and Pe = 100 if a mesh adaptation is performed based on the error indicator (62). For Pe = 100, the error
norms are approximately one order bigger than for Pe = 1, but in both cases the convergence curves demonstrate
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Fig. 10. The numerical solutions for the convection—diffusion problem from Example 6 with Pe = 1 (left) and Pe = 100 (right). The surface
meshes are shown after 7 (left) and 9 (right) steps of adaptive refinement.
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Fig. 11. Decrease of the error for the “surface gradient” and “full gradient” versions of the trace FEM for the advection—diffusion problem from
Example 6 with Pe = 103. The error is measured in the LZ(Fh) norm (left) and L°° (I,) norm (right). Both plots compare the error of the “surface
gradient” and “full gradient” variants of the method on a sequence of adaptively refined grids with the error of the “surface gradient” variant on the
sequence of uniformly refined meshes.

optimal reduction rates versus the number of active degrees of freedom. The numerical solutions and the surface
meshes after several steps of adaptive refinement are displayed in Fig. 10. For Pe = 100, most of refinement happens
closer to the equator of the sphere.

The results are shown for the trace finite element formulation with surface gradient (16). The results for the method
with full gradient (16) were largely similar.

5.4.2. Higher Peclet number case

Now we consider Eq. (5) and Pe > 10°. For the growing Peclet number, the problem becomes increasingly singular
perturbed. For Pe = 10° the internal layer becomes pronounced. Now and in all further experiments in this section,
we apply SUPG stabilized trace finite element method (17).

Already for Pe = 10% the uniform refinement does not lead to typical O(h*) convergence behavior (unless the
mesh is sufficiently fine to resolve the boundary layer.) This is well seen from results shown in Fig. 11. The error
decrease on uniformly refined grid is shown only for the “surface gradient” variant of the trace FEM (14), since the
results with (16) were very similar. The adaptive refinement based on the indicator (62) leads, however, to the optimal
error decrease with respect to the number of active d.o.f. These results are also demonstrated in Fig. 11. The “surface
gradient” and “full gradient” variants show very close results.
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Fig. 12. Numerical solution and the mesh after 9 refinement steps for the convection—diffusion problem from Example 6 with Pe = 103,

Table 2
Convergence of numerical solutions to the advection—diffusion problem from Example 6, with Pe = 104, ona sequence of Shishkin meshes.
#d.o.f. L2%-norm Rate H'-norm rate L°°-norm Rate
10,356 4.870e—3 1.577e—0 6.725e—2
22,830 1.428e—3 1.77 7.597e—1 1.05 1.718e—2 1.97
101,332 3.739e—4 1.93 3.761le—1 1.01 5.484e—3 1.65

The numerical solution computed after 9 refinement steps and the corresponding surface mesh are demonstrated in
Fig. 12. The internal characteristic layer is well seen in the solution. The error indicator (62) enforces an aggressive
refinement in the regions of the layer.

Further, we consider the same problem with the higher Peclet number equal to 10*. This time, the adaptive
refinement based on the error indicator was not found to produce optimal error reduction for the number of degrees
of freedom up to 50,000. Hence, we consider this problem to be a good test case for layer fitted meshes. We choose
Shishkin meshes as one of the best studied class of meshes for singular-perturbed volumetric or planar problems.
Shishkin meshes require an a priori knowledge of where a layer occurs and provide optimal convergence with respect
to the total number of degrees of freedom [42].

Let N be the total number of nodal degrees of freedom available to discretize a singular-perturbed convection—
diffusion problem. Assume that the solution to the problem has only an internal characteristic layer. Then to build
a Shishkin mesh one defines a narrow band of width O (/¢ In N) around the layer and considers a mesh which is
uniform inside and outside the band and contains O (N) nodes in the interior of the narrow band as well as in the rest
of computational domain (see, e.g., [42] for accurate definitions). We extend this construction to the case of octree
bulk meshes and the singular-perturbed problem posed on a surface as follows. We build an initial octree mesh such
that hmin = 1/128 was the size of cubes inside the strip |x3| < 1/64 (this defines our “narrow band” containing the
layer). In the rest of the bulk domain, the grid was aggressively coarsened up to ipmax = 1/4. The resulted number of
active degrees of freedom for this initial mesh was 10,356. Further, the mesh was uniformly refined two times, leading
to layer fitted meshes with 22,830 and 101,332 active degrees of freedom. We note two deviations of our construction
from the classical notion of a Shishkin mesh: (i) We do not re-balance the mesh to account for the logarithmic factor
in the width of a narrow band of a canonical Shishkin mesh; (ii) The mesh outside our narrow band is not completely
uniform due to a transition region, which is necessary to keep the octree balanced (two neighboring cubes may differ
in size at most by a factor of 2).

Fig. 13 shows the numerical solution computed on the finest surface Shishkin mesh. Note that the internal layer is
sharp and resolved. We observe no numerical oscillations in a vicinity of the layer. Table 2 presents the norms of the
finite element error on the sequence of the layer fitted meshes and corresponding convergence factors.
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Fig. 13. Numerical solution and the Shishkin mesh for the advection—diffusion problem from Example 6 with the Pe = 104,
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Fig. 14. Left: Decrease of the error in the L2(Loxs), H (T'oxt) and L (I'xy) norms for the advection—diffusion problem from Example 6 with
Pe=100. Iyisa part of the domain well separated from the internal layer. The problem was solved on a sequence of uniformly refined meshes.
Right: Numerical solution for the advection—diffusion problem from Example 6 with Pe = 109 on a uniformly refined mesh. The internal layer is
not resolved and clearly smeared over few mesh sizes. No spurious oscillations can be noted.

Finally, we solve the same problem, but now with ¢ = 107°, leading to Pe = 10%. The width of the internal

layer is 0(8%), and we are not attempting to resolve it with a layer fitted mesh. Instead we solve the problem on a
sequence of uniformly refined grids. Since we used the SUPG stabilized formulation of the finite element method, we
can expect that similar to a planar or a volumetric cases the layer would be smeared, numerical oscillation damped,
and finite element solution converges to the exact one outside the layer. This is exactly what we observed for our trace
finite element method. Thus, Fig. 14 demonstrates the computed solution as well as the finite element error decrease
in a part of the domain separated from the layer: All norms in Fig. 14 (left) were computed over part of the sphere
Iy ={xe: |x3]>0.3}

6. Conclusions

We studied a trace finite element method for partial differential equations posed on hypersurfaces in R3. An
extension to curves in R? is straightforward. The paper demonstrates that using such standard computational tools
as cartesian octree grids, a marching cubes method, and trilinear bulk finite elements leads to a second order accurate
method with a number of attractive features: The mesh is unfitted to a surface; One uses standard finite element tools
without any extension of equation from the surface to bulk domain; The method works for surfaces defined implicitly,
parametrization of a surface is not required; The number of active d.o.f. is optimal and comparable to methods in
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which I' is meshed directly; Optimal order of convergence in H'! and L? norms is proved for quasi-uniform bulk
grids. Moreover, due to the natural connection to bulk elements, many tools and techniques well established for
“usual” discretizations carry over to the surface case. In this paper, we experimented with several such techniques:
adaptivity based on an error indicator, SUPG stabilization for transport dominant equations, and layer fitted meshes.
Numerical analysis supports experimental observations. In forthcoming papers we plan to extend the adaptive octree
trace finite element method to PDEs defined on evolving surfaces and to apply it for the simulation of flow and
transport in fractured porous media.
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