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ABSTRACT OF DISSERTATION

A POSTERIORI ERROR ESTIMATES FOR SURFACE FINITE
ELEMENT METHODS

Problems involving the solution of partial differential equations over surfaces appear
in many engineering and scientific applications. Some of those applications include
crystal growth, fluid mechanics and computer graphics. Many times analytic solutions
to such problems are not available. Numerical algorithms, such as Finite Element
Methods, are used in practice to find approximate solutions in those cases.

In this work we present L? and pointwise a posteriori error estimates for Adaptive
Surface Finite Elements solving the Laplace-Beltrami equation —Aru = f. The two
sources of errors for Surface Finite Elements are a Galerkin error, and a geometric
error that comes from replacing the original surface by a computational mesh. A
posteriori error estimates on flat domains only have a Galerkin component. We use
residual type error estimators to measure the Galerkin error. The geometric compo-
nent of our error estimate becomes zero if we consider flat domains, but otherwise has
the same order as the residual one. This is different from the available energy norm
based error estimates on surfaces, where the importance of the geometric components
diminishes asymptotically as the mesh is refined. We use our results to implement an
Adaptive Surface Finite Element Method.

An important tool for proving a posteriori error bounds for non smooth functions is
the Scott-Zhang interpolant. A refined version of a standard Scott-Zhang interpola-
tion bound is also proved during our analysis. This local version only requires the
interpolated function to be in a Sobolev space defined over an element 7" instead of
an element patch containing 7.

In the last section we extend our elliptic results to get estimates for the surface heat
equation u; — Aru = f using the elliptic reconstruction technique.

Keywords: Numerical Analysis, Finite Element Methods, Adaptive Refinement,
Partial Differential Equations on Surfaces, Laplace Beltrami Operator.
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Chapter 1

Introduction

We present adaptive surface finite element methods (ASFEM) solving elliptic and
parabolic partial differential equations (PDEs) on surfaces. The adaptive algorithms
are based on the L? and pointwise error estimates proved in chapter 3.

1.1 Finite Element Method

The finite element method (FEM) is an important tool in engineering and science
used to approximate the solution of a partial differential equation (PDE) over a given
domain. It was first developed to solve problems in structural analysis. In 1942
Courant published an article [18] in which he solved the St. Venant’s torsion of a
hollow square box. In this work he introduced a Rayleigh-Ritz method with piecewise
continuous polynomials defined over a triangular mesh to obtain an approximate
solution. The name finite element method is attributed to Clough who first used the
term in [17] (cf. [37], [47]).

We proceed to state some basic definitions and explain briefly the mechanics of a
FEM. The interested reader is directed to [29] and [11] for a more in depth treatment.

Definition. [See [29] | Let D be a domain in R%. A mesh 7, of D is a union of a
finite number N of compact, connected Lipschitz domains 7T; with non-empty interior
such that {T;}Y, forms a partition of D, i.e,

N
@:U{Ti}, andﬁ-ﬂﬁz@fori%j.
i=1

The subsets T are called the mesh elements. The subscript h on 7, refers to the
level of refinement of the mesh. For notational ease we will drop the sub-index h and
refer to the mesh simply as 7 unless there is danger of confusion.

Definition. A mesh is said to be conforming if for any 7;,7; € T their intersection
is either a common edge or vertex of both elements.

Definition. The element diameter At is the diameter of the smallest ball contain-
ing an element T of T.

Definition. The element patch wr is defined to be the union of the elements K € T
touching T', i.e. TN K # (.

Definition. A mesh is shape regular if for every element T" € T the ratio of the
element diameter and the diameter of the largest ball that can be contained in T is
uniformly bounded.



Shape regularity implies that there exist fixed constants ¢; and ¢y such that for
any T € T the following inequality holds:

ClhTi S hT S CQhTi v T, € wr. (11)

Mesh generation or grid generation is the name given to the process of creating
the computational domain where we seek the numerical solution of a given PDE.
Depending on the domain that one wants to represent it can be a very complicated
process. The main types of grids are: structured, unstructured or combinations of
both. Adaptive finite element methods, like the ones we propose, generate unstruc-
tured meshes. For a more thorough discussion the interested reader is directed to

57).

1.1.1 Galerkin approximation

Let £ denote a differential operator, let u be a function in some space S, and consider
the PDE
Lu = f, (1.2)

defined over a domain 2 C R™. The weak form of (1.2) is find u € S such that
a(u,v) = f(v), Yo €'V, (1.3)

where V' is a space of test functions, a(-,-) is the bilinear form corresponding to £
and f(v) is a bounded linear functional. The finite element idea is to replace S and
V', which are infinite dimensional spaces, with finite dimensional versions S;, and V},.
The spaces S;, and V}, are defined over the elements 7" of a mesh 7 of I'. S}, is known
as the space of trial functions and V}, is the space of test functions.

The corresponding discrete version of (1.3) is to find wuy, € S, such that

a(uh,vh) = f('Uh), Y, € Vh, (14)

This is known as the Galerkin method. If S; and V}, are equal we refer to it as a
standard Galerkin method. Otherwise it is known as a Petrov Galerkin Method.
We say that the approximation scheme is conformal if S, C S and V), C V; other-
wise it is said to be non-conformal. The space S, is known as the finite element
space.

Remarks:

(1) The spaces S and V are in general taken to be Banach spaces, i.e. complete
normed vector spaces. In our application S = V is a tangential Sobolev space
defined in section 2.3. In particular S is taken to be the Hilbert space H'.

(2) The bilinear form a(-,-) is continuous on S x V', hence it is bounded on S x V.

(3) We chose to implement a standard Galerkin method i.e. S =V, S, =V}, such

2



that the true solution u of (1.8) satisfies

a(u,v) = f(vg), Yo, € V. (1.5)

A Galerkin Approximation scheme satisfying (1.5) is said to be consistent. Equa-
tions (1.4) and (1.5) imply

a(u —up,vp) =0, Vv, €S, (1.6)

which is known as Galerkin orthogonality.

1.1.2 Finite Element

We use Ciarlet’s definition of finite elements as triplets given in [15], section 2.3.
Definition. A finite element in R" is a triplet (K, Sy, ) where:

(i) K is a closed subset of R™ with a non empty interior and Lipschitz-continuous
boundary,

(ii) Sy is a space of real valued functions defined over the set K,

(iii) X is a finite set of linearly independent linear forms o;, 1 < i < N, defined
over the space Sj. It is assumed that ¥ is S}, unisolvent in the following sense:
Given any real scalars a;, 1 < i < N, there is a unique p € S, which satisfies

oi(p) =a;, 1 <i<N.

It follows that there exist functions ¢; € Sy, 1 < i < N, such that
0j(¢i) = 0ij, 1< j < N. (L.7)

The functions ¢; form a basis for S;,, and the linear forms o; are called the degrees of
freedom of the finite element. Equation (1.7) implies that one can regard {o;}¥, as

the dual basis of {¢;}Y,.

1.1.3 Implementation of a FEM

We now illustrate how these concepts apply to implement a FEM. Consider the
Laplace equation with homogeneous Dirichlet boundary conditions:

—Au = f on €,

uw =20 in 9. (1.8)

Here € denotes a domain in R™. The corresponding discrete bilinear form af(, -)

3



and linear functional f(vy,) of equation (1.4) are
a(up, vp) = / Vuy, - Vo, dx,
0

Flon) = /Q Fon de,

where dx denotes Lebesgue measure over ).

We chose to use a conformal standard Galerkin method. In the following discussion
T to denotes a conforming shape regular mesh of 2. The basis functions ¢; are taken
to be continuous piecewise polynomials’ with compact support. We use z; € I'j,
1 <7 < N to represent the finite element nodal points, that is the set of points such
that o;(p) = p(z;) for any p € Sj,. We construct ¢; such that ¢;(z;) = ;5,1 <i,j < N
and ¢;lr =0for 2, ¢ T, T €T.

For example, suppose that S, is taken to be the space of piecewise linear poly-
nomials, let Q be a domain in R?, let T, € T be a triangular element with vertices
A(za,ya), B(zp,yp) and C(zc,yc). Consider the affine transformation A(T,) :
R? — T, such that

A(0,0) = A(za, ya),
A(1,0) = B(zp, ys), (1.10)
A(0,1) = C(zc, yo).
Then the restrictions of the basis functions ¢4, ¢ and ¢¢ to the element T, satisfy
the equations

AN ¢alr,) =1-2 -y,
A Y ¢Bln) = =, (1.11)
AN pcln,) = v.

4y — axis

B(zp,yB) A_l(Ta)
x — axis. a(0,0) b(1,0)

L

T — axis

Figure 1-1: Affine transformation from an arbitrary element 7, € T to the reference
element A(T,).

! Discontinuous piecewise polynomials are also used in the so called discontinuous Galerkin meth-
ods.



The ellipticity of A implies that a(-,-) is coercive, that is,

a(, ) > e1||v]|?, for some ¢; > 0 independent of 1. (112)

Here we take ¢ in some Hilbert space H, and || - || is the induced norm in H. Since
a(+,-) is a bounded coercive bilinear form on S x S it defines an inner product in S.
The induced norm

Il = a(v, v), (1.13)

is called the energy norm.

Because u;, € S, it can be expressed as a linear combination of finite element basis
functions

up = Zai(uh)gbi. (1.14)

Choosing v, = ¢;, 1 < j < N, and defining U; = uy(z;) = 0;(up) we rewrite equation

(1.4)

which can be expressed in matrix form as
AU =F,

[Ali; = / Vo; -V dz,
Q
[U]z = UZ>
¥, = [ fo, do
Q
The matrix A is the stiffness matrix and F is the load vector. It is clear from (1.9) that
A is symmetric and by the construction of ¢;, 1 < i < N, A is sparse. Furthermore
because A is symmetric and [[un||f = a(up, up) = UTAU > 0 for U # 0 it follows
that A defined in (1.16) is symmetric positive definite.
Notice that (1.11) provides a way to construct the basis {gbj}év of Sj,. In practice
we do not need to explicitly compute the basis. We work with the functions defined on

the reference triangle A(7,) (see Figure 1-1) and use a change of variable to calculate
the stiffness matrix A and load vector F given by (1.16).

(1.16)

1.2 Error estimates

We find the numerical solution uy, by solving the linear system (1.16) and substituting
the result into (1.14). A natural question is to ask how close wy, is to the true solution
u. The quality of the numerical solution depends on the discretization parameters
(mesh size) and the choice of the finite element space. We want the numerical solution

5



to converge to the true solution as the discretization parameter goes to zero. To
guarantee convergence our numerical method should be consistent and stable. The
selection of S, is an important one as inadequate choices can lead to inconsistent
schemes (cf. [4] Figure 1.2, [29] section 2.3.3). S), must be chosen such that the
approximation setting has the approximability property. We cite [29] Definition 2.1.4.

Definition. Let h be the discretization parameter, S(h) = S + S, and let || - [[s(n)
denote the norm of the space S(h). Assume that

(a) |lunllsm) = |lunlls, for all up € Sh.
(b) S is continuously embedded in S(h) i.e., ||ullsn) < cl|lulls,, ¢ > 0.

The Galerkin approximation scheme is said to have the approximability property
if
li — =0. 1.17
oy (1.17)

The approximation properties of S, are often derived using the Bramble-Hilbert
Lemma [9], [10] or similar of arguments.

1.2.1 A priori and a posteriori error estimates

There are two basic types of error estimates, a priori and a posteriori. A priori error
estimates are error bounds that use information about the unknown solution u to es-
timate the error before we compute the approximate solution u,. A posteriori error
estimates are computable estimates that use information gathered from the problem
data and numerical solution. In sections 3.2 and 3.3 we prove L? and pointwise error
estimates that are used to implement an adaptive finite element method.

Inequalities (1.18) through (1.23) show “standard” a priori and a posteriori error
estimates, for domains in R"™. In these estimates wu is the solution to the variational
problem (1.3), u € V. H*(Q), uj, € Sy, is the solution of (1.4), while h represents
the mesh size.

Energy norm a priori estimate: (cf. (58) Chapter 4 of [54].)

e — unl gy <COR*|u|gre1(2), for some k € (0,1]. (1.18)
L?* a priori estimate: (cf. (60) Chapter 4 of [54].)

[ — up| 2y < Ch* |ulgrs1q), for some k € (0,1]. (1.19)
L*> a priori estimate:

1
|2 — up| Lo (@) < Clog (Z) hk+1|u|W§o+1(Q), for 0 < k < deg(Sh). (1.20)

Energy norm a posteriori estimate:

e = wnllF < ¢ {1 + Aunlagy + hrlllVundlEapn - (121)
TeT



L? a posteriori error estimate:

= wnllzz@) < €S LRI = unliagey + BTV w2 0m) - (1.22)
TeT

L*> a posteriori error estimate: Let h = minpc7r{hr}, then for all x € Q the
following bound holds

o= () < COU+ k) max (IS + Aawllzoiry + el Ve pwom ) (1.23)

1.2.2 Adaptive finite element method

Given a mesh and finite element space S, there are two main ways that one can
choose to reduce the finite element error. The first one is to change the mesh. This is
typically done through a refinement process. The second way is to exchange .S, for a
space with better approximation properties. For example, one can use higher degree
polynomials as the basis elements of S} while maintaining a fixed mesh.

Adaptive finite element methods (AFEMSs) use a posteriori error estimates
to direct the computational effort to the regions of the mesh where the error is big-
ger. They contrast with uniform refinement where the error is reduced by refining
the mesh uniformly. A classic adaptive finite element method repeats the scheme
SOLVE — ESTIMATE — MARK — REFINE (cf. [46]) until the a posteriori error
estimate is less than a threshold. AFEMs are more efficient than uniform refinement
when solving problems with singularities or other strong local variations of the solu-
tion. If we reduce the error through mesh refinement we call the method h-adaptive.
If instead we increase the polynomial degree we say that we have a p-adaptive method.
In practice a combination of A and p adaptivity can be implemented.

A good adaptive algorithm equi-distributes the error over the computational mesh.
It uses less degrees of freedom (computational nodes) to produce a solution with a
given accuracy than a uniform refinement algorithm. An important practical question
is how to decide between uniform and adaptive refinement. The answer depends on
the problem in question, the convergence rates and the number of floating point
operations per step required for each scheme. If the solution and domain are smooth
enough then uniform refinement is recommended. If we want high-accuracy and the
solution presents strong localized variations then adaptivity may be a good option.
One advantage of adaptive over uniform refinement, is that the first requires less
degrees of freedom to achieve a given accuracy.

1.3 Surface Finite element method

In this section we discuss the main differences between a finite element method for
domains in R™ and a Surface Finite Element Method (SFEM). We use I" to denote an

7



Mesh with DOF =738 Mesh with DOF =1536
Area of smallest triangle = 0.0019531 Area of smallest triangle = 0.0019531

Figure 1-2: Left figure shows a mesh obtained using adaptive refinement, the right
figure shows a mesh obtained using uniform refinement.

n — 1 dimensional surface embedded in R"™ and consider the elliptic model equation:

—Aru= fonl,
u=0in JI', or (1.24)
or = 0.

If o' = 0, then (1.24) does not have a unique solution. In that case to guarantee
uniqueness we require the solution to satisfy fFu do = 0. Existence is ensured by
requiring fr f do = 0. The operator Ar is known as the Laplace-Beltrami operator.
It is the manifold equivalent of the Laplace operator. One interesting property of the
Laplace-Beltrami operator is that, up to a sign, its eigenvalues and eigenfunctions
are invariant to isometric transformations of I'. This is one of the reasons why the
eigenvalues of the Laplace-Beltrami operator are used in diffusion geometry as an
isometric invariant descriptor of I' (cf. [2], [61], [52]). A more detailed explanation of
the Laplace-Beltrami operator is given in section 2.2.

In order to compute the numerical solution, we replace I' by a polyhedral approxi-
mation I'y, of it. The faces of I';, are assumed to be simplices. Another possible choice
that could be the object of future work is the use of curved meshes [49].

We consider an initial conforming shape regular mesh with nodes lying in I'; and
assume that all the refined meshes 7, have all their nodes lying in I' and are also
shape regular. Typical refinement algorithms in R™ preserve shape regularity. This
also seems to be the case over surfaces, but we are unaware of a proof (c.f. [20] Section
2.2).

We define a discrete version of (1.9) over the discrete surface I'y:

ap(up,vp) = [ Vrp,up - Vi, doy,
Iy

flon) = [ fron doy,

Ty

(1.25)

where Vr, is the tangential gradient over I'y, doj, denotes Lebesgue measure over

8



I';, and fj, is an approximation of f defined on I'y,. A precise definition of Vp, is given
in section 2.2.

Equations (1.10) and (1.11) still hold with the difference that now we need three
coordinates to describe the vertices of T. That is, A = A(za,ya,24), B= B(zp,ys, 2B)
and C = C(z¢,yc, 20); cf. Figure 1-3.

A A
z — axis
Clxc,ye, zc)

A:R?2 =T,

Az b(1,0)
™ - a(0,0) T — axis

r — axis

Figure 1-3: Affine transformation to an arbitrary element T, € 7 from the reference
element A(T,).

Equations (1.5), (1.15) and (1.16) change to

ah(uz,vh) = fh(Uh), V’Uh € Vh, (126)

(2

N
Ui {/ Vr,®; - Vr, ¢ dO’h} :/ fr¢; dop, 1 <3 <N, (1.27)
=1 Tp 'y

and
AU = Fy,,
[Ali; = Vr,®; - Vr,¢; dop,
b (1.28)
[U]; = U

), = / Jnd; do.

The term u’ in (1.26) is a lift of u to I', defined in Section 2.2.1.

1.4 Adaptive Surface Finite Element (ASFEM)
Some interesting applications where it is necessary to solve surface PDEs include
applications to Materials Science, Thin Films, Fluid Interfaces and Image Processing;

cf. [16, 33, 34, 48, 51] among others. Previous work for ASFEM includes residual
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a posteriori error estimates in the energy norm for SFEMs [20] and some variations
such as [36, 60, 42, 23, 8].

A posteriori errors for controlling the energy norm (1.13) are discussed in [24]
and [20]. Typical error estimates for surfaces have a residual component (Galerkin
error) and a geometric component. Inequalities (1.21) through (1.23) are examples
of residual estimates.

The geometric component arises because our polyhedral approximation I', # T'.
This is known as a variational crime [55]. The variational crime decreases as I';, — I
For the energy case the geometric component of the a posteriori estimate is of higher
order and the estimate is asymptotically dominated by the residual. It was proved in
[20] that for properly defined approximations fj, of f the following bound holds:

1/2
||VF(U - uh)||Lz < C <Z B (.UT 7’]1(T) ) + CH(P — Ai)MvFuiHLZ(F) (129)

TeT

Here B(wr) is a multiplicative geometric term satisfying B(wr) — 1 as the mesh size
goes to zero, 7 is a standard energy residual error indicator (Galerkin error), wy is
the patch of elements K € T touching the element 7', and ||(P — A})MVruj,|| r2m

is a geometric additive term. The residual term (3. B(wr)m(T)?) 2 is of linear
order with respect to the mesh size while the geometric term ||(P — A} )MV ruj, || 2
depends quadratically on the mesh size.

A priori error estimates, for S), consisting of piecewise linear polynomials defined
over a polyhedral I';, also suggest that the error measured in the energy norm should
decrease linearly with respect to the mesh size. This assertion is illustrated by the
following a priori bounds (cf. page 2 of [19], [24]).

90— )l caqey < Chlfull ey + OB ull s o) (1.30)

||u—uh||Lz(p) S Ch2||u||H2(p). (1.31)

In sections 3.2 and 3.3 we present efficient a posteriori L? and pointwise error
estimates for elliptic equations on surfaces. In contrast with the energy norm estimate
(1.29) the geometric and residual components are of the same order. Thus adaptivity
can be driven by the geometric error in fine meshes as illustrated in Figure 3-1. A
byproduct of our analysis is a more local version of the Bramble-Hilbert Lemma (see
Section 2.4.3). In Section 4.3 we extend our results to parabolic PDEs using the
elliptic reconstruction technique proposed in [41].

(©Fernando Camacho MMXIV. All rights reserved.
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Chapter 2

Technical Preliminaries

In this section we introduce the notation, and geometric definitions that will be used
in the subsequent chapters. We briefly state the basic definition of a Sobolev space
and extend it to define tangential Sobolev spaces. In Section 2.4 we introduce the
Scott-Zhang interpolant; and then we proceed to discuss its approximation properties.

2.1 Surface geometry and notation

We recall that I' is used to denote an (n — 1)-dimensional smooth oriented surface
embedded in R", and I'j, is a polyhedral approximation of I'. We assume that I'j, has
simplicial faces denoted by 7T'. This assumption helps in obtaining “cleaner” proofs.
In practice the faces need not to be simplices. For example, in 2-D, other popular
choices are rectangular faces or mixes of different shapes.

We assume that the number of elements in the patch wr is bounded by a fixed
constant for any 7" € 7. This is always true for shape regular meshes over R", but
does not necessarily hold for arbitrary surface meshes. However if the number of
elements in each wr is bounded in the initial mesh, standard adaptive refinement
algorithms maintain the bound for subsequent meshes ([20] section 2.2).

The signed distance function from a point x to I is denoted by d(x). The outward
unit normal vectors to I" and I'j, are denoted by 7(z) and v, (x) respectively. We let
51(T), $5(T) and $3(T") be vectors aligned with the sides of T" such that the chain
S1(T) — 5o(T) — s5(T) traverses the boundary 0T of T with positive orientation.
Then 7/(z) and 7,(x) can be computed with the following equations:

v(x)= Vd(z), (2.1)
d
N i) = S 22)
TR < &I |



The Hessian H(x) := D?d(x) of d(z) is also called the Weingarten map. Its nonzero
eigenvalues are the principal curvatures of I'. Since |7(z)] = 1, ¥7TH = 07 and
Hi = 0.

~
~

\’A.rg

Figure 2-2: Surface and polyhedral approximation

Definition. The projection of a point € R? is defined by the equation
a(x) : U =T a(z) =x—d(x)v(z) forzel, (2.3)

If T' is smooth enough there is a tubular region U containing I' where the restriction
of (2.3) to U is unique [32].

Throughout this document we assume that I' and I', are such that a : I', — T'is
a bijection. For shape regular meshes, and d(z) small enough the following bound
holds

||| ooy + b l|7 = Dyl ooy S by VT € T (2.4)

By a < b we mean a < Cb, where C' depends on global properties of I' but not other
essential quantities. Let uy () be the Jacobian of the transformation a(z)|r, : I'y — T,
so that

pupdo, = do. (2.5)

Definition. (See [30] appendix C.1.) Let @ C R™ be open and bounded, k €
{1,2,...}. We say that 9Q is C* if for each point 2° € 92 there exist 7 > 0 and a C*

12



function v : R"! — R such that upon relabelling and reorienting axes if necessary
we have

QﬂB(mO,r) ={xeB@a" r):a, >y(z1,...,20-1)}

Here B(z°,r) denotes the n-dimensional ball of radius r centered at the point z°.

2.1.1 Projection matrices

The projection matrices onto the tangent spaces of I' and I'j, are denoted by P(z) and
P, (x) respectively. The matrices can be computed using the following expressions:

P(l’) :I—17® 17, Ph(l’) :I—ljh@)ljh (26)
Here ® is used to denote the vector tensor product defined by the equation

[6@ b]@j = aibj.

2.2 Surface Derivatives.

Definition. Let {(z) be a function defined on a tubular region U of I'. The surface
or tangential gradient of £(z) is given by (see e.g. [26])

Vré(x) = VE(x) = VE(x) - v()v(x) = [Di&(x), ..., D,&(x)]. (2.7)

Here D, = 20— 1 0, 22 O

Definition. The Laplace-Beltrami operator is defined as the tangential divergence
of the tangential gradient, that is

Aré(x) = V- Vié(e) = ) DD (). (2.8)
i=1
An equivalent way of writing (2.8), suitable for numerical computation, is
Aré(x) = tr(D*u) + 7| D*u)i” — tr(H)7 - V. (2.9)
For more details see [20] and [27].

2.2.1 Lifts and extensions

See [24, 20] for more details. We extend v defined on I' to U by
v (x) = v(a(z)), z € U. (2.10)

For vy, defined on I';, we define the lift o, by v,(z) = Op(a(x)), where a(z) € I is
as in (2.3). For v, defined on I', and x € U we extend 0, to U by the equation

13



vi(x) = Op(a(z)). The relationship between Vru§(a(x)) and Vi, up(x) is given by

Vrahafe)) = (1= )] 1= %7 Ty ua(o) (2.11)

Definition. Following [20] we define the energy inner product transformation
AhZ

Anlx) = Affa(r) = ——

[P (2)][(T = dH)(2)][P4(2)][(I - dH)(2)][P(2)]. (2.12)
Equation 2.22 of [20] yields

wwwmwwfjW%wmﬂMwwmmnw (2.13)

Ty, r

2.3 Function spaces

Let © be a domain in R™.

Definition. The following definitions are standard, the reader is referred to Chapters
1 and 2 of [11] for additional details. For 1 <p < oo, let

nmmmwz([Qﬂmvmﬁwd (2.14)

and for p = oo
| fllLoe(y == ess sup{|f(z)| : z € Q}. (2.15)
Let 1 < p < oo the Lebesgue space LP((2) is defined as

LP(Q) :={f: ||f||Lp(Q) < 00} (2.16)

Definition. The Sobolev space W¥((2) is defined as
WHEQ) .= {f € LP(Q) : D*f € LP(Q), |a| < k}, (2.17)

p

here D® denotes a weak derivative, and « is a multi-index.
Definition. The Sobolev space W(() is referred as the Hilbert space H*(12).

In a similar way we can define the tangential Sobolev spaceVI/;fC (I") and tangential
Hilbert space H*(T') by substituting the weak derivatives D® in (2.17) by tangential
weak derivatives D as defined in equation (2.7) (cf. Section 4.2 of [8]).

14



2.4 Interpolants and approximation results

Interpolation is used to carry out error analysis for FEM. For example in Section 3.2
we use interpolation to find a bound for the expression

alu —uj,v) = /Vp(u —up) - Vv do.
r

Using equation (3.5) of [20] we end with an expression containing factors of the form
(v* — vp,) defined over T';y. The term v;, € S, is taken to be an interpolant of v & Sj,.
The accuracy of the error estimate will depend on the approximation properties of
the interpolant used. A powerful tool used to prove approximation properties of such
interpolants is the Bramble-Hilbert Lemma. We cite [11] Lemma (4.3.8).

Lemma 2.4.1 (Bramble-Hilbert) Let B be a ball in Q such that §2 is star-shaped
with respect to B and such that its radius p > %pmax. Let Q™u be the Taylor poly-
nomial of degree m of u averaged over B where u € W)**'(Q) and p > 1. Then

u— Q" ulwr) < Crnnh™ *lulwm@), k=0,1,...m, (2.18)
where h = diam($2).

Common interpolation schemes for smooth functions are Hermitian and Lagrangian.
The results obtained in Section 3.2 can be proved using Lagrange interpolation ([11]
Definition (3.3.1)). However the proof of the pointwise a posteriori estimate uses
Green’s functions. Lagrange interpolation requires us to be able to sample point val-
ues to approximate the function. Since Greens functions have local singularities we
can not use Lagrange interpolation to prove our pointwise estimates. Thus we pick
an interpolant suitable for non-smooth functions. Some examples of such interpolants
are Clément and Scott-Zhang. We chose a Scott-Zhang type interpolant because, in
contrast to Clément schemes, it is a projection.

In [20] the authors defined and proved approximation properties for a Lagrange
interpolant on I'j,, but their operator only yields the first-order approximation prop-
erties needed for energy estimates. Such estimates are simpler because u € W, (T')
implies u* € W}(T',). We must instead consider broken spaces, since u € W2(T)
implies only u’ € W2(T') for T € T. Typical proofs of higher-order approximation
properties for Scott-Zhang type interpolants employ a Bramble-Hilbert lemma which
in our context would require u‘ € Wg(wT) for patches wp, so the standard proof
does not apply. The main technical ideas in this section are essentially contained in
Theorem 3.1 of [58], though they are applied there in a somewhat different context.
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2.4.1 Interpolant (Scott-Zhang)

Let 7 and T be as defined previously, let eT, be a face of the simplex T, and let
N := {Finite element nodes}. For all nodes z € N define:

T, if z is an interior node of T',
eT’,, if z is an interior point of €T,

F, = . o . . (2.19)
€T, for an arbitrary €T, > z, if z is contained in more than

one face.

Let {¢.}.exr be the nodal basis for Sy, i.e., ¢.(2;) = d;; and deg(¢.) = n. Let

{1.}.en be the basis dual to {¢,}.en, ie. fF Vuips; = 05, where z;, z; are nodes

associated with the simplex F, and 1, : P4~! — R is a polynomial of degree n.
Following [53], we define the interpolant I,v® of v* as

Lot = ¢, | ¥(Ov'(Q) dC. (2.20)
zeN Fe
I}, is a projection, that is, Is = s Vs € S.
Lemma 2.4.2 For any node z € N
2l o) S by 0D, (2.21)

Proof To prove (2.21) let A : F, — F, be an affine transformation as described in
[53] equation (3.1):

From [53] equation (3.3) it follows that

1/q
15l i, = (/ det(B) (A qu@) |

After changing variables we get

R 1 1/q
sl = ([ WettBrs @l o) = (B ol

The result then follows since det(B) < h?pim(Fz) [53] equation (3.2).
Lemma 2.4.3 Let dim{7T'} =d, 0 < hy < 1. Since |p,| <1, it follows that

—k+d
lo:llwery S byt (2.22)

Proof To verify (2.22) we consider the change of variable x = hz and define ¢, (%) :=
©.(hz) then,

k
||@z||w,§v(:ﬁ) - Z ||Dt AZHLP(T)‘
t=
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Each term || D', || 1»(7) = htT_d/pHDtgozHLp(T) (c.f [45] section 1.2). Because || ||yx )
is bounded and 0 < h < 1, it follows that h*=4/P < pt=4/P for all t = 0,1, ..., k, thus

k—d N
hT /pH(szWZ?(T) < ||SOZ||WII,“(T)’

—k+d
lllwery < hgt

concluding the verification of inequality (2.22).

Remark From this point on we let [, denote the Scott-Zhang interpolant defined
on (2.20). We consider finite element spaces S), of arbitrary degree n over meshes 7T
of arbitrary space dimension, since the proof is no more difficult and more general
results are of interest when considering SFEM in higher space dimensions; cf. [19].

2.4.2 Trace inequality

For any element 7" € T and & € Wpl(T), 1 < p < oo, a standard scaled trace
inequality (cf. [11] Theorem 1.6.6) yields

—1 1—1
19 o@ory S b PN oy + b PV | Loy (2.23)

2.4.3 Approximation properties

If pand ¢ satisfy 1 <p<oocand /> 1ifp=1, and ¢ > 1—1) otherwise, then equation
4.3 of [53] and Lemma 1.130 of [29] give approximation properties for the Scott-Zhang
interpolator of the form

6@ = @llwyr(ry) S by " [@lwgor)-

For our purpose we consider functions ® that lie in W;(K ) for all K € wr but that
may not be in W(wr). Assuming ® € W/(wr) in order to guarantee continuity of
traces, our goal is to prove that

11h® — llwpiry S BT Z |Plwer)-

Kewr

Lemma 2.4.4 and Theorem 2.4.5 below were inspired by [58].

Lemma 2.4.4 Let z € N and let F, be a simplex of dimension d — 1 defined as in
(2.19) and let T € T be a simplex of dimension d such that z € T N F,. Define wr
to be the set of all simplices in T that touch T'. Forp > 1 let ® € Wlf(T) for some

1<0<n+1andforallT € T. Let pp € S, be the { — 1-st degree average Taylor
polynomial of ® over the simplex T, as defined in Lemma 4.3.8 of [11]. Pick q such

that — + — = 1 and assume that T is a shape regular conforming mesh. Then for
p g
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€ W (wy)

V(P — pr) ds

F

—(d—1)(1—1 -1
< hT( )A-1/g)+(¢—1/p) Z ‘(I)‘W;;’(T)' (2.24)

TGwT

Proof Observe that if T' = F, the result follows directly from the Bramble-Hilbert
Lemma (2.18). If T'N F, is a face of T then the claim follows from the Trace In-
equality (2.23) and Bramble-Hilbert Lemma. Hence assume that 7'N F, is a simplex
of dimension at most d — 2, and let {T]}]J‘/i1 be a chain of d-dimensional simplices
inside of wy such that 741 N1 = F; are (d — 1)-dimensional simplices, z € Fj for
1<j< M, Ty =T and F, is a face of Ty; but F, # Fy;_1. M is uniformly bounded
over T, by our assumptions. (2.20) yields

¢Z(® — pT) ds = [h(q) — pT)(Z).
F
Let ; be the dual to ., on F} as in (2.20) so that fFj Yip, =1 and fFj Yivp =
vp(2), vn € Sp. Note that in general 1, # v; since F, # F;. Then (pr,,, — pr,)(2) =
J. F Y1, (p1;,, —P1;) do, so that using a telescoping sum along with Holders and triangle
inequalities we obtain

M-1
wZ((I) - pT) ds = ¢Z((I) - pTM) ds + Z / waj (ij+1 - ij) ds
Fz j=1 7 Fj

F.
<[l Lo l|® = pryy | 1o (2.25)
M-1
+ 3 W5llaeey (12 = pry ey + 1© = pry o) -
j=1

It then follows from (1.1) and (2.21) that

(¢ —pr) ds

Sh;(d_l)(l_l/q) [H(I) — Pty ||LP(FZ)
F,

1 (2.26)

+ 37 (19 = prypa vy + 19 = pr laocry) |
j=1

S

Then by the Trace Inequality (2.23), shape regularity, and the Bramble-Hilbert
Lemma (2.18) (c.f. [11] 4.3.8.) we obtain

M-1

—(d-1)(1-1 /-1
S hT( )(1-1/9)+(¢—1/p) [|®|W£(TM) —+ (|(I)|W£(Tj+1) + |¢|W£(TJ)> ]
j=1

wz(q> - pT) dS

F.

< h;(d—l)(l—l/q)Jr(é—l/p) Z

TEWT

|®|W£(T)>
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thus finishing the proof.

Theorem 2.4.5 Let n denote the degree of the finite element space Sy, and let 1 <
(<n+1,1<p<oo,and0<k</{ Forde Wl(wT) satisfying ® € WZ( [') for all

T € wr,
110® = ®llwrery S BTH Y @z y- (2.27)

TGMT

Proof Let pr be as in Lemma 2.4.4. Then the triangle inequality and (2.22) yield
[x® — @llwrry) < 1 = prllwsr) + (P — pr) llweo)-

Applying the Bramble-Hilbert Lemma to the first term in the right hand side and
using (2.20), we obtain

1n® = ®llwcry S 15 1@ lwgry +

zeT

), (® —pr) ds

F

le=llwg )

Let Ny denote the set of interior nodes of T and let N be the set of boundary
nodes of T'. Then

110® = ®llwrery S B [ @lweery + Y '/ V:(® —pr) ds| [lezllwer)
2N (2.28)
+ ) | V(@ =) s llesllwpcn
zEaNT

Let ¢ be such that %+% = 1 and let d be the dimension of T'. Observe that F, =T for

=z € Ny and the number of nodes z € T is bounded by a fixed constant C (n) depending
on n. We use Holders inequality, (2.21), (2.22), the Bramble-Hilbert Lemma and
—d(1—-1/q) — k+d/p = —k to obtain

2

ZE./\D/T

. (® —pr) ds

P HQOZHW,’?(T) S H¢Z||L‘I(T) |® — pTHLP(T)H‘PzHWII;(T)

2.29)
—d(1-1/q)—k+d (

< hy (1-1/q9)—k+ /pH(I) _pTHLP(T)

S hgr_k\q)\wg(:r)

Lemma (2.4.4) and the fact that the number of nodes of any 7' € T is bounded by
C(n) imply that

2

ZG@NT

d— Z
lo:llweery S @YD D ey [lpsllwn .

Tewr

V(P —pr) ds

F

(2.22) applied to [[¢:|lwrer), —(d=1)(1 =1/q) + (¢ —1/p) =k +d/p = £ —k, and
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shape regularity yield

>

ZE@NT

V(P — pr) ds

F

lollwer) S hy* Z |Plywer).- (2.30)

Tewr

We substitute (2.29) and (2.30) into (2.28) to obtain (2.27), finishing the proof.

The following are scaled versions of standard Sobolev embedding theorems; cf. [1]
Theorem 4.12. We only consider ranges of indices used in our proofs below.

Lemma 2.4.6 Assume that 1 < p; < %, 1<p < ﬁ and eitherm =2 and s =1
Wi g A s < p; for j ={1,2}. Then

orm=1 and

d+p; d—1’
1@ o ory S D 1 PPy for @ € WIT), (2.31a)
j=0
1@ ooy S h 2@ oy, for @ € WH(T). (2.31b)

Il
o

J

In the following sections we apply our approximation results in the following form.

Corollary 2.4.7 Assume that either py = ps = s =2 and m =1 or m = 2, or that
P1, P2, S, and m are related as in Lemma 2.4.6 above. Then for T € T,

16 ® = @[ o ory S h = H VPN @y, (2.32a)
T; Ewr
12:® — @[ poa iy S B~ N |- (2.32b)
T; Ewr

In addition, for 1 <p < oo

1@y S Y (1@leery + bl VO o)) - (2.33)

TiEwT

Proof We easily verify (2.32) by combining Theorem 2.4.5 and (2.31). (2.33) follows
from the triangle inequality and Theorem 2.4.5.
2.4.4 A generalized Bramble-Hilbert Lemma

In [53] a Bramble-Hilbert Lemma is applied over element patches in order to prove
approximation properties for the Scott-Zhang interpolant. Employing the same no-
tation as above, let 0 < j <n, 0< /¢ <n+1, and u € Wlf(wT) with 1 < p < oo.
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Then

. . l—q
Jof Ju = vl < v = Prlg e S b Tulwgen- (2.34)
Lemma 2.4.4 and Theorem 2.4.5 may be rewritten as a Bramble-Hilbert lemma for
broken Sobolev spaces. Let 0 < j < n, k =max{j,1}, 1 </l <n+1,u€ Wpl(wT),
and u € WE(T") for each T" C wy. Then

1/p 1/p
i —l? . < ; k=j1y o |P
Ulensfh ( Z |U ,U|Wg(T')) ~ < Z Pq«l/%f]%’n hT |u pr |W;§(T’)) y
T’CLUT
1/p
i
<hk ( S |u|€V£(T,)> .

T'Cwr

The two differences between (2.34) and (2.35) are that the former uses standard
and the latter broken Sobolev spaces, and that (2.35) requires k,¢ > 1. Theorem
3.2 of [58] establishes that continuous and discontinuous finite element spaces yield
equivalent approximation in the H' seminorm not only asymptotically but on any
mesh satisfying reasonable assumptions; this is essentially the first inequality in (2.35)
with p =2 and j = k = 1. We thus again emphasize that we apply techniques in [58]
in a different context but with only modest generalization of the basic ideas.

(©Fernando Camacho MMXIV. All rights reserved.
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Chapter 3

A posteriori error estimates for elliptic equations

This chapter contains results that we proved in [12]. We present new efficient L? and
pointwise a posteriori error estimates for the Laplace-Beltrami equation (2.8). Some
interesting applications that make use of this type of estimates include solutions for
the Allen-Cahn equation [6], [26] among others.

3.1 Model problem
We consider the model elliptic surface PDE
—Aru= fonT. (3.1)

Throughout we consider (3.1) while assuming [u do = [, f do = 0 in order to
ensure existence and uniqueness of solutions. Here I' is a C?3 closed (i.e. 9" = (),
two-dimensional surface I" embedded in R?; extension to higher-dimensional surfaces
of codimension one is mostly immediate.

3.1.1 Finite element approximation

A canonical surface finite element method (SFEM) was defined in [24]. This is the
method we consider throughout, though extension to higher order FEM and surface

approximations could also be considered [19, 42]. The weak form of (3.1) is: find
u € H'(I') such that [,u do =0 and

/Vpuvpv do = / fvdo ¥ ve HY). (3.2)
r r

Denote by fi,(x) an approximation of f over I', satisfying th fn = 0, for example,
fu(x) = pnfla(z)),x € Iy, Let S), denote the finite element space of piecewise
polynomials defined over the faces of I';,. Our finite element method produces u, € .Sj,
that solves the problem

Vphuthhvh doy, = fhvh dop Y vy, € S). (33)
Fh 1—‘h,

3.1.2 Comparison of Sobolev norms on discrete and continuous surfaces

Our main results are proved by duality arguments involving dual functions lying in WI?
Sobolev spaces. [24] contains a brief comparison of W? Sobolev norms of functions on
I' and their extensions to I';,. We give a more precise statement about the geometric
dependencies of these relationships.
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Lemma 3.1.1 Let T € T and v € W2(a(T)) for some 1 < p < co. Then

1 1/p

[

‘U£|W§(T) < ‘ (HPh[I - dH]H%oo(a(T))ng(a(T))

Le=(T)
(PR oo e 17 = (7 7)< agry)
+ max [|dP,H,, ||Loo<a<T>>} Iv\w;<a<T>>> :

Before beginning the proof, we mention a couple of notational conventions. First, for

vectors a, b, ¢, d we have (a ® b)(c®d) = (b-¢)a ® d. Second, we regard Vov(a(z)) as

a column vector.

Proof By equation (2.10) and the change of variable formula (2.5) we have

vz = { 3 [ 1050 @)y}

o= 0 (3.5)
~{ [ ot otaypar}”
=g (T

(2.7), (2.3), the chain rule and the fact that the projection matrix P is constant in
each triangle yield

Dj(v'(2)) = Vr,{Py[P — dH|Vv(a(x))}
= PuVr, {[P — dH]Vu(a(z))}
= P, V{[I — dH]Vrv(a(z))}Py.

Next we expand the right hand side of the previous equation:

D2(v!(x)) :Ph{Vva(a(x))[P — dH] — HVo(a(z)) @ 7 o)
— d[H,, Vro(a(@))], — dHVViu(a(z))[P — dH] }Ph. ’

Here H,, denotes the derivative of H with respect to z;, and [H,, Vrv(a(z))]3, is a
matrix whose i-th column is given by H,,Vrv(a(z)). Regrouping terms then yields

Viv(a(z))[I — dH] — dHVv(a(z))[I — dH] = [I — dH|Viv(a(x))[I — dH].
Hence we write
D2(v'(z)) :Ph{[I — dH]V2v(a(2))[I — dH] — HVv(a(z)) @ 7
~ d[H,, Vro(a(e))] | P
Using (3.5), (3.7) and Hélder’s inequality we obtain (3.4).
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For p = 2 Lemma 3.1.1 has the same form as Lemma 3 in [24], which states that
|U€‘H2(T) < C{hﬂv\m(am) + |U\Hz(a(T))}. The difference is that Lemma 3.1.1 includes

explicit geometric information about the constant. We quickly verify that using
equation (3.4) we get Lemma 3 of [24]. Because I' € C?, ||P,[I — dH]|| 1oy S 1
n (3.4). From (2.4) and T € C? it follows that the term multiplying [v|wi(a(ry) is of
order hp, reducing to the statement of [24] Lemma 3.

3.2 L? a posteriori estimate

In this section we derive an L? a posteriori error estimate. We first state a standard
regularity result.

Lemma 3.2.1 Regularity (c.f. [19] Lemma 2.1). Let f € L*(T) satisfy / fdo=0,
r
and assume that T is a C? surface. Then the problem L(u,v) = (f,v) Vv € HY(T)

has a unique weak solution satisfying | w do =0 and
r

|l 20y < O fll 22y (3.8)

We next define the error e = u— ufl From this point on v, will be used to

denote the interpolant of v*, i.e. v, = I v’. Our main result is stated in the following
theorem.

Theorem 3.2.2 Let u(z) be the solution to (3.1), assume that T is a C* surface, and
define

1/p
H e =[5
Hh Loo(K 273
0p(K) 1= Cy(K) ([IPa[L = a3 )

+ HPhH||L°°(a(K)) |7 — (7 - Uh) Unl| oo (a(1)

Lo (wk)

+ nax |dP,H,,

L°°(a(K))>7
0,(w)? = Z O,(K')P, 1<p<o00, Oulwg)= max O(K')

K'Cwg
K'Cwg

Ya(K) = Co(K)(1+ he||P = dH| p=x0),  m2lwi)® = ) 72(K)

K'Cwg
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Then the following bound holds:

= wtllzaey S| D (Galor){Bllans” + v, unliZacey
TeT

+ W [[[Vr, un] II%z@T)} + I[P = A Vrup]ll72 aery) (3.10)

1/2
+ llug, — sty |12 oy + 2(wr)? | f© — th%?(T)] :

The constant hidden in “<” depends on the regularity constant in (3.8) but not other
essential quantities.

We use the following lemma to prove Theorem 3.2.2.

Lemma 3.2.3 Let u and uj be the continuous and discrete solutions of (3.1) respec-
tively. Let v solve —/A\rv = u — ppul, in T, fFv do = 0. Then the following bound
holds:

lu— vy oy ST+ I+ 1T+ IV + || ppuy, — |72, (3.11)

where

I :/ (pnf® + AFhUh)('UZ —y) dop, I =— /[(P — Afl)Vpqu] -Vrou do,
T, r

1
== S| Ve =) ds, IV = / (nf’ = fr)on doy,.
Ty

TeT /OT

Proof Since [pu=0and [, uy =0, it follows that [.(u — ppuy) do = 0. Now we
compute the L? norm of the error by

lu = will ey = (u = th, w — g, + py, — w)

(3.12)
= (u = uh, =Arv) + (u =, ey, — up) = A+ (u =, i, —up),
where A = (u — u}, —Arv). By integration by parts we get since OI' = ():
A= (u—ul,—Av) = /Vp(u —up)Vro do. (3.13)
r
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The residual identity given in equation (3.5) of [20] gives us
A= / Vr(u — uy)Vrv do :/ (nf" + Ar,un) (" — ) doy,
r T
/ (P — A})Vruy] - Vv do

9 Z [[Vl“huh]] vt — ) ds (3.14)

TeT
+/ (nft — fu)vn doy,
Fh
=l +I1I+1IT+1V.

Combining equations (3.12) and (3.14) we easily get for any € > 0

lu — qu||2L2(F) ST+ IT+IIT+ 1V + |lu — up || g2yl e, — wh| 2

; ) (3.15)
SIH+IT+I1IT+1V + 5”’& - quH%Q(F) + 2—€||uhufl - ule%z(p)
Taking ¢ = % and rescaling concludes the proof of the Lemma.
3.2.1 A posteriori upper bound (Proof of Theorem 3.2.2)
We now prove bounds for elements I through IV of (3.14).
Bound for I. Holder’s inequality yields
I'= | |(unf+ Lryun) (v — )| do,
T (3.16)
< Mt + Arunllzza 10" = onllz2erny
TeT
Recall that we defined v, = I,v°. Then by (2.32b) with p = s = m = 2 we get
||Ué —vpllr2r) < hi Z |UZ|H2(K)- (3.17)
Kewr

Next we apply Lemma 3.1.1, (3.9), and observe that | - || z2¢r) bounds the H' and
H? semi-norms to get Y e, [0y S O2(wr)||v]lB2(a@r))- Finite overlap of the
patches wy then yields

1/2
s (Z Wl f + Arhuuﬁzmez(wf) lollery- (3.18)

TeT

27



Bound for II. The Cauchy-Schwarz inequality and |[v|| g1y < ||v]| g2y yields

IT = /[(P — A})Vruy) - Vi do
r

< I[P = AL Vw2 Vev ] )

1/2
= {Z 1[(P — Afl)vrufl]||%2(a(T))} ||U||H2(F)-

TeT

(3.19)

Bound for ITI. Using Holder’s inequality, (2.32a) with p = s = m = 2, and comput-
ing as in (3.19) yields

I1=>" | [Vrus] (0" —vy) ds

TeT /T
< Z IV e, unlll 2 om0 = vallr2or)

Ter

S Y MVeunlllzzen by Y W m

TeT Kewr

1/2
S (Z H[[VrhUh]]||2L2(aT>h%92(wT)2> [0l 22y

TeT

(3.20)

Bound for IV. It follows from Holder’s inequality and (2.33) that

IV = [ |(uaf’ — fo)on| doy,

Ty

<>t = fu)llzzen llonll ey (3.21)

TeT

S st = fallrzay D (0Nl + hellVev || ai)-

TeT Kewr

Then we use (2.3), (2.5), (2.33) and Holder’s inequality to deduce that

(nf* = fa)oul don D7 Mt = fallzay D ColK) (10l 2a)

|
Fh TGT KGNT
+ h||(T - dH>VUHL2(a(K)))]
S vewn)llunf = fll2a 0l a2 (3.22)

TeT

1/2
S (Z yelwr)?unf* — fh||2L2(T)> [0l 2y

TeT
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Bound for (3.14). Let

=Y Wl f’ + O unllFe i fa(wr)” + (P = AL Veug] 72y
TeT

(3.23)
+ > Ve unlli2@n B2 (wr)® + > valwr)llunf’ = full .
TeT TeT
Using (3.18), (3.19), (3.20) and (3.22), and the regularity result (3.8) yields
I+ 11+ 11+ 1V < nllu — g || 2. (3.24)

We combine (3.24), (3.14), (3.11) and then use Cauchy and the triangle inequality
to get

o — g 1320y S llw — g || 2y + llug, — pnul|72
1
< —6772 + ellu — pnug 132y + luh, — pnug 72
1
< EUQ + 2¢llu — Uﬁ”%mﬂ) + 2¢lup, — MhuiH%?(r) + [uy, — Mhusz%%r)-

Rearranging terms and taking e sufficiently small write finalizes the proof of Theorem
3.2.2. O

We define the error indicator 7(7") in each triangle 7' € T as follows:

ﬁ(T) Z:{h%HUhfz + AF,LUhHL?(T) + h;ﬂ” [[Vphuh]] ||L2(8T) }QQ(WT)
+ (I[P = AL Vruf] [l 2y + 1w, = wntih | 2oy (3.25)
+ ya(wr)lpnf* = full L2

. R 1/2
Thus we write [[u — uj |2y S (X per 7*(T)) 2

3.2.2 Efficiency

Next we verify that the residual part of the estimator (3.25) is bounded above by
the true error plus data oscillation and geometric terms. We use standard techniques
developed in [59].

We start by defining and describing geometric constants that arise when we move
from I'y, to T

Lemma 3.2.4 Assume that T € T and 7 is an edge of T. Let P be the piecewise
constants on T. For x € Ty, let & = a(x), vy(a(z)) = vp(z), and T = a(T). Let ¢r,
¢~ be the squares of the interior bubble function associated with T' and the edge bubble
function associated with v respectively and define

(3.26)

Q::[I—dH]‘lll—ﬁf@)ﬁ].

l/h'lj
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Then for v, € P and 1 < p < o0

|80 Grin)lle) < (B2 16l =cr) + b 1D i) 0l (3:27)
18063l zary < (b7 1G N eey + b T PIDG 1wy ) ooy (3:27)

Proof Let w := ¢pv. (2.8) yields Arw = V - Vrw — J[DVrw]vT. We apply [20]
equation 2.19 to this equation. Let e; denote the column unit vector with entry-:
equal to one and zero everywhere else, let [(+);], 1 <i < 3 denote a matrix where the
i-th column is given by (-);, and calculate

Arw =V - (gvrh ) - _‘[ (gVF}Lw)] 7

= > (G0, (Vr,w)) — 7 (G0 (Vr,w)li_, 7"

=1
3

+> (6] 02, (G) Vr,w) = 7[0,, (G) Vi, ulp_, 7"
=1

Taking the L” norm of both sides and using the triangle and Holder’s inequalities
yields

3
A0l oy <Y (el Glle@) 10w Ve, wlloery + €] 0, Gll ey | Ve wll o)
i=1

+ 7G| Ly |1 D(Vr, w) 7 || Loy + (1 DG | o< | Ve, w]| oy
thus
[Arwl oy S NG ey @rvlweery + 1DG| Loy rvlwacr)

Because v is constant in each 7' we can use an inverse estimate to deduce (3.27a).
The same argument, after observing that we apply a scaling argument to go from T’
to v, yields (3.27b).

We are ready to prove the following efficiency result.

Lemma 3.2.5 Let f be an elementwise constant approzimation to f. Let1 < ¢ < oo,
f € L,/T). Forxz €Ty let & =a(x), vp(a(z)) = vu(x), choose upf* = fu, and let G
be defined by equation (3.26). Then

Wl f’ + Ar,unllzaery + by Ve, un] | oor)
Sllellza@r) (1G] 2o @) + Azl DGl Lo (wr)) (3.28)
+ b |G| oo o) | (P — ALVl | La@e) + Ballnf” = fllpogr)-

We observe that (3.28) does not contain all the geometric terms of (3.25). The
omission of this terms simplifies the analysis and does not affect the understanding of
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the efficiency result. It is discussed in [8] that while the efficiency estimates, for the
residual component of the error estimator, play an important role in understanding
convergence and optimality for ASFEM, the efficiency of the geometric components
does not.

Proof We introduce a more compact notation for the residuals:
ro= punft + Ar, Up, R := —[Vrp,un]. (3.29)

and define
gl = h;2||g||Loo(T) + h;lanHLoo(T). (330)

Let 7 and R denote piecewise constant approximations of r and R respectively. We
choose p such that  +1 = 1, use the residual equation (3.14) and let v = ¢77, v), = 0.
Since ¢ and Vp, ¢ vanish on 97" we obtain

[ VreV(pri) do = / drri doy, — / (P — A)Vrul, Vi (or7) do.
T T T

Thus after adding and subtracting the appropriate terms and rearranging we get

/ b doy, = /(Vpe + (P — Afl)vruﬁ)vr(éw%) do + / ¢rr(r —r) dop. (3.31)
o T

T
Integration by parts together with Lemma 3.2.4 and (3.30) gives
/ VreVr(érr) do = / —eAr(¢pri) do
T T

§||6||Lq(’f)||AF¢~T"%||LP(T) (3.32)
<llellaezy (B7°11G N ooy + hp | DG oo y) 17| oy

=01 ||€HLq(T) 17 o (-

In a similar way we apply Holder’s inequality, use [20] equation 2.19 together with
the definition of G, [3] Lemma 2.1 and Theorem 2.2 to obtain

[ (P — AVl Vi (orr) do

T
_ 3.33
<Gl ey | (P = AVt iy | Ve (Br7) [ poiry 339
S b 1G] oo ()| (P = AL) Vet | ooy 17l Loy -

We combine (3.31), (3.32) and (3.33) to get

/TCbTT’2 don <||7ll oy {Gullell Lagry + Bz 1G] ooy | (P — AL) Vrug]| Ly

+ ||’l7 — THL‘Z(T)}-

(3.34)
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It follows from [3] Lemma 2.1 that ||f||2L2(T) < [ ¢r7* doy. Let d be the dimen-

~

sion of the simplex 7. The equivalence of norms in a finite dimensional space and

a scaling argument gives the bound h;d/ prdf 2||7’||LP(T) S I7llz2¢ry. Thus we have

hg DN oy [Pl Lagry S 17)2e¢py. Observe that d — d(1/p + 1/q) = 0 and
finally apply the triangle inequality to ||7||La(r) to obtain

Irllzocry < Gullell oy + bt I1G] Lo | (P — ARVt | oy + I = rllzocr). (3.35)

Let v be an edge of T, v := gbi,é, vp = 0, and ppft = fr. Let w, == {T €
T|T N~y # 0} and observe that ¢. vanishes outside of w,. Then it follows from (3.14)
that

/32 ds < /gb R? ds _/ (Vre + (P — AZ)Vpuh)Vp(qﬁZ da—/ o, rR doy,

7 /%

Following the steps used to derive (3.35) we use Holder’s inequality, Lemma 3.2.4 of
[3], Lemma 2.1, (3.30), (3.35), the triangle inequality, and inverse estimates to deduce
that

W IRy SGllellas, + Bt 1G]] oo | (P = AL Viugll s,

+ ||’l7 — THL‘I(w.Y + ||R — RHLq

The result follows after multiplying this inequality by h2, equation (3.35) by h3.,
substituting G, for the right hand side of (3.30), and choosing R = R and r = f.

3.3 Pointwise Estimator

Now we proceed to find a pointwise a posteriori estimator for the problem (3.1).
Following [28], [44] and [21] we start the proof by writing the weak form of the
problem using the Green’s function as the auxiliary function.

3.3.1 Regularity properties of the Green’s functions
We cite [19] Lemma 2.2.

Lemma 3.3.1 There exists a function G(x,y) (unique up to a constant) such that
for all functions u(z) € C*(T),

1

u(x) — = [ u(x) do= [ G(z,y)(=Lru(y)) do
Il Jr /F (3.36)
:/FVp7yG(x,y)Vp7yu(y) do.

Let a(z,y) be the surface distance between x,y € I', and let d denote the dimension of
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I. Further assume that o(x,y) < 1. Then (c.f. [19] Lemma 2.2, [5] Theorem 4.17)

1 d=

6w < { ™ (@) o (3:37)
a(z,y)>td > 2.

Let |y + B| > 0 where 7, 8 are multiindices. Then

DL, Dp .G, y)| S al,y)* . (3.38)

Lemma 3.3.2 Let d > 2 denote the dimension of the surface I'. Then

d
G(z,y) € W)(T'), wherep < FERL

Proof By (3.38) we have |G|W1(F [ IVGPdo < [i oz, y)' 4P do. VG is
bounded uniformly away from the singularity at ¥y = z, so we analyze what hap-
pens in a y-neighborhood U of x. There is a local isomorphism y that maps U to a
disk D contained in a plane of dimension d embedded in R*!. We let 1 denote the
Jacobian of the transformation x : U — D. Then

|G|1;VI}(U) S (o) /D [r3=2?) dop,

where r := |x(z) — x(y)|, y € U. By a linear scaling we can choose y such that
rp = ry, where rp and ry represent the radii of D and U respectively. Then we use
polar coordinates to get:

D
Gl S lell=o) /Sd /0 P Dpd=t gy g5, (3.39)

The last integral is finite whenever p(1 —d)+d—1 > —1i.e. p < 4. This completes
the proof.

Corollary 3.3.3 Let p satisfy p < d 7. Then there is a constant, C(p,d), depending

on p and d such that |Glwiw) S C(p,d) and C(p,d) — oo™ asp — (%) .

Proof From (3.39) we get

1 1—d+d/p
|G|W1(U [d p(d 1)]1/pTD s (340)
1/p
where rp > 0 is a fixed constant and clearly C(p,d) = <m> — oot as

p—(3%5) -
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Lemma 3.3.4 Let xq be the singularity of the Green’s function and let U be a neigh-
borhood of xy such that there is a constant ¢y for which the disk of radius ¢, centered
at zg is contained in the interior of U (i.e B, (xo) C U). Then

1
|Glwerwoy S1+1n <c_1) (3.41)

Proof Let ¢y denote the diameter of I'. By equation (3.38),

() 1
|G‘W12(F\U) 5 / 7”_1 dr 5 1 + In <—) .

c1 C1

3.3.2 Estimator

We are ready now to state and prove the main result. Define:
¢ 1 ‘
e:=u(x) —uy(x) + T / uy,(x) do. (3.42)
r

Theorem 3.3.5 Let u(x) be the solution to the Laplace-Beltrami equation (3.1), let

h = {ITni%{hT}’ d>2, q > g, G >d, g3 >d—1, and g4 > g. Let (T) be as in
S

(3.9) and define O (T) := 000 (T) + ||u%||Loo(T) |I—dH|| Lo () and similarly for O (wr).
Then for x € T', there holds

e(2)] S max{ oo (cor) (1 + | ) (A"l f* + L o
by [l ar) |+ (P = ADVruf ey (549)
+ C'q4||,uhf€ - fh||Lq4(Fh)'

The constant in “<” depends on shape reqularity properties of T and on properties of
I via the Green’s qunction G, and blows up as g — d*, g3 — (d—1)" or q1,q4 — %Jr
respectively, and C,, depends on qu, H/%hHLoo(p), and |P — dH|| oo (ry.
Remark In (3.43) we use Sobolev embeddings in order to define elementwise resid-
uals measured in L, norms for ¢ < oo. This has two advantages. It allows us to
admit data f not in L™, and to measure the geometric term ||(P — A})Vruj,| e
in a weaker norm in the event u ¢ WL (T'). Our methodology yields no advantage
in the jump residual terms for constant-coefficient operators, but does in the case
of nonconstant diffusion coefficients. In our numerical experiments we simply take
q; = oo for all 7.

Inequality (3.43) is similar to the results for flat domains {2 € R™ obtained in [28],
[44] and [21].
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Proof We make use of equations (3.36) and (3.29) to rewrite (3.42) as

= /FVryG(%y)VF (U - uﬁ) do. (3.44)

Let GY(x,y) = G(x,a(y)) for y € T’y and let G}, = I,G*. The residual equation (3.14)
yields

z) = /F vpyavp(u( ) — ul(y )) do

= /F r(GY — Gy) doy, — /F (P — A})Vruy] - ViG do (3.45)
——7;-/811 Gh dS—F/h(thZ—fh)Gh doy,.

For 7 = {1, 2 3,4} let p],q],s],t > 1 be such that py,ps < dd2, Py < dil,
ps < %, — —i— — =1, and i + + = 1. We first recall (3.29) and apply Holder’s
inequality to (3. 45) Then we apply (2.32) while choosing m = 1 or m = 2 according
to the criteria explained below. For m = b=, <

2.4.6. For m = 2 we pick s; = 1. This yields

d;fl, satisfying Lemma

@) S 3 {Irlln @ IG° = Gullomery

TeT
+ [|(P — A Vrup|| oz (o) | VEG o2 a(ry)
+ || Rl zos o) || G* = G| ws o

Hmﬂ—nmwwmmw$

le(z)] < Z{||r||LQI(T>h;1—d/81+d/pl 3

TeT T; Ewr
+ (P — AL Vrug || oz ey Ve Gl 1o (acr)

m d/s d—
+ || Rl pas oy gt~/ ”/”3 > G gy

T; Ewr

Hwﬂ—nmwmmmwﬁ

i)

(3.46)

Let Ty = {T € Tp: * CT}. Let also wh, = {T" € T : T' Nwr # (}. Subsequently
we split the terms involving |G*|wm(r,), T; € wr in two sets covering T'. If T € wr,
J

we choose m =1 and m = 2if T € T\ w{a). In the first case we pick s; = dcf;)l SO

m—£+pi1:0, and in the latter case we pick s; zlsom—gjLi:Q—djLi and

observe that ETGT\M,TO (ZT o |G€‘W12(Ti)> < |G* lw2(r,\wr,)- Then it follows from
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(3.40) with rp = hy and p; < (3.41) with ¢; = hp and the same choice of p; that

i
plrd+d
Z ’|T|Lq1 +d/p1 Z ‘GZ 1(Ti)
TEwT T; €wr (3 47)
1 2-d ’
S e |11~ dBEmcry o { e i}
and 2 dra)
—d-+ ¢
> o ahr ST 1G e
TeT\r, freer (3.48)
< Oucleor)  max, {lrllom by ™ | (14 [Inal).
To
The terms ||I — dH|| (1) and 0o (wr) come from the chain rule and Lemma 3.1.1.
Then by a similar argument with s3 = 1 when m = 2 and s3 = d?; =1 we
get
Z ||RHL¢13 {)T 1 d+(d—1)/p3
T fieer (3.49)
H ||I — dHHLoo(T) max {HRHL‘I ar) hl (d— 1)/113} :
Hh Leo(T TEwTO
—d4-(d—
> I Rls@nh TN G
TET\NTO ) T; Ewr (350)
S buclwr) _max {IRlumhy V" L (14 [nl).
TET\UJTO
Pick s, = dc_lf;. Then an inverse estimate ||Gp| e < h_d/84+d/p4||Gh||L54(T) and
(2.33) yield
> lunf = full sy |Gl zos ey
TeT
—d/sa+d
<Y llpnft = fallpasery by G TeM e
TeT (3.51)
—d/sa+d
<D it = Fllzsacry D2 b PHIG e ()
TGT KEwT

+ hT||VGZ||LS4(T)}.

—d/84+d/p4||G£| 1 (T) < HGZHLP 1]— 44 d

54 P4

)1/104 <

From Holder’s inequality follows h

by our choice of sy, and since s4 < p4 it follows that (3,7 [|Vr, G| L4 (wr)
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54 )1/s4. Thus

L4 (UJT)

(ZTeT ” VF}L Gé|

> Menft = Fall o) | Gall oa ey

TeT

< Mt = fallaery D NG e (T) + Ve, G ey }

TeT Kewr (352)

<Caan( Dl(Cpylwr)

TeT

1/qa
+ Cop(wr)lIP = dH ooyt = fuller}®*)

Here Cgq, = [|GllL,, ) + [[VrG|lLs, (). Because sq = _dps_ as ps — 7% we

d
d+p4 — d—1

see that Cg 4, blows up as py — 7% (i.e. ¢ — g+). Thus
S et = fullasmIGullra) S CoaCallnf = fall Loar,)- (3.53)
TeT
Similarly

> P = ANVt oo @y VGl e oiry S Conll(P = AR Vrup|por),  (3.54)
TeT

where Corollary 3.3.3 gives that Cj,, — 0o as p; =— d%‘ll_ <= @3 — d*. Combining
equations (3.46), (3.47), (3.48), (3.49), (3.50), (3.53) and (3.54) to get (3.43) finishes
the proof of the Theorem.

3.3.3 Efficiency

Lemma 3.2.5 gives that the residual parts of the error indicator are bounded by the
L norm of the error plus some higher order geometric terms when ¢; = g3 = .

R =7\ \pnf’ + Oryunllpery + hrl| [V, un] || Lo o)
S lelle @) (1G] 2o @r) + hrl| DG Lo wr)) (3.55)
+ B |G| oo oy | (P = AR Vrup || e @) + W lln(f = )|l oo @n)-

Similar estimates follows easily from Holder’s inequality for other allowable choices
of q1, g3

3.4 Numerical Experiments

In this section we use our a posteriori estimates to implement an Adaptive Surface Fi-
nite Element Method (ASFEM). We use a maximum marking strategy with threshold
0.25, that is, we mark T for refinement if n(7") > 0.25 maxq 7 n(7"). We tuned our
error indicator using empirical constant factors multiplying the residual components
in order to ensure that estimators and errors had similar magnitudes. For the L2
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case the factor chosen was 0.001 and 0.01 for the pointwise case. The error indica-
tor for the pointwise estimator is based on (3.43), where we choose all ¢; = oo for
i={1,2,3,4}. We used iFEM [14] as a platform for our numerical experiments.

We first consider the torus obtained by rotating the circle (x — 4)% 4+ 2? = 3.92
about the z-axis. We take u = = and show the adaptive results for the L? estimator.
This torus has large curvature inside of its “doughnut hole”, so we expect geometric
components of the estimator to be important. In the right chart in Figure 3-1 the

Percent of elements refined L2 Estimator.
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Figure 3-1: Results for ASFEM solving —Aru = f with I" a torus having major radius
4 and minor radius 3.9 and u = x. Left: Percent of elements marked for refinement
whose geometric component of the estimator is higher than the residual one. Right:
Evolution of the L? error, estimator, and the geometric and residual components of
the estimator.

geometric part of the estimator and the overall estimator practically overlap. The
residual part is about one order of magnitude smaller than the geometric part. Both
the geometric and residual components appear to decrease at optimal rate DOF !,
In the left figure we observe that the majority of elements refined have a dominant
geometric component. Thus in this example the refinement is mostly being driven
by the geometric component of the estimator. Note however that which component
dominates also depends on the choice of constants multiplying the estimator compo-
nents.

We next take I' as above but u = exp (m). The residual component of
the estimator is more important than when v = x above (left chart in Figure 3-2),
which is expected because u has an exponential peak on the outer radius of the torus
were the curvatures and thus geometric error effects are small. In the right chart of
Figure 3-2 we observed unexpected oscillations in the geometric component of the
L? estimator and to some extent also the error even on fine meshes. This initially
seems counterintuitive since refinement usually yields nearly monotonically decreas-
ing estimators. After a careful analysis we observed that although the initial mesh
is nearly transverse to I', some of the intermediate meshes are not, as illustrated in
Figure 3-3. We identify this phenomena as the cause of the oscillations. In particular,
the quality of the approximation of v by v, may be worse on a finer mesh, affect-
ing all the quantities whose calculation depends on it. These include the Jacobian
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Figure 3-2: Results for ASFEM on a torus with major and minor radii 4 and 3.9 and
U = exp (W). In the left plot we graph the percent of elements refined whose
geometric component of the estimator is higher than the residual one. In the right
plot we show the evolution of the L? error, residual and its components.

Figure 3-3: Left: The initial transverse triangulation. Right: An intermediate trian-
gulation. The right mesh contains darkly-shaded non-transverse elements that cause
“kinks” in I'j,. These were marked for refinement by ASFEM due to large geometric
estimators.

pn = v - vp(1 —d(x)r1(2))(1 — d(x)ke(x)) [20], A} defined in (2.12) and Pj. When
we performed uniform refinement of the mesh, the oscillation and non-transverse
intermediate meshes were not observed. Even for adaptive refinement asymptotic
convergence rates are not affected by these geometric artifacts, and a quasi-monotone
decrease of the geometric error may still be expected [8].

For the second example we use the torus obtained by rotating the circle (x —
4)? + 22 = 1 over the z—axis and choose u = exp (5z55:—z). The solution has an
exponential peak around the points (45,0,0). We use ASFEM based on the L? and
pointwise error estimators. All components of the estimator converge with optimal
rate DOF~! (the error plots are standard and thus not pictured). In Figure 3-4 we
present meshes obtained by our L? and pointwise ASFEMs showing more refinement
near the points (+1,0,0). This is expected since the solution has exponential peaks
there and the geometric quantities H, H,, are relatively small on I'. The pointwise
estimator gives a higher density of refinement near (£1,0,0) than the L? estimator,
as is expected since the maximum norm is stronger.
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Figure 3-4: Intermediate meshes obtained by adaptive refinement based on L? (left)

and pointwise (right) estimators.

For the final example we apply our estimator to a spherical wedge I" := {(p, ¢, ) :
p=10<¢<70<0 <2} (Figure 3-5). We chose u = sin(A0) sin(¢)*. Our theory
does not apply to this example since I' is not closed. I' has a re-entrant corner and is
thus a surface counterpart of a nonconvex polygonal (Euclidean) domain. Our proof
for the L? a posteriori estimator relies on H? regularity, which does not hold on non-
convex polygonal domains or for I'. Thus we expect the L? estimator to be unreliable
as on nonconvex polyhedron; cf. [40, 62]. This is confirmed in the left plot of Figure
3-5, which shows that the L? error decreases at a slower rate than our estimator. The
jump term ||[Vr, un]|| 2om) h?p/ 292((&)’1“)) dominates the estimator asymptotically, so we
compare it to the L? error. This corroborates that the L? estimator is not reliable.
On the other hand we expect the pointwise estimator to be reliable as on nonconvex
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Figure 3-5: In the left plot we show the L? error decrease versus the residual part of
the L? estimator. On the right plot we show a mesh obtained by adaptive refinement

based on our pointwise estimator

polyhedra [44, 21] and the corresponding ASFEM to yield optimal mesh refinement.
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This is confirmed in Figure 3-6, which shows that our estimator is reliable under both
uniform and adaptive refinement and that the pointwise ASFEM achieves optimal
convergence.

Pointwise estimator Pointwise estimator
10— Adpgtive refinement 10" e Uniform refinement .
- — - C/DOF - — - C/DOF
—©— Max error —©— Max error
10° b —%— Pointwise Estimator || 10° b —%— Pointwise Estimator ||

Figure 3-6: We show the error and estimator plots for the pointwise estimator using
adaptive refinement and uniform refinement

3.4.1 Remark on the importance of the geometric terms in the numerical tests

We have discussed in the previous section that the additive geometric component
(P — A%)Vrul | of our L? and pointwise estimates can dominate the adaptive refine-
ment process. Besides the geometric additive part our error estimates also include
multiplicative geometric terms' that arise naturally when moving between I' and T'),.
Exact calculation of these multiplicative components is not practical, and numerical
estimation can be expensive. In particular we analyse the effect of replacing 6(-) by
a constant equal to one. We recall that in (3.9) we define

H . ||Ph[1 ) iy, + IPRH a7 — (7 700y

LOO
+ max |dPyH,, || L (a(T))> :
We note that ‘1—]|Ph[I—dH]||Loo(a(T ‘ W3, |7 — (7 50| ooy = O(hr),
and max;—1 23 ||[dPLHy, || 1@y = O(hF). For fine enough meshes p;, ~ 1, thus

1= 6,(T)| = O(hr).

Next show the results for a numeric test where we take u = exp (W) to the
solution of (3.1). Here I' is the torus with parametric equation
z(1h, @) =[4+ 3.9 cos(¢)] cos(¢),
o] ulv,0) =14+ 3.9cos(0)]sin(9), 556)

() =39sin(v),
v, ¢ €[0,7].

1See (3.9) and their pointwise counterparts defined on Theorem 3.3.5.
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Figure 3-7 shows that for fine enough meshes |1 —6,(T)| = O(hy) ~ 5. Initially
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Figure 3-7: Evolution of |0(T") — 1

the expression is dominated by the term ’1 — [IPA[I = dH] || < o7y | thus [1 = 02(T)]

initially decreases with order O(h3) ~ $5=.

A important question is how much is the performance of the adaptive algorithm
affected when we set 65(7) = 1. A comparison between the results obtained when
05 (T) is calculated versus set to be constant are shown in Figure 3-8 The multiplicative
term 6, only affects the residual component of the error estimator. In Figure 3-8 we
show that asymptotically the residual part of the estimator behaves the same when
0y is set to be constant versus when it is computed. Similar results were obtained
when the solution of (3.1) is taken to be u = x.

Preliminary tests suggest that we can safely set 05(7") = 1 and the accuracy of the
estimator would not be negatively affected. A more rigorous analysis is desirable to
find conditions when this assertion holds. The advantages of avoiding extra, possibly
unnecessary, computation are obvious. They will be particularly important in the
next chapter when the need of implementing faster algorithms is more critical.

(©Fernando Camacho MMXIV. All rights reserved.
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set to be constant
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Chapter 4

A posteriori estimate for surface parabolic equations

In this chapter we adapt the results obtained in sections 3.2 and 3.3 to obtain an
a posteriori error estimator for the heat equation on a fixed surface. The technique
that we use is similar to the one proposed for flat surfaces in [41]. For future work we
are interested in transitioning to evolving surface finite element methods (ESFEM)
[27], [25]. The stationary surface problem introduces some of the features that we
need to consider for the evolving surface case. For example, an efficient numerical
implementation solving the heat equation in stationary or evolving surfaces would
require mesh coarsening. Mesh coarsening helps to keep a manageable size of the
computational problem [50], [43]. Time stepping is also a common feature of problems
in both stationary and evolving surfaces.

Another practical consideration is that computational cost of time dependent
problems is considerably larger than the one for time independent ones. Hence, for
implementation, it becomes important to use numerical schemes that require fewer
time steps and fewer floating point operations. Adaptivity may require larger running
times; that is why many time dependent applications don’t use adaptive refinement.
However adaptivity offers the advantage of greater accuracy with less memory. Some
work discussing how to implement adaptive refinement on moving meshes can be
found in [13] and [35].

In order to reduce the computational and theoretical overhead of our parabolic
error estimates, we neglect the multiplicative geometric constants 6,(-), Cp(-), oo (wi)
and 75(+) defined in Section 3.2. We point out that from our numerical experiments we
observed that the convergence rate of the estimator was not heavily impacted by these
constants. In the other hand the additive geometric term ||[P — A}]Vruj, (¢)]| r2(a(r)
plays an important role in the convergence of the AFEM. That is why we include it
in our error estimate.

4.1 Introduction

Elliptic reconstruction is a technique for proving a posteriori error estimates for
parabolic equations. It was introduced for spatially semidiscrete schemes by Nochetto
and Makridakis [41]. It had previously been observed that “usual” energy techniques
for proving a posteriori error estimates yield suboptimal rates of convergence in the
L>(0,T; L*(2)) norm. Here 2 is the spatial domain and [0, 7] is the time interval.
Fully discrete versions (discretized in time and space) yielding results valid for
energy norms have been given by Lakkis and Makridakis [39]. Demlow, Lakkis and
Makridakis proved results for the maximum norm valid for semidiscrete and fully
discrete schemes [22]. Kopteva and Linss proved a posteriori error estimates in the
maximum norm for semilinear second order parabolic equations. Their estimates are
valid for semidiscrete schemes and for fully discrete schemes using backward Euler
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and Crank-Nicholson time discretizations [38].

4.2 Finite element approximation

In the same way as in the previous chapter we consider conformal consistent Galerkin
approximation schemes, and our meshes are assumed to be conforming and shape
regular. We discuss some known results for flat surfaces. Assume that I' is a flat
surface and consider the heat equation with homogeneous Dirichlet boundary condi-
tions. Further assume that initial value conditions are such that the problem is well
posed in the sense of Hadamard. For domains 2 € R” it is known that the following
a posteriori bound for the heat equation holds (cf. Theorem 3.1 of [41])

0<t<T

1/2
max [[u(t) — un(t)|| 2y <[[u(0) = un(0)] 20 (/SUhtvgh“ )) (4.1)

2 (]Igtax g(uh ts 9h,t; L )

Here E(up(t), gnt, X) is an elliptic a posteriori estimator function depending on the
finite element solution to the heat equation w4, gn,t is an “equivalent” load vector
associated with the elliptic reconstruction of the heat equation, and the space X €
{L*(Q), H (D)}

In this chapter we prove an a posteriori version of (4.1) for the case when I'
is not necessarily a flat surface. For &(up(t), gns, L?) we use (3.10), and derive
E(uns(t), gns, H™') repeating the argument used to pove (3.10) with minor modifica-
tions. In order to simplify notation we write 2 and Ex-1 instead of & (up(t), g, L*)
and & (up(t), gny, H') respectively.

4.2.1 Model problem
We consider the surface heat equation over a surface with smooth boundary.

— Aru= fin ' x [0,T],
u(+,0) =up(+) in T, (4.2)
u=0ondl' x|[0,T].

Here Ar is the Laplace-Beltrami operator defined in (2.8) and (2.9).

The results proved in Chapter 3 were obtained assuming that I' = (). In this
chapter we assume that OI'" is smooth. The proof for both cases is basically the same.
Since we are using Dirichlet boundary conditions the boundary terms cancel the same
way they did when we assumed empty boundary. The difference is that we do not
need to assume that fr ) do = 0 nor fr f do = 0 to guarantee existence and
uniqueness of the solutlon
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4.2.2 Bilinear forms

We define the continuous bilinear form a(-, ) by
a(u,v) ZZ/VFU-VFU do, (4.3)
r
and discrete bilinear form ay(-, ) by

ah(uh,vh) Z:/ Vphuh . Vph’Uh dO'h. (44)
Fh

We take V = H!} ; and equip it with the induced norm
ol = a(w, 0)"2. (4.5)

We use (-, ), to denote the L? discrete inner product

(uh,vh)h:/ UKV dO’h. (46)
Ty

4.2.3 Discrete Elliptic operator A,

In this section we let the finite element space S, to be either piecewise linear or
piecewise quadratic functions. We let wuy, be the Finite Element approximation of u
solving the equation

(Un,t, X)n + an(un, X) = (frn, X)n ¥ X € Sh. (4.7)

Here wuy(-,t) € Sy for each ¢, and uy, is continuously differentiable in time, and f;
is an approximation to f. For convenience we choose f, € S,. We then define the
discrete Laplace-Beltrami operator A, by

(Ahuh,vh)h = ah(uh,vh), for vy, € Sh, (48)

Ay, then satisfies pointwise
Up, + Aptun = [ (4.9)

4.2.4 Matrix formulation

We start by writing u;, as a linear combination of the basis elements of S},:

up = ZUZ'(T')¢Z'7 (4.10)

where the coefficients U; are a function of time and the basis elements {¢;}¥, depend
only on the spatial coordinates.
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Using the same idea as in (1.16) we write

BU,; + AU =F,
[Blij= [ &;¢i don,
I'n
[Ali; = g Vr,®; - Vr,¢i doy, (4.11)
Ul =t
[Ful; = g fn@j dop.

B is called the mass matrix and A is the stiffness matrix. We point out that A and
B are symmetric positive definite matrices.
4.2.5 Ritz projection

We define the Ritz projection, also known as the elliptic projection, 7, : H}(I') —
Sk(T') to satisfy the equation

an(mew, x) = a(w, x"), ¥ x € Sh, for w € Hy(T). (4.12)

(cf. [56] equation (1.22) or [41] equation (2.1) for the flat surface case).

4.2.6 Elliptic Reconstruction

For a given I' and T'j, define the elliptic reconstruction @ = Ruy € H3(T) to be such
that

a(t,v) = (uy,  (Apun — fu)50) + (f,0), Yo € HY(T). (4.13)
Define
g(t) ==, (Apun — fo)" + f, (4.14)
and
gn(t) = Apup. (4.15)
Then
1ng" = gn = pnf" = fa. (4.16)

It follows directly from (4.13) that

~Aria(t) = g(t). (4.17)

Remark Equations (4.12), (4.13) and (4.15) imply that for an equivalence class of
functions 7 'u;, € H}(T) the following equation holds

a(t, x°) = a(m,  un, X°) + (unf* = fr X)n, ¥ X € S (4.18)

i.e., modulo a geometric term (u,f* — fu, X)n that goes to zero as I';, — T, the Ritz
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projection of the elliptic reconstruction @ is the finite element solution w; of the
elliptic equation

(4.19)

—Aru =g, on I
u =0, in OT.

Equation (4.19) allows us to apply the elliptic error estimates proved in Chapter 3 to
prove our parabolic bounds.

4.3 A posteriori error bound

We now proceed to prove an a posteriori error bound (4.38) with similar structure to
(4.1). Before proving the a posteriori bound we state and prove Lemmas 4.3.1, 4.3.2
and 4.3.3. We follow a similar argument to one presented in [41] for domains in R".

Definition. For s > 1 and v € L*(Q2), we define the negative norm

v, W
[v[lg-s@) = sup ) (4.20)

weHs(Q)NHL () |w]

H#(Q)
(ct. [56], [29])

Lemma 4.3.1 Let u be the solution of (4.2) and @ be the elliptic reconstruction
defined as in (4.13). Then for all t € [0, T

(8 = w) ()1 22y <@ = u)(0)][Z2ry

: (4.21)
+ [ {0 = ) ey + 10 = s s }

Proof In the following discussion we use A := —Ar to denote the elliptic operator.
It follows from (4.13) that

At =p (Apup, — fo)" + f
:,u}:l(—ufl’t) + [

Adding (@ — u); to both sides of the previous equation and using Au = f — u; we get
(@ —w)y + Al —u) = (@ = up)e + (1 — 1ty

We proceed with an energy argument. Multiplying by (& — u) on both sides of the
last equation yields

(@ — )i — w) + Al — w)(i — u) = [(@ —uf) + (1= g Y] (@ — ). (4.22)
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We then integrate in time and space and insert (4.22) to obtain

// {2& >2+A(@—U)(ﬂ—u)} dr do
:iél{@*”@*“—W+ﬂ—u#mm@—und7¢1

Observe that [l A(d —u)(i —u) do = [ Vr(a —u) - V(i —u) = [[(@ = u)|[Fp -
Then

(4.23)

1/, . b
§@w—uww5m—uw—wmwém)+/nu—wgmdr
. 0 (4.24)
= [ [ A= ub)eta =+ (= i (= )} e do
Next we apply Holder’s and Cauchy’s inequalities to obtain
]' ~ 2 ~ 2 ! ~ 2
—(Mu—w@wmm—mu—mmmmm)+O|m—mmmuw
/H el — wll ey dr
+/Wu—ugﬁ4AHunm—ummmdf (4.25)
I

I _
<5 [ {1~ ooy 13 = i e }
0

+ /F i — ulp e dr.

The result follows after simplification and reordering, and noting that f(f la—ullFp ) >
0.

Lemma 4.3.2 Let u be the elliptic reconstruction of uy, given by (4.13), m = 2 for
deg(Sy) = 1 and m = 3 for deg(Sy) > 2, and define

€+ (1) =P = AfITred) oy + (3 {7 + By
TeT (4.26)

1/2
+ H(th In)r HL2 +h2m 1||[[vrhuh7']:|“L2(8T }) .

Then the following inequality holds for all T € [0,T]

[(a—up) |20y S Em-1 (7). (4.27)
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Proof By definition

~ ﬂ‘_ue Tv\Il
0= )y = sup (e (128)
YeHL(T) 1| 1oy

Let ¥ € H'(T'), and consider v such that
~Arv=1. (4.29)
Applying (4.29) and integration by parts to (4.28), we get
((@—up)r, ¥) _ (Vr(d—uy)r, Vro)

Ul R4

We use equations (4.17) and (3.14) to get
(= uf)ee®) = [ (g’ + Br,n)o (0 = ) doy
I
— / ([P — A})Vrup,), Vv do
r

* / (1ng" — gn)-vn  doy, (4.30)
Fh

1
~ 3 Z /8T[[VF}LUh]]T(,U€ —vyp,) ds,

TeT
=[+I1I+1II+1V.

We apply a similar argument to the one used to get the inequalities (3.18) through
(3.22), with the difference that now deg(Sy) € {1,2}. The corresponding bounds for
I, 11,111 and IV are

Bound for I. We repeat the argument used on (3.16) and (3.17) with the difference
that now we use (2.32b) with p = s = 2, m = 2 for deg(S,) = 1 and m = 3 for
deg(S) = 2. This yields

1/2
Is <Z R (ung’ + Arhuh»nm)) om0 (431)

TeT

Bound for II. We repeat the argument used to derive the bound (3.19), but ex-
changing ||v|| g2y for ||v||gm(r), to obtain

1/2
TS {Z 1[(P — Aﬁ)Arufl]r||2L2(a(T))} V| z7m () (4.32)
TeT

51



Bound for III. By the same argument used in (3.22) we write

1/2
1T 5 <Z I (png” —gh)fllizm) 0]

TeT

Hm(l"). (433)

Bound for IV. We repeat the argument used in (3.20), except that when we apply
(2.32a) we pick p = s = 2, m = 2 for deg(Sy) = 1 and m = 3 for deg(S,) = 2 to
obtain

1/2
IV < (Z hsz_1||[[vp,Luh]]TH%Q(aT)) [0 ry- (4.34)

TeT
After combining equations (4.30) through (4.34) and using (4.16) it follows that

(@ —up)r, ¥) S (H [P — ALV, Lz

+¢2ﬁ%m¢+&mem

TeT

+ Z [l fE = furll 22
TeT
+ \/Z h2Tm_1||[[VFhuh]]T||i2(aT)> V| z7m (ry.-

TeT

(4.35)

Equation (4.27) follows from (4.35) after observing that />, aZ++/>_, b2+/>_, ¢? <
V2y/3 {aZ + b2 + 2}, and using a shift lemma [|v]| g3y < C[| | g1y

Lemma 4.3.3 Let u(x;t) be the solution to (4.2) and let u be the elliptic reconstruc-
tion defined by (4.13), and let Ey-1(7) be defined as in (4.26). Then the following
inequality holds for all t € [0,T]

1w = @) ()72 ry <@ = u)(0)l|72ry

t (4.36)
+ [ S 10 = i e } o

Proof The proof follows from Lemmas 4.3.1, 4.3.2, and the fact that L*(T") C
HYT).

Theorem 4.3.4 Let v € HY(T) be the solution of (4.2), let u;, € Sy, be the finite
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element solution of (4.2), take Ex-1(T) to be given by (4.26), and define'

Epa(7) = ( > {H [P — AL Vru (O Zegaery) + Prlling’(t) + Ar,un(®)l|a )

TeT
1/2
+ln ) = @Ol Za) + BN [V, ualt )]]H%z(aT)}> :
Then the following bound holds for all t € [0,T]
1/2
(= up) ()l 22y SI(w = uz) (0)]| 22y (/ I = Dt 12y dT)

FEpa(t) + £12(0) + (/ & (r >df)1/2.

Proof We use the triangle inequality to write

lu — wp|l 2y < llu—all2ey + |6 — up || 2.

(4.37)

(4.38)

(4.39)

Because, modulo a geometric term, @ is the Ritz projection of the finite element
solution of the elliptic problem (4.19) we use the bounds proved in Section 3.2, and

(4.16) to find

TeT
+ hllpng (8) + A, un(®)]| 72
+ lnf () = fa®ll 72y

& — up | 20y (1) S ( Z {H [P — AL Vruy () 1721y

1/2
+h%r\uvrhuh<t>u||;(aT>}> ,
:gL2(t)

It follows from (4.36) and /Y, a? < >, |a;| that

(4.40)

(@ = @)(®)]lz2ey <@ — w) ()] 2y + / {2+ 100 = "yt Moy }

By the triangle inequality and (4.40) we get

(% = u)(0) |2y < [1(u = ) (0) [ 2(ry + EL2(0).

n contrast with (4.26) we use m = 2 to bound ||@ — uf|| 2.

53

(4.41)

(4.42)



The result follows after combining (4.39), (4.40), (4.41), and (4.42).
Corollary 4.3.5 Since (4.38) holds for all t € [0,T] it follows that

Y l
max, [(w = up,) (@) 20y SI(w — up,)(0)[ 22(r)

1/2

T
+ (/0 1 = gy, i N 2y dT) (4.43)

t 1/2
+ 2 max Er2(t) + </ (1) d’T) :
0

0<t<T

Comparing equations (4.1) and (4.43) we see that they posses the same structure. The
differences between flat and general surfaces are captured in the elliptic estimators

1/2
Er2, Eg—1, and the extra geometric term (fOT 11— g 3y dT) :

4.3.1 Future work

The error estimate (4.38) is only discrete in space. To implement the results in this
section one must carry out a time stepping procedure. The most immediate goal that
we have is to use the preliminary results of this section to implement a fully discrete
scheme solving (4.2).

We plan to carry out spatial adptivity every “few” steps using the results of
this chapter. For the time marching scheme we propose to use Crank-Nicolson. An
advantage of using Crank-Nicolson is that the time marching scheme obtained is
unconditionally stable. Crank-Nicolson applied to (4.11) yields

U Ut g _B-lAUCHY 4 B-1F, ) — B-1AU® + B-1F,™
t~ = )
k 2

here k is the size of the time step. The super indexes (n+ 1) and (n) denote the time
steps n + 1 and n respectively. Rearrangement of the previous expression gives

{B + SA} U+ = [B - SA} U™ S[Fh(”“) + Fp™)]. (4.44)

Observe that at step (n + 1) the right hand side of (4.44) is a known quantity. It
depends solely on the solution U™ of the previous time step and the known load
vector Fy,(t). Thus (4.44) provides a, fully discrete, marching scheme that can be used
to compute the numerical solution. We also point out that the matrix [B + %A] is
sparse symmetric positive definite; and the number of operations required to assemble
the right hand side of (4.44) is O(N). We note that there are “fast” numerical
algorithms available to solve (4.44).

Another goal that we have already discussed is to work with evolving surfaces,
and applications to membranes (cf. [7], [31]) among others.

(©Fernando Camacho MMXIV. All rights reserved.
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