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In this article we consider finite element methods for approximating the so-
lution of partial differential equations on surfaces. We focus on surface finite
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examples.
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1. Introduction

Surface partial differential equations arise in a wide variety of applications.
Further, they are examples of partial differential equations on manifolds. As
such they provide a remaining challenge within the general subject of the
numerical analysis of partial differential equations. The framework is essen-
tially geometric because the domain in which the equation holds is curved.
They are linked naturally to the geometric equations for surfaces such as the
minimal surface equation, motion by mean curvature and Willmore flow. In
an earlier Acta Numerica article (Deckelnick, Dziuk and Elliott 2005) we
surveyed numerical methods for geometric partial differential equations and
mean curvature flow.

The purpose of this article is to give an account of numerical methods
for surface partial differential equations. Our interest and research in this
field was stimulated in 2003 during the Isaac Newton Institute programme
‘Computational challenges in partial differential equations’. Since this time
there has been burgeoning interest in both the numerical analysis of such
problems and the application to complex physical models.

The starting point was the use of surface finite elements to compute solu-
tions to the Poisson problem for the Laplace—Beltrami operator on a curved
surface proposed and analysed in Dziuk (1988). Here an important con-
cept is the use of triangulated surfaces on which finite element spaces are
constructed and then used in variational formulations of surface PDEs us-
ing surface gradients. This approach was extended by Dziuk and Elliott
(2007b) to parabolic (including nonlinear and higher-order) equations on
stationary surfaces. The evolving surface finite element method (ESFEM)
was introduced by Dziuk and Elliott (2007a) in order to treat conservation
laws on moving surfaces. The key idea is to use the Leibniz (or transport)
formula for the time derivative of integrals over moving surfaces in order
to derive weak and variational formulations. An interesting upshot is that
the velocity and mean curvature of the surface which appear in certain for-
mulations of the partial differential equation do not appear explicitly in
variational formulations. This gives a tremendous advantage to numerical
methods that exploit this, such as those of Dziuk and Elliott (2007a, 2010).
Further numerical analysis of surface finite element methods may be found
in Dziuk and Elliott (2012, 2013) and Dziuk, Lubich and Mansour (2012).
Applications to complex physical and biological models may be found in
Eilks and Elliott (2008), Elliott and Stinner (2010), Barreira, Elliott and
Madzvamuse (2011) and Elliott, Stinner and Venkataraman (2012).

Another approach is to use implicit surface methods. The starting point
for these methods is the level set method for evolving surfaces (Sethian
1999, Osher and Fedkiw 2003). Here the idea is to use a level set function
¢ to define a degenerate partial differential equation whose solution solves
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the surface equation on all level sets of ¢. Such methods are formulated
in Bertalmio, Cheng, Osher and Sapiro (2001), Greer, Bertozzi and Sapiro
(2006), Burger (2009) and Dziuk and Elliott (2008, 2010).

Further, we describe in some detail numerical schemes based on the use
of diffuse interfaces. These arise in phase field approximations of interface
problems (Caginalp 1989, Deckelnick et al. 2005), and it is natural to ex-
ploit the methodology to generate methods for solving partial differential
equations on the interfaces (Rétz and Voigt 2006, Elliott, Stinner, Styles
and Welford 2011).

An important feature of the methods described in this article is the avoid-
ance of charts both in the problem formulation and the numerical methods.
The surface finite element method is based simply on triangulated surfaces
and requires the geometry solely through knowledge of the vertices of the
triangulation. On the other hand, the methods based on implicit surfaces
require only the level set function ¢. All the geometry is then encoded in ¢.

The layout of the article is as follows. In Section 2 we set basic notation
and concepts concerning geometric quantities, surface gradients and integra-
tion by parts for parametrized surfaces, using maps X, and hypersurfaces,
using level set functions ¢. Elliptic partial differential equations on surfaces
are formulated in Section 3. Surface finite elements on triangulated surfaces
are formulated and analysed for elliptic equations in Section 4.

Complex applications involving surfaces and interfaces frequently require
the formulation and approximation of parabolic equations on moving sur-
faces. In Section 5 we formulate a scalar conservation law with a diffusive
flux on a moving surface and formulate the evolving surface finite element
method. Of particular note is the transport theorem for moving surfaces,
which is valid triangle by triangle on an evolving surface. This is exploited
together with transport property of the finite element basis functions to
obtain a method which does not require explicit knowledge of the curvature
or velocity, merely knowledge of the triangle vertices. Some more time-
dependent equations are discussed in Section 6.

Implicit surface formulations and their numerical approximations are dis-
cussed in Sections 7 and 8. Methods which use finite elements in the higher-
dimensional ambient space but with variational forms on surfaces or local-
ized narrow bands are considered in Section 9. Finally, we briefly discuss
some applications in Section 10.

2. Parametrized surfaces and hypersurfaces

In this section we introduce the elementary geometric analysis which is
necessary to treat partial differential equations on surfaces. It is our opinion
that numerical methods have to be intimately related to the analysis of the
problems.
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We begin in Section 2.1 by recalling some facts from elementary differen-
tial geometry concerning parametrized surfaces. We continue in Section 2.2
with hypersurfaces in R**! and the basic analysis concepts for such hyper-
surfaces. We introduce the necessary geometric concepts, for example the
notion of curvature. The formula for integration by parts is proved, and we
formulate the co-area formula. In Section 2.3 we introduce global coordi-
nates in a neighbourhood of a hypersurface, the Fermi coordinates. These
will be quite useful for the numerical analysis of PDEs on surfaces. For
theoretical reasons we will introduce the oriented distance function. For the
treatment of surface PDEs the Poincaré inequality on surfaces is central; its
proof is in Section 2.4.

2.1. Parametrized surfaces

Let n € N. We call I' ¢ R™! an n-dimensional parametrized C*-surface
(k € NU{oo}) if, for every point z¢ € I, there exists an open set U C R**!
with x¢g € U, an open connected set V C R™” and amap X : V — UNI with
the properties X € C*(V,R"*1), X is bijective and rank VX =n on V.

The map X is called a local parametrization of I while X ~! is called a local
chart. A collection (X;)icr, X; € C¥(V;,R"1) of local parametrizations
such that U;c; X;(V;) =T is called a C*-atlas. If X;(V;) N X;(V;) # 0, then
the map X Z._l o X; by assumption is a C*-diffeomorphism.

A function f: I" — R is k-times differentiable if all the functions f o Xj :
Vi — R are k-times differentiable.

Let X € C?(V,R"*!) be a local parametrization of I', §# € V. We define
the first fundamental form G(6) = (gi;(0))i j=1,..n, 0 € V by

X 0X
gi;(0) = == (0) - ==(0), i,j=1,....n.
J 20; " 90;

Superscript indices denote the inversion of the matrix G so that
(97)ij=1,n = G,

and by g = det(G) we denote the determinant of the matrix G.
The Laplace—Beltrami operator on I' is defined for a twice differentiable
function f: ' — R as follows. Let F(0) = f(X(0)), 6 € V. Then

1~ 9 (4 oF
(Arf)(X(6)) = m{j%(y (0) 9(9)3@(0)) 2.1)
The tangential gradient is given by
(VeHXO) = 3 o (6) 5 (0)55-6) 22)

1,7=1
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2.2. Hypersurfaces

Definition 2.1. Let k € NU {co}. T' € R"*! is called a C*-hypersurface
if, for each point xo € T, there exists an open set U C R™™! containing x
and a function ¢ € C*(U) with the property that V¢ # 0 on I' N U and
such that

UNT={zeU|d)=0} (2.3)
The linear space
T, = {7’ e R™ | 35 : (—¢,€) — R™ differentiable,
Y((=€,€)) CT,7(0) = 2 and v/(0) = 7}

is called the tangent space to I' at x € I'. It is easy to show that T,I' =
[Vo(z)]*, the set of all vectors that are orthogonal to V¢(x), where ¢ is as
in (2.3). In particular, T,I" is an n-dimensional subspace of R**.

A vector v(z) € R"" is called a unit normal vector at x € T if v(x) L T,T
and |v(z)| = 1. In view of the above characterization of T, I, we then have

o)~ T0) _ Vol)
Vo) Vo)

A C'-hypersurface is called orientable if there exists a continuous vector

field v : I' — R™*! such that v(z) is a unit normal vector to I' for all 2 € T.
The connection between the parametrized surfaces of Section 2.1 and

hypersurfaces is given by the following well-known little lemma.

v(z) = . (2.4)

Lemma 2.2. Assume that I is a C*-hypersurface in R**!. Then for every
x € T there exists an open set U C R"*! with # € U and a parametrized
Ck-surface X : V. — U NT such that X is a bijective map from V onto
UNT. If X : V — UNT is a parametrized C*-surface and § € V, then there
is an open set V C V with # € V such that X (V) is a C*-hypersurface.

This means that locally we can always work with hypersurfaces. And we
may use all the definitions from Section 2.1 for hypersurfaces.

Definition 2.3. Let I' ¢ R"! be a C'-hypersurface and let f : ' — R
be differentiable at © € I'. We define the tangential gradient of f at x € '
by

Vrf(z) = Vf(z) = Vf(z) v(z)v(z) = P(x)Vf(z),
where P(z);; = 6;j — vi(x)vj(z) (i,j = 1,...,n+ 1). Here f is a smooth
extension of f : I' — R to an (n + 1)-dimensional neighbourhood U of the

surface I', so that ﬂr = f. V denotes the gradient in R"*! and v(z) is a
unit normal at z.
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The Laplace—Beltrami operator applied to a twice differentiable function
f € C*() is given by
n+1
Arf=Vr -Vrf= ZQiQif- (2.5)
i=1

See the proof of Theorem 2.10 in Section 2.3 for the construction of an
extension f. We shall use the notation (as in the above definition)

Vi f(z) = (D1 f(2),...,Dypi1 f())

for the n + 1 components of the tangential gradient. Note that Vrpf(z) -
v(z) = 0 and hence Vrf(z) € T,T.

Let us show that (2.1) and (2.2) are equivalent to the settings in Defi-
nition 2.3. Since the tangential gradient is a tangent vector, Vrf o X =
Yo, a; Xp, with certain scalars a;j. We solve this equation for o, ..., ay,
by multiplying it by Xp,, to get

n n
Fy, =VrfoX Xg =Y aiXp - Xg, =Y igin. (2.6)
i=1 i=1

For the first equality on the left we have used the fact that, by the chain
rule applied to F'(0) = f(X(0)), we have Fp, = > "1 D;f o X X5, , since
Xy, is a tangent vector. From (2.6) we infer that oy = > p_, Fp, ¢*, and
this finally gives (2.2). Now it is easy to derive (2.1).

Lemma 2.4. Vpf(z) only depends on the values of f on I' N U, where
U c R**! is a neighbourhood of z.

Proof. 1t is sufficient to show that f = 0 on I'NU implies that Vpf(x) = 0.
Choose v : (—¢,€) — R™! such that v(0) = z,7((—¢,¢)) € I'NU and
v (0) = Vrf(z). Since f(y(t)) = f(v(t)) = 0 for all |t| < €, we have
0=Vf(x) 7(0) = (Vrf(z) + V[(z) v(z) v(z)) - Vrf(z) = [Vrf(2)]
which implies the result. O

We denote by C*(T') the set of functions f : I' = R, which are differen-
tiable at every point € I' and for which D;f : I' = R,j = 1,...,n+1

are continuous. Similarly one can define C!(I") (I € N) provided that T is a
Ck-hypersurface with k > 1.

Definition 2.5. For I' € C? we define
MHij=Dyv; (i,j=1,...,n+1). (2.7)

It is easily shown that the matrix H is symmetric and that it possesses
an eigenvalue 0 in the normal direction: Hv = 0. H is called the extended
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Weingarten map. The restriction of H to the tangent space is called the
Weingarten map.
For x € T' the quantity
n+1
H(x) = traceH(z) = Y Hyi(x) (2.8)
i=1

is the mean curvature of I' at the point x. It differs from the common
definition by a factor of n. We note that the eigenvalues ki, ...,x, of H
(apart from the trivial eigenvalue 0 in the v-direction) are the principal
curvatures of T

Let us have a look at the most simple example. The sphere of radius
R >0, T = {r € R*™ | |z| = R}, is given by the level set function
¢(z) = |z| — R for 0 < |z| < co. We may choose

Vo T

V= —— —=
Vo |l
and get for x € I’

.%'j 1 1 1 ZCZ'ZUj
Hij(x) = Dyv;(x) = D = gl = 0 —vivj) = 5 <5ij T )
This matrix has an eigenvalue 0 with eigenvector 7 and n eigenvalues x; =
+ (i =1,...,n). The mean curvature of I' is then given as H = 2.
The following result concerning the exchange of tangential derivatives is
easily proved.

Lemma 2.6. For I' € C? and u € C?*(T") we have
Qinu — Qleu = (HVFU)]’I/Z' — (HVFU)Z'VJ‘. (2.9)
fori,j=1,...,n+ 1.

2.8. Global coordinates

It is quite convenient to use global coordinates in a neighbourhood of a
hypersurface, the so-called Fermi coordinates. This avoids working with
charts and atlases (see Section 2.1) when proving results and carrying out
the numerical analysis. For this one introduces the oriented distance func-
tion for I

Remark 2.7. In the context of surface finite elements we will use the
oriented distance function only for our analysis and numerical analysis. We
will not use it in defining the computational methods. We will not need the
oriented distance function for the implementation of our algorithms. It may
be of use in implicit surface methods.
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Figure 2.1. Strip Us around the hypersurface I'
and normal coordinates x = a(x) + d(z)v(a(x)).

Assume in the following that G C R"*! is bounded and open with exterior
normal v and assume that I' = dG is a C*-hypersurface (k > 2). The
oriented distance function for I' is defined by

d(z) — infyeﬂx — 9] r e R"H\ G,
—infyerjz —y| 2z €G.
One easily verifies that d is globally Lipschitz-continuous with Lipschitz
constant 1. Since OG is a C?-hypersurface, it satisfies both a uniform interior

and a uniform exterior sphere condition, which means that for each point
xo € 0N there are balls B and B’ such that

BN R™IN\Q) = {xo}, B'NQ={zo},

and the radii of B, B’ are bounded from below by a positive constant &
uniformly in xg. With this observation the following lemma is easily proved.

Lemma 2.8. We define
Us = {z e R"! | |d(z)| < §}.
Then d € C*(Us), and for every point x € Us there exists a unique point
a(z) € T such that
x = a(z) +d(z)v(a(x)). (2.10)
Moreover, we have that
Vd(z) = v(a(z)), |Vd(z)|=1, forz e Us.

We also extend the normal constantly in the normal direction: v(z) =
v(a(x)) for © € Us. Thus we have introduced a global coordinate system
around I'. Every point x € U; can be described by its Fermi coordinates
(normal coordinates) d(x) and a(x) according to (2.10).

The introduction of global coordinates allows us to work with the well-
known co-area formula (Evans 1998).
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Theorem 2.9. Let I'(r) = {x € R""! | d(z) = r} be the parallel surface
toI' =T'(0) for |r| < d. Then

" flx)dx = /_€ /I‘(r) f(z)dA(x)dr (2.11)

for f € CO(Us) and 0 < & < 4.

We note that this formula changes to
15
f@de= [ [ f@)Vo)|dats) dr (2.12)
U. —e JI(r)

if the surfaces are given by an arbitrary level set function ¢ as in (2.3),
I(r) = {x € R | ¢(z) = r}, and the strip around T is taken to be
Us = {x € R*"! | |¢(z)| < §}. In this case one does not work with parallel
surfaces to I

With the co-area formula one can prove the formula for integration by
parts on surfaces I'.

Theorem 2.10. Assume that I' is a hypersurface in R"*! with smooth
boundary II' and that f € C*(T). Then

/thdA:i/fHu¢4+ FudA. (2.13)
T I or

Here, 1 denotes the co-normal vector which is normal to 0I" and tangent to
I'. A compact hypersurface I' does not have a boundary, OI' = (), and the
last term on the right-hand side vanishes.

Note that in (2.13) dA in connection with an integral over I" denotes the
n-dimensional surface measure, while dA in connection with an integral over
Or' is the (n — 1)-dimensional surface measure.

Proof. We extend f to the tubular neighbourhood U, of I' by
f(@) = fla(z)) (zele).

Then the chain rule gives

oF Ay day,
—_ = D —_— .
5 (1) = 2 Duf(a(e) G @)
k=1
The tangential derivative D, f appears because we have that
day, 0
aT:j(fL") = %j(xk —d(@)vi(®)) = 05k — vj(@)vi(x) — d(@)H;k(),

and the matrix (Gk;)jk=1,....n+1 (Gkj = akq,) Maps any vector into a tangent
vector. Thus we have

Vf(z) = (I — d(@)H(2))Vr f(a(z)). (2.14)
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Figure 2.2. Geometric situation around the given surface I'.
Parallel surfaces I'(¢), I'(—¢) and normal v, co-normal .

In particular, we obtain Vf(z) = Vrf(z) for x € T. We apply Gauss’s
theorem to f on U, and get

Vf(z)dr = F(@)vay. (z) dA(x).
U: U,

We have that O0U, = I'(e) UT'(—¢) U M (), where M (¢) = {z +rvp(x) |z €
Ol',r € [—¢,€|} (see Figure 2.2). Thus

o [ (7~ (@) Ve f(a(a) da (2.15)
Ue

:;<L@ﬂmwmmm@—z;@ﬂmwwmmm

- /M(z—:) feur(@) dA($)> ’

with the normal vr and the co-normal pr to I', which do not depend on e.
We take the limit € — 0 on both sides of this equation. Obviously, for the
left-hand side

im = x T
hm/UE(I—d(a:)H(:c))fo(a(a:))dx—/FVFf( )dA(x).

e—0 2¢

The limit of the first two terms of the right-hand side of (2.15) is given by

d _
deleo /F(E)f (@)vr(z) dA(z) = /F f (@) H(z)vr(x) dA(z),

the last equality being the transport theorem in Theorem 5.1 with v = vr.
In the proof of that theorem we will not use integration by parts.
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For the last term on the right-hand side of (2.15) we have that

ti oz [, F@he) 4@ = | f@ura) d4()

because the integrand does not depend on e. Ul

The formula for integration by parts on I' leads to the notion of a weak
derivative and to the concept of Sobolev spaces on surfaces. Sobolev spaces
are the natural spaces for solutions of elliptic partial differential equations.
Let I' € C? for the following.

For p € [1, 00] we let LP(I") denote the space of functions f : I' — R which
are measurable with respect to the surface measure dA (the n-dimensional
Hausdorff measure) and have finite norm, where the norm is defined by

uﬂmm=<éuwmy

for p < 0o, and for p = co we mean the essential supremum norm.
LP(T") is a Banach space and for p = 2 a Hilbert space. For 1 < p < oo
the spaces C°(T") and C*(T') are dense in LP(T).

Definition 2.11. A function f € LY(TI') has the weak derivative v; =
D,f € LYT) (i € {1,...,n + 1}) if, for every function ¢ € C*(T) with
compact support {z € I' | ¢(x) # 0} C I', we have the relation

/fDigodA:—/gavidA—&—/f(pHuidA.
r r r

The Sobolev space HP(T) is defined by
HYWT)={fe L) | D;f € L’(I), i=1,....,n+1}

with norm

B =

||f”H17P(F) = (Hf”lzp(r) + HVF}CHZJ(F)) :
For k € N we define
HA (D) = {f € H*'P(D) | DD € LP(T),i = 1,...,n+ 1},

where HOP(I') = LP(T"). For p = 2 we use the notation H*(I') = H"2(T").
We denote by v all weak derivatives of order {. Then

k 1
P
mmwm=Q;WW%m>-

Note that for the previous definition we have only assumed that I" € C2.
This was done because in the formulation of the weak derivative we used
the mean curvature of I'.



300 G. Dziuk aND C. M. ELrioTT

2.4. Poincaré’s inequality

For the convenience of the reader we show how the Poincaré inequality for
a function with mean value zero on a compact n-dimensional hypersurface
can be deduced from the Poincaré inequality in R"*! with the use of global
coordinates.

Theorem 2.12. Assume that I' € C? and 1 < p < oo. Then there is a
constant ¢ such that, for every function f € H'P(T') with fr fdA =0, we
have the inequality

[l ey < el Ve fllre- (2.16)

Proof. Clearly it is sufficient to prove the inequality for L' instead of LP
and it is sufficient to work with smooth functions. Assume that f € C1(T")
with fF fdA = 0. We extend this function to the tubular neighbourhood
Us of the surface I', § being sufficiently small, by

f(@) = fla(z)), =€Us.

We state the following intermediate lemma.

Lemma 2.13. Let I' € C? be a compact hypersurface. Then there is a
constant ¢, such that for every 0 < ¢ < § we have

5 ], Forae = [ ) aae

The proof of this lemma is left to the reader. We note that by the co-area
formula from Theorem 2.9 we have

5 ) Twa=g [ ] | St aaw)ar

with an integrand which does not depend on e.
We continue with the proof of Theorem 2.12. From (2.17) we get the
inequality

1—c15/|f | dA(z </ F(2)| dz

B

< ca/r|f(x)\dA(:v). (2.17)

25

§C3(5)/ |V f(z)|dz + co |Us
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by using the Poincaré inequality for f on U.. We also have that

‘wlu : = ilas /, T@ae = [ @ ase

13 U.
< C4€/F|f(:v)|dA($).

() dm‘

Thus we have the estimate
(1— e — cae) / (@) dA@) < es(e) /U VT
< os(e) /F IV f(2)] dA(z).

For the last estimate we have used that by definition g—z = 0. A suitable
choice of £ > 0 gives the estimate

/ (@) dA@) < ¢ / Vrf(2)] dA().
T r

This is Poincaré’s inequality in L'(T"). For p > 1 we apply this result to | f|?
instead of f, use that |Vr|f|P| = p|f[P~!|Vrf| and the Hélder inequality,
and the theorem is proved. L]

The formula for integration by parts on surfaces directly implies Green’s
formula. From Theorem 2.10, using the summation convention that we sum
over doubly appearing indices, we have

/ V- VigdA = / D, fDigdA = / Dy(fD,g)dA - / D,D,gdA
T T T T

~ [ DgHnad+ [ Dgmdd- [ fargaa
r or r
Since D,gv; = Vrg - v = 0, we have the following theorem.

Theorem 2.14.

/ Vrf-VrgdA = —/ fArgdA + / fVrg - pndA. (2.18)
I r or

3. Partial differential equations on surfaces
3.1. Elliptic equations on hypersurfaces

In this section we briefly give the basic ideas for the analysis of elliptic
PDEs on hypersurfaces. We assume that I' is a compact and connected
hypersurface.
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The Poisson equation
We begin with the model case of the Poisson equation

—Aru = f (3.1)

on a compact hypersurface I' in R®*! and thus without boundary. Here f
is a given right-hand side or source term which is taken to be from L?(T")
or more generally from H~!(T'), the dual space of H(T).

A weak solution of (3.1) is a function u € H*(T") which satisfies the relation

/VpU- thpdA = / ngdA (32)
r r

for every test function ¢ € H'(T'). Since ¢ = 1 is allowed as a test function
we have to impose the condition fF f = 0 on the right-hand side. If the
right-hand side f is a functional only from H~(I'), then the weak form of
the equation reads

/ Viu- VrpdA = (f,¢),
T

where the brackets stand for the evaluation of the functional f at the func-
tion .

Obviously there is no uniqueness of weak solutions in this case, since every
constant is a solution. We will fix the free constant by choosing the mean
value of u to vanish. The following theorem can easily be proved.

Theorem 3.1. Let I’ € C? be a compact hypersurface in R**! and assume
that f € H-Y(T") with the property (f,1) = 0. Then there exists a unique
solution u € HY(I') of (3.2) with [udA =0.

The proof is an application of the Lax—Milgram theorem or the Riesz
representation theorem. The bilinear form

a(u,v) = / Vru - VrvdA
r

is a scalar product on the Hilbert space X = {u € H'(T') | [pudA = 0}
because of Poincaré’s inequality (2.16). The right-hand side f was chosen
to be in the space H(T") of linear functionals.

Besides the existence of weak solutions the most important ingredient for
suitable numerics is the proof of regularity and of a priori estimates for
solutions of the Poisson equation. We shall show how to prove an a priori
estimate in the H?(I') norm. For this we use the following little lemma, in
which we use the usual notational convention for the seminorms | - |g1(p)
and | . ‘HQ(F)'

Lemma 3.2. Let ' € C? and u € H*('). Then

ul g2y < [[Arull ey + clulgr (3.3)
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with the constant ¢ = \/HH’H — 2H2| oo (1)

Proof. By approximation arguments we can assume that I' € C3 and u €

C3(I'). We have
n+1

ij=1
and with the formula for integration by parts on I' (2.13) in combination
with Lemma 2.6 we obtain (using the summation convention)

/DiDjuDiDjudA: D;DuD;uHv; dA—/DiDiDjuDjudA
r I' N~————— r
=0

= — / D, (QJQzu + Qku(Viij — V]Hlk))QJUdA
T

= — /FDiDjDiUDju dA — /FDkau(Viij B VjHik)qu d4

=0

- /DkUDjUDi(Viij — viHir) dA
r

r r
For the remaining third-order term we observe that

/DiDjDiuDjudA_/DjDiDiUDju+ViijDkDiu'DjUdA
r r
:/FDjApuDjudA—/F(H2)Z-jDiuDjudA

— / (Aru)?dA — / (H?)ijDuDjudA.
r r
Here we have used the fact that
viD.Dyu = Dy (v;Dyu) — DyviDyu = —H;Dju.
Altogether we have shown that

Julf2ry = Il Arull72 ) - /(H’H — 212 Vru - VrudA
Iy

< ||AFU||%2(F) + |HH — 2H2||L°°(F)HVFUH%2(F)7
and this finally proves the estimate (3.3). O

With the help of the previous lemma and standard arguments we arrive at
the regularity estimate for the solution of the Poisson equation on a compact
hypersurface.
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Theorem 3.3. Assume that I' € C? and that f € L?(T") with JrfdA=0.
Then the weak solution from Theorem 3.1 satisfies u € H%(T") and

ull g2ry < el fllp2qr)-

For the proof we use the basic estimate (choose ¢ = u in (3.2))

[ul gy < el fllpz2(ry

(for which we use Poincaré’s inequality again), together with the PDE point-
wise almost everywhere, to obtain

[l g2y < el fllp2 ),

if the solution has square integrable second derivatives.

The H?(T)-regularity of u is taken from the theory of linear PDEs on
Cartesian domains in R"™. Here the arguments are purely local. For this
we parametrize the C? surface I' according to Lemma 2.2 locally by X €
C?(,T), X = X(0) with some open domain Q C R™. If we set U(f) =
u(X(0)), then U is a weak solution of the linear PDE

_(gij9j\/§)9k =foX\yg

on (). For the notation see Section 2.1. The coefficients of this PDE are in
C1(Q) and the right-hand side is in L?(2) because by assumption I' € C2.
The well-known regularity result from Cartesian PDEs (see for example
Gilbarg and Trudinger 1998) then gives U € H?(§)') for any Q' CC , and
this in turn gives u € H2(T).

General elliptic PDEs

In the previous section we have shown how the Poisson equation is solved on
a compact surface. The methods are easily extended to general linear elliptic
PDEs in divergence form and to boundary value problems (on surfaces with
a boundary):

n+1 n+1 n+1 n+1
— Y Di(ai;Dju) = > Di(au) + > biDu+cu=f—> Digi. (3.4)
i,j=1 i=1 i=1 i=1

We assume for the given coefficients that
aij, aiybi,c € L°(T),g; € LA(T) (4,5 =1,...,n+1).

We also assume that the coefficient vectors a(z) = (a1(x),...,ant1(x)) and
g(x) = (q1(),...,gn+1(x)) are tangent vectors at = € I', that is, they
lie in T,T', and that the matrix A(z) = (ai;j())ij=1,..n+1 i symmetric
and maps the tangent space T,I" into itself. We emphasize that the latter
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condition implies that in general constant coefficients a;; are not admissible.
They have to depend on the x-variable. Nevertheless a;; = ;5 is obviously
allowed.

As ellipticity condition we assume a so-called Ladyzhenskaya condition,
which says that there exists a number ¢y > 0 such that

n+1 n+1 n+1 n+1
>+ > aibe&i + > bi&ibo+ g = ey &,
i,j=1 i=1 i=1 i=1

almost everywhere on I for all ¢ = (£1,...,&u11) € R*M with € v = 0 and
all & € R.
With the PDE (3.4) we associate the bilinear form a,

n+1 n+1 n+1
au, ) = /F S aiDuDp+ Y auDyp+ 3 biDyup + cupdA,
i,j=1 =1 i=1

and the functional F,

n+1

(F,p) = /F fe+ > giDipdA,
=1

for u, o € HY(T), for which we assume (F,1) = 0.

Theorem 3.4. Let I' € C? be a compact hypersurface. Assume that the
coefficients satisfy the above conditions. Then there exists a unique weak
solution of (3.4) with [, udA =0, that is, there exists a unique u € H*(T)
such that

a(u, p) = (F,¢)
for every ¢ € HY(T).

Proof. 'The proof of this theorem is a direct application of the Lax—Milgram
theorem. |

4. Triangulated surfaces

In this section we discuss the discretization of surfaces in combination with
the discretization of elliptic surface PDEs. The continuous surface I' is
replaced by a piecewise polynomial surface; in the most simple case the
approximating surface I'j, is a polygonal one. This introduces a geometric
error between I' and I'y,, which we discuss in Section 4.2. In Section 4.4
we introduce finite element spaces on the discrete surface and discretize
the PDEs. This is the surface finite element method (SFEM). The error
between the continuous solution and the discrete solution is estimated in
natural norms in Section 4.5.
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r
\

N1,
(a)

Figure 4.1. (a) Approximation of a smooth curve by a polygonal curve
and (b) approximation of a smooth surface by a polygonal surface.

4.1. Triangulations

The smooth n-dimensional surface I' (OI' = () is approximated by a surface
I'y, which lies in the strip Us (see Lemma 2.8) and which is a Lipschitz
surface. The strip can be chosen with locally varying width: see (4.1).
In particular, for n = 1, I'y, is a polygonal curve, and for n = 2, it is
a triangulated (and hence polyhedral) surface consisting of triangles. A
three-dimensional surface in R* consists of tetrahedra.

We assume that the discrete triangulated surface I'j, besides (4.1) has
the following properties. I'y is the union of finitely many non-degenerate
(closed) n-simplices in R"™!. We let 7}, denote the set of these simplices:

= T

TeTy

The vertices X (j = 1,...,J) of the simplices are taken to sit on the smooth
surface I'. For T, T € Ty, either TNT = § or TNT is an (n— k)-dimensional
side simplex (k € {1,...,n}) common to both of the simplices T and T For
T € Ty, we denote by h(T') its diameter and by p(T) the in-ball radius. Also,

h = max h(T), p= min p(T).
gleé%() p ;rg,%p()

We assume that the quantity

oc=maxo(T), o(T)= ()
TeTh p(T)
is uniformly bounded independently of h.

Note that, by Lemma 2.8, for every simplex T' C I', there is a unique
curved simplex T' = a(T) C T'. In order to avoid a global double covering
(see Figure 4.2), we assume that for each point a € T' there is at most
one point x € I'p with a = a(x). This implies that there is a bijective
correspondence between the triangles on I'y, and the induced curvilinear
triangles on I
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Figure 4.2. Approximation of an ellipse I" by a
polygon I'y, violating the simple covering condition.

(a) (b) (c)

Figure 4.3. Refine and project for the sphere. We start from a
macro-triangulation (a) with 6 vertices and 8 triangles, and obtain the
first (b), second (c) and sixth (d) refinement. The finest triangulation
consists of 258 vertices and 512 triangles. The method of refinement is
bisection of triangles.

(d)

(a)

Figure 4.4. Discrete spheres as a macro-triangulation of S, $? and S3
(symbolically). We start with the macro-triangulation of S! (a), embed
it into R3 and add two new vertices (surrounded by circles) to obtain a
macro-triangulation of S? (b). We embed it into R* and add new
vertices to obtain a macro-triangulation of S (c).
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For the description of the approximation of surfaces we take the practical
point of view. In order to generate triangulated parametric surfaces the two
main techniques are as follows.

(1) Construct a macro-triangulation for the given smooth surface in such a
way that the coarse discrete surface I'j, is contained in a strip of unique
projection around I'. Then refine and project the new nodes onto the
smooth surface. For an example see Figure 4.3.

(2) Glue together patches (charts). Here one follows the classical differen-
tial geometric path. The additional difficulty from the numerical point
of view is the joining of two or more different grids.

Both methods can be used to generate a discretization of a standard surface
such as a sphere, which can then serve as a parameter domain for the surface
to be approximated. One may think of deforming the available discrete
surface in order to obtain a new discrete surface. An example of this method
is shown in Figure 4.5, where the surface shown is an image of a discretized
cylinder.

Refine and project. The following can be understood as setting up a macro-
triangulation approximating the smooth surface. For this method we use
the description introduced in Section 2.3. We assume that I' has only one
connected component. We start with a discrete surface I';, contained in the
variable strip Uy,

I cUs={y+svy)|ls| <i(y),yeT} (4.1)

where for a point y € I' we set

5(y)=min{(,max |,%.(y)|>‘17 sup L(y,z)}

1=1,...,n zel'z#£y |y - Z|

with the sectional curvatures ;. L(y,z) denotes the geodesic distance be-
tween y and z on I'. Just as in Section 2.3, one can show that each point
x € Us can be uniquely projected onto the smooth surface, yielding the
decomposition

r =a(z)+d(z)v(a(z)), =€ Uy,

with a(z) the orthogonal projection of x onto I' and d(x) the oriented dis-
tance between x and I'. Given a refinement of I'y,, a new refined triangulation
of I' may be obtained by projecting the new nodes on I'j, onto I'.

For any function 7 defined on the discrete surface I';, we define an exten-
sion or lift onto I' by

n'(a) = n(z(a)), ael, (4.2)
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Figure 4.5. (a) A complicated hypersurface I' approximated by a
piecewise linear surface. (b) Close-up of the discrete surface I'y,.

where, by our assumptions, z(a) is defined as the unique solution of
r=a+dx)v(a). (4.3)

Furthermore, we understand by n!(x) the constant extension from I in the
normal direction v(a(x)).
We will use a finite element space

Sp={¢n € C%T'1,) | @nlr is linear affine for each T' € Th}- (4.4)

The lifted finite element space is then
Sh={on=2¢} | on € Sh} (4.5)

4.2. Approzimation of geometry

In order to avoid too many technical arguments, we begin with a piece-
wise linear approximation of a smooth surface I' € C? and its geometry.
The extension to a higher-order approximation then follows the arguments
in the piecewise linear case, and in fact is based upon a piecewise linear
approximation.

Piecewise linear approximation of geometry
In this section we collect estimates for the geometric error which is produced
by approximating the smooth surface I' by a discrete surface I',.

The following technical lemma gives more detailed information about the
order of approximation of the geometry.
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Figure 4.6. A curved ‘simplex’ a(T) is parametrized over a
planar one. Orthogonal projection onto the smooth surface I'.

Lemma 4.1. Assume I' and I'}, are as above. The map a : I'), — I' is
bijective. For the oriented distance function to I' we have the estimate

1l oo (ryy < ch®. (4.6)

The quotient, dj, between the smooth and discrete surface measures dA,
and dAy, defined by 6, dA;, = dA, satisfies

Hl - (ShHLoo(I‘h) < Ch2. (4.7)

Let P and P}, be the projections onto the tangent planes, P;; = d;; — v;v;4,
Py ij = 0ij — Vp,ivh,j, and let

Ry = (Sth(I — AM)Pu(T — dH), (4.8)

Hij = dyjo; = 7 Then

I(I = Rp)Pllpoe(ry) < ch?. (4.9)

Proof. Let T € Tp be a simplex of the discrete surface. By assumption
it lies in the strip Us (see Lemma 2.8). Without loss of generality we may
assume that 7" C R™ x {0}. The corresponding curved triangle T' = a(T') is
thus parametrized over T'. Note that the parametrization is not given as a
(vertical) graph. This is crucial for all our arguments! See Figure 4.6 for a
sketch of the situation.

We let I, denote the Lagrange interpolation on T'. Since the vertices of
T lie on I', we have that the interpolant Ijd vanishes identically on T and,
with the well-known estimates for the Lagrangian interpolation (see Ciarlet
1978), we obtain

| ooy = lld — Ind| ooy < ch?|d|pr2ce(r) < ch?|ldllc2uy),  (4.10)
and similarly, for j =1,...,n,

[villLoo(ry = lda; | Loo(y = I(d = Ind)a; || oo () < chlldllc2wy).  (4.11)
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To derive the estimate of the surface elements (4.7), we observe that

dA::V/D%4—~-+aD%+1dx1~-dxn
while dA, = dzq - - - dxy,, with

Qar . Ou

8&?1 aiﬂn

dai—1 . Oai_1

D' _ (_1)n+1+1 811 8$n
! Oaiyr . Oaiqa
ox1 O0xn
Oant1 . Oant1

ox1 0zn

Now aj(z) = z; — d(x)vj(x), and thus for j,k=1,...,n,
oa;
a—x; = & — v(2)vj(z) — d(x)Hk(2) = P(2);1 + O(h?), (4.12)
since from (4.10) and (4.11) we know that |vxv;| < ch? for j,k =1,...,n
and |dH x| < ch?®. Similarly, for j =1,...,n,
Oan41
8IL‘J’

The multilinearity of the determinant, together with (4.12) and (4.13), im-
plies that fori=1,...,n

D = —vni1v; + O(h?),  Dpyq =1+ 0(K?). (4.14)

= —VUnt1V; + O(h2) (413)

Then

Dif+.---+D2, -1

VDb D2+ 1

_ v2 (1= vi )+ O(h?) _ o),
YD+ D 41

because 12, = 1 + O(h?). We have proved (4.7).

The proof of (4.9) follows from the previous estimates when we keep in
mind that in our situation v, = e,41. Note that by v we mean the piecewise
constant vector defined by the normals to the simplices of I',. We find that

(R, —I)P = PP,P — P + O(h?) = O(h?),
since for a unit vector z we have

(PPyP — P)z| = |z (vh — (v - v)v) (v — (i - v))| < ch?,
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because from (4.11),

v — (vh - V)V = lent1 — Untav| = /1 — V?LH = O(h).
This proves (4.9). 0

In order to compare the norms between functions on I';, and their lift
(4.2) to I we need the following lemma.

Lemma 4.2. Let n: ', — R with lift nt : T — R. Then, for the plane
T C I'p, and smooth curved triangles T' C I', the following estimates hold if
the norms exist. There is a constant ¢ > 0 independent of h such that

1
Sl < ey < clinllzzcry (4.15)
1
EHVFMHB(T) < HVF771||L2(T) <V, nllzz(r), (4.16)
Hv%hnHLQ(T) < C||V%77l”L2(T) + Ch||VF"7l||L2(T)- (4.17)

Proof. The proof is contained in Dziuk (1988). Here we only give the main
ideas. In the following let d be the distance function with respect to the
smooth surface I'. By definition (see (4.2))

n(z) =1'(x — d(x)v(z)), z €T

The chain rule together with the definition of the tangential gradients on
smooth and discrete surface, the latter one in a piecewise sense, gives

Vr,n(z) = Ph(:z:)(l - d(:ﬂ)H(w))Vpnl(a(x)), zely, (4.18)

where P, and H are as in Lemma 4.1. The results then easily follow from
the estimates of that lemma, and in particular the estimate 0 < % <y <
c < 0. U]

For later use we list interpolation inequalities which are now available.
The lemma was proved in Dziuk (1988) for the gradient. It is easily extended
to the L%-estimate.

Lemma 4.3 (interpolation). For n < 3 and given € H?(I'), there
exists a unique Ipn € S,ll such that

In = Innll 2y + BIVE (0 — Inn) [l 2@y < ch® (IVERll 2y + hHVF??HLE(r))-
4.19)

Proof. The interpolant is constructed in an obvious way. Since n € H?(T),
by Sobolev’s embedding it is in C°(T") since T is at most three-dimensional.
(Compare with Remark 4.10.) Thus the pointwise linear interpolation In €
X}, is well defined. The vertices of I'}, lie on the smooth surface I'" and so
the nodal values of 1 are well defined for this interpolation. We then lift
I,n onto I' by the process I;n = (Iyn)" according to (4.2). O
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Figure 4.7. Higher-order approximation I'f to T for k = 2.

Higher-order approximation of geometry

In the previous subsection we discussed the polygonal approximation of
smooth hypersurfaces. The higher-order approximation of the smooth sur-
face I' is based on the piecewise linear approximation and is related to
an isoparametric approximation to boundaries in the usual finite element

methods. Let
r=J T
T eT,!

be the piecewise linear approximation of I" from the previous subsection. As
shown, the map a : I} — I is bijective. We denote by ak = I,]fa € Pp(Th)
the kth-order interpolation on the planar simplex T at the Lagrange nodes
of T'. We then define the kth-order discrete surface I’Z by

ry= |J ofTh.
TieT}

Figure 4.7 illustrates this definition. Then the next lemma follows from
the proof of Lemma 4.1 in combination with the common estimates for the
Lagrange interpolation on (flat) simplices: see Demlow (2009).

Lemma 4.4. Assume that I' is as in Lemma 4.1 and let FZ be the kth-
order (k > 1) approximation described above. Then we have the estimates

1l L oty + 111 = 0l poe oty + 101 = RE)P e gy < b,

where 5,@ is the quotient of the surface measures on I' and on I‘ﬁ, dA =
6FdAp, and §FRF = P(I — dH)PF(I — dH) with the projection PF = I —
I/,’i ® I/I}f onto FZ with the normal yl,f of FZ.

4.83. Discrete charts

We end this section by adding some information on a discrete differential ge-
ometric approach which is consistent with the introduction of parametrized
surfaces in Section 2.1. For a complete exposition see Nedelec (1976).
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Let I be given as in Section 2.1 by local charts (X;)icr, X; € C¥(V;, R™H1).
We assume that already

= Xi(Vin),
i€l
with Vj;, C V; and triangulated domains V;;, € R™. We interpolate the
smooth parametrization X;;, = I, X;, where Ij is the interpolation from
Lemma 4.3 on the polygonal domain Vj;. We assume that if U;; = X;p,(Vin)N
X;n(Vjn) # 0, then the map X, o Xy : X1 (Uij) — X, (Uyy) s bijective,
continuous and piecewise linear. Then the discrete surface is defined by

Ty = | Xin(Vin)-
i€l
The advantage of this way to discretize the surface I' is that it allows the
approximation of immersions.

4.4. The surface finite element method (SFEM)

In the previous section we constructed and analytically treated an approx-
imation of the smooth surface I' by a discrete surface I'y,. For the following
the discrete surface is the union of n-simplices, I'j, = Ure7;,T. The exten-
sion to higher-order approximations is then an extension. For a function
g : 'y, = R we understand the tangential gradient on the discrete surface in
the sense of Definition 2.3 as

Vr,9 = P,Vyg

in a piecewise sense, on each simplex. Here (Pp,)ij = 8;j — vpivn; (4,5 =
1,...,n). Vg denotes the (n + 1)-dimensional gradient of a continuation of
g orthogonal to the simplex.

In the following we will set up a finite element method on this discrete
surface in order to solve PDEs. Because this approach is quite transparent,
we treat piecewise linear finite elements on the discrete surface first, and we
solve the Poisson equation.

We use the finite element space (see (4.4))

Sy, = {qﬁh € CO(Fh) | on|r is linear affine for each T' € 7}1} (4.20)
This space is spanned by the nodal basis x1, ..., xs, which is given by
X5 €S" xi(Xp) =8 (k=1,....J).

Here we denote by X; € I' the nodes, i.e., the vertices, of the triangulation
Tn. Every function Uy, € S, has the form

J
Un(z) = ) ajx;(z) (z€ly)
=1
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with real constants o; (j =1,...,J).
Associated with the finite element space Sy, defined on the discrete surface
is the lifted finite element space

Sh = {on =} | on € Su}. (4.21)

Note that S! is a subspace of the continuous space H*(T'). This space will
appear in theoretical considerations only.

Intermediate remark. We can define rth-order finite element spaces on kth-
order approximations of the smooth surface: see Lemma 4.4. The finite
element space of rth order (r > 1) on the piecewise linear approximation
F}I to I is given by

She = {on € COTL) | only € Po(T), T € Ty}
The general isoparametric finite element space on Fﬁ is then defined by
Slli,r = {(Ph € CO(F];L) ‘ ¥h © ak € S}L,T}'

In the following we will continue to work with piecewise linear finite elements
on piecewise linear approximations I'y, = F}l and Sy, = S,il with Sp from
(4.4), to keep the methods transparent. For more information concerning
the higher-order case we refer to Demlow (2009).

Definition 4.5. Let F), € L?(I';) with the property that th F,dA, = 0.
A function U € Sy is a discrete solution of the Poisson equation (3.1) on
Iy, if

Vr,Up - Vr,éndA, = / Fypoépn dAy, (4.22)

Ty Iy

for every discrete test function ¢p € Sj.

The discrete Poisson equation is a linear system for the solution U =
E;le a;X;. Equation (4.22) is equivalent to

ZSkjaj =F, (k=1,...,J),
j=1

where

Skj = thXk'VFhdeAh (k,j=1,...,J)
'y

is the stiffness matrix and F), = th FuxrdA, (k=1,...,J) is the right-
hand side. The linear system then reads

Sa=F
for « = (o, ..., ) and with F = (Fy,..., Fy).
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First we note that, for solvability of the discrete system, we need the
integral over the right-hand side F}, to vanish, because in (4.22) ¢, = 1
is a possible test function. According to the continuous setting the linear
system is not uniquely solvable, but solvable only up to additive constants.

Lemma 4.6. Assume that the situation is as in Definition 4.5. Then there
is a unique discrete solution to the Poisson equation with the property that

U dAp = 0.
T
Proof. We only have to show uniqueness for a solution. For this we insert
¢n = Uy, as a test function into the homogeneous Poisson equation ((4.22)
with F}, = 0) and find that ||[Vr,Usl[2(r,) = 0. This implies that Uy, is
constant on each simplex of the triangulation separately. Since Uj, € C°(I'y,),

Uy, = c € R on I'y,. Since the integral of U, over I'j, vanishes, we have that
U,=0onTYy,. ]

With respect to the implementation of the method we mention that the
method is precisely like a Euclidean method except for the fact that the
nodes of the triangulation are (n+1)-dimensional. Since the stiffness matrix
is assembled in a loop over all simplices and set up by calculating element
stiffness matrices for T' € T},

Sﬁ:/vphxﬁvphx{mh (Gyk=1,...,n+1),
T

the method is quite simple. Note that the element stiffness matrix is a
planar integral. By X{ we denote the basis function with respect to the kth
vertex of T.

4.5. Error analysis

We begin with an estimate for the geometric error when approximating
bilinear forms. The most important bilinear forms are

m(u, @) = / updA, a(u,p) = / Vru - VrpdA, (4.23)
r r
for u,p € H*(I'), and the discrete analogues

mh(Uh,éh)Z/ Unon dAp, ah(Uh7¢h):/ Vr,Un - Vr, ¢ndAy,
Iy Ty

(4.24)
for Up, ¢p € Sp.
In the following lemma we bound the geometric perturbation errors in
the bilinear forms.
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Lemma 4.7. For any (W}, ¢p) € S, xSy, with corresponding lifts (wp, ¢p) €
S,ll X Sfl, the following bounds hold:

[m(w, on) = mu(Wh, ¢n)| < ch®|lwnl| g2l nll 2y, (4.25)
|a(wh, on) = an(Wh, ¢n)| < b Vrws |l r2o [ Veenll 2y (4.26)
Proof. The bound (4.25) follows by noting that

[m(wh, on) — mn(Wh, én)]

1
1 —
/I‘( 5§L>wh§0h

and using Lemma 4.1.
In order to prove (4.26) it is convenient to introduce the notation

1
<lhh=-=
_H On

”whHL2(r)||90h”L2(r)
Loo(T'y)

1 1
Q= 5-(I = dH)PP,P(I — dH) = —P(I — dH)Py(I — dH)P
h h

on I'y(t), and its lifted version, Qﬁl on I'. Using (4.18) we may write on I'y,
Vr,Wh - Vr, on

= Ph(I — dH)Vth(a) . Ph(I — dH)vF(ph(a)
= PhP(I - dH)prh(a) . PhP(I — dH)Vpgph(a)
= 0, QnVrwp(a) - Vrpn(a).

We use the geometry estimate (4.8) from Lemma 4.1 and get the estimate

|P — Qu| < ch?.
Hence the bound (4.26) follows from
a(wn, on) — an(Wh, én)

= / Vrwp - VrepdA — | 0,9 Vrwy 0 a - Vg o adAy,
T Ly

= /(P - Qh)erh . Vpgoh dA.
r
Thus we have proved Lemma 4.7. L]

Example 4.8. As an example of the solution of the Poisson equation on a
surface without boundary we take the surface from Figure 4.8. The hyper-
surface was constructed by mapping a discretization of the unit sphere 52
onto the surface I' by

1 1 .
F(y1,y2,y3) = (2y1,y2, SYs (1 + 25111(27@1))), y = (y1,92,93) € S%
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Table 4.1. Errors and experimental orders of convergence (EOC) for Example 4.8
in the L°°(T"), L*(T') and H!(T') norms.

h | ELOO(F)(h) EOC | ELz(p)(h) EOC | EHl(F)(h) EOC
2.0615 0.62256 - | 0.85015 — | 0.42326 -
1.4577 0.47755 0.76 | 0.78648 0.22 | 0.17300 2.58
1.0126 0.17590 2.74 | 0.20326 3.71 | 4.37117x102 3.77
0.60406 4.4493%x1072 2.66 | 4.5902x1072 2.87 | 3.3671x1072 0.50
0.33968 1.1708x1072 2.31 | 1.0577x1072 2.54 | 1.3849x102 1.54
0.17613 2.9819x1072 2.08 | 2.6590x10~3 2.10 | 7.9195x1073 0.85
8.8805x1072 | 7.5899x10~% 1.99 | 6.6591x10~* 2.02 | 3.7204x10~3 1.10
4.4476x1072 | 1.8974x10~% 2.00 | 1.6651x10~* 2.00 | 1.9332x10~2 0.94
2.2242x1072 | 4.7476x107° 1.99 | 4.1628x107° 2.00 | 9.5198x10~* 1.02

The grid is shown in Figure 4.9. The representation of I' = F(S?) as a
hypersurface {x € R? | ¢(z) = 0} follows from y? + y3 + y3 = 1 with the
level set function

1, 43
r)=—cx]+x3+ -1
o) 47T 14 1 sin(mz1))?
From ¢ we calculate the normal v = % of I'. As exact solution we choose
u(x) = zixo (z € T'). We then calculate the right-hand side f from u as
f(x) = =Aru(z) (z € T'), and after some calculations we get
f(z) =2v1(x)va(x) + H(z)(xov1 () + z112(2)), 2 €T, (4.27)

with the mean curvature H of I'. According to (2.8) the mean curvature
can be calculated from the formula

Vo 1L ( <z>xj¢xk>
H=v % = — 5" (4, - .
ol ~ 190l 2=\~ TR )

Figure 4.10 shows the numerical solution with piecewise linear finite ele-
ments to the Poisson equation for the right-hand side f and with mean
value equal to zero on I'.

In Table 4.1 we show the errors in the norms Ere(ry(h) = [|u —ual| L (1),
Er2ry(h) = |lu — upllp2ry and Egiry(h) = [[Vr(u — up)|[ 2. For errors
E(hy) and E(hg) for the grid sizes hy and hg, the experimental order of
convergence is defined by

B -1
EOC(h1, hy) = log EEZS <10g Z;) .

The results confirm the theoretical results from Theorem 4.9.
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Figure 4.9. Computational grid on the surface from Figure 4.8
obtained after eight bisections of the macro-triangulation.

Figure 4.10. Solution u to Example 4.8 on
I'. Values between —1 (blue) and 1 (red).

We now prove the following result on the numerical solution of the Poisson
equation by piecewise linear finite elements on a compact connected surface.

Theorem 4.9. Assume that I' and 'y, are as above with n < 3. Let
Fy, € L?(T'y) with th Fp, = 0. Let S}, be the space of piecewise linear finite

elements on the discrete surface I', as in (4.4) and S} its lifted version as in
(4.21). Then there is a discrete solution of (3.1), U € Sy, which is uniquely
determined up to a constant,

Vr,Un-Vr,ondA= [ FyopdA (4.28)
Ty 'y

for all ¢;, € Sj. Fix the free constant by the requirement th Uy, = 0.
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The error in the natural norm between the continuous solution u with
Jpu =0 for f € L*(T), [ fdA = 0, from Theorem 3.1 and the lifted
discrete solution uy = U ,ll can be estimated for h < hg as follows:

IVr(u —up)l 2y < chllfllp2@y + cllf = fall Loy (4.29)

with ¢ depending on the geometry of I'. Here we have set f, = F}IL.
For the L?(I')-error we have the estimate

lw — unll 2y < eh® (| fllrzy + cllf = Fall 2. (4.30)

If we choose F}, so that

If = fallz2@y < cfh®,
then
lu— ey < e, [Ve(u—w)lgwy <ch (431)

Remark 4.10. The assumption that the dimension n of the surface I' is
less than or equal to 3 is necessary only for the use of the interpolation
inequalities in Lemma 4.3. The error estimates of the theorem are valid for
any dimension n if it is guaranteed that the estimates (4.19) hold.

Note that for the H'(T") error estimate it is sufficient to require first-order
approximation of the right-hand side f by f5.

The proof of this theorem was given in Dziuk (1988). For the convenience
of the reader and because the theorem concerns a model problem, we present
the proof.

Proof. For sufficiently small grid size h < hgy the discrete bilinear form ay,
is coercive. From Lemma 4.7 we get for ¢, € S, and ¢ = (;Sﬁl with the
coercivity of the bilinear form a,

an(dn, on) > al(en, on) — |a(en, on) — an(édn, on)|
> [[Vrenllzery — ch?IVrenlTa (4.32)

1
§HVFQPhH%2(F) (4-33)

Vv

for h < hg.
From the continuous equation (3.2) and the discrete equation (4.28) we
have

a(u, o) =m(f, ), an(Un, dn) = mp(Fh, én) (4.34)

for all o € HY(T') and all ¢}, € Sj.
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Following the common arguments of the first Strang lemma, we infer from
(4.33) and (4.34) for arbitrary ¢y, € Sy, pn = ¢} that

19— o) ey < (Un — 0n,Un — n)
= a(u — pn, up — Pn)
+ a(pn, un — ¢n) — an(dn, Un — én)
— (m(f,un — on — ¢) = mp(Fp, Up — ¢ — ¢))
= a(u — Pn, Un — ¥n)
+ alen, un — ¢n) — an(én, Un — én)
— (m(f,un — ¢n — ¢) = m(fn, un — op — ¢))
— (m(fh, un — pn — ¢) = mp(Fp, Up — ép — ¢)).
Because the mean value of f over I' and the mean value of Fj, over I'y
vanish, we were able to smuggle in an arbitrary real constant c. We have
set fp, = F}ll So,
%HVF(% — ez
< |IVr(u = o)l Ve (un — on)ll 22
+ |a(en, un — on) — an(dn, Un — ¢n)|
+If = fullzz@oyllun = @n — cll L2y
+ [m(fny un — on — ¢) — mp(Fp, Up — ¢p — ).

We continue the estimate with the results from Lemma 4.7 and get

LIV~ o)y
< |[[Vr(u — on)ll L2 IVr(un — @n)ll L2y
+ ch®||Vrgnl 2@y IV (un — on)ll 2
+f = full 2oy llun — @n — cll L2y
+ || full 2oy lun — en — cllp2(ry-

The choice ¢ = ﬁ fr up, — ppdA allows the application of Poincaré’s in-
equality from Theorem 2.16,

lun = on = cllL2ry < EllVr(un —en)llL2r)-
We finally arrive at the estimate
1
§||Vr(uh - Sﬂh)HLQ(F)
< [IVr(u = en)llz2ry + ch® [ Vrenll 2
+elf = fullzey + (| fll 2oy



322 G. Dziuk AnD C. M. ELLiOTT
We choose ¢, = Ipu and use the interpolation estimates from Lemma 4.3:

1
S IVr(un = Inu)ll2(r)
< (1 + ch2) IVr(u— IhU)HLZ(F) + ChQHVruHL2(F)
+ellf = fallzzay + ch? | fll ey
< chllull g2y + el f = fall L2y + ch? (L f |2y
The a priori estimate from Theorem 3.3 now finally gives
IVr(u —un)|lp2ry < chllfllzz@y +ellf = fullz2 @y
and the estimate (4.29) of the theorem is proved.

The L?(T') error estimate follows with the usual Aubin-Nitsche trick. Let
v € H?(T') be the solution of the problem

1
—Arv:u—uh—m/u—uhdA
r

on I' with fF vdA = 0. It follows from Theorem 3.3 that

vl 2y < ellu = unllz2ry)-
The PDE for v gives

2
w2y — |1{| (/ w—up, dA) _ /(u —u)ArvdA. (4.35)
r r
The right-hand side of this equation is equal to a(u—up, v) by Theorem 2.14.
Using the results from Lemma 4.7 we have, for ¢, = Ipv € S;L,
a(u — up,v)
= a(u — up, v — pp) + a(u — up, n)
= a(u — up, v — pn) +m(f, ¢n)
— mp(Fn, ¢n) — (alun, n) — an(Un, 1))
< IVe(u = up)| 2@ Ve (v = on)ll 22 )
+c(If = fullzzqy + P21 frll 2 IV renll 2
+ || Vrup| 2y [ Veenl z2r
< (P fllzzaey + IF = fallzay) vl
< (P fllz2ey + I1f = fallpzay) I — unll 2.
For the left-hand side of (4.35) we observe the following:

2
|1£| </ u— up, dA) = em(u — up, 1)* = em(up, 1)
r

= c(m(up, 1) = my(Un, 1))? < eh*([|ullT2p) + lu = unllfzm)-
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But then
(1= ch®)llu = unll 22y
< Ch4HfH%2(r) + (B2 fllzwy + I1f = fulle) llw — wnllz2ry-
This finally gives the estimate (4.30) for h < hy. U

4.6. Other methods on discrete surfaces

First note that the use of surface finite elements for solving parabolic equa-
tions on stationary surfaces follows rather naturally from the developments
in this section (Dziuk and Elliott 2007b). Higher-order finite element spaces
for elliptic equations were analysed in Demlow (2009), an adaptive finite el-
ement method for stationary surfaces was considered in Demlow and Dziuk
(2007), and coupling of surface and bulk elliptic equations was analysed in
Elliott and Ranner (2013).

A discontinuous Galerkin surface finite element method was considered
by Dedner, Madhavan and Stinner (2013). An extension of the idea of the
surface finite element method (SFEM) is to use surface finite volumes. An
analysis of elliptic equations using general meshes is given in Ju and Du
(2009) and Ju, Tian and Wang (2009). A method for parabolic equations
on stationary surfaces using logically Cartesian grids is presented in Calhoun
and Helzel (2009). See also Berger, Calhoun, Helzel and Leveque (2009) for
conservation laws on the sphere.

5. Partial differential equations on moving surfaces

Quite often we have to solve PDEs which live on a moving surface or inter-
face. We refer to examples in Section 10. In this chapter we will treat the
most basic linear PDE on an evolving surface. The motion of the surface
will be prescribed. The geometry will be described in Section 5.1. It will be
important to use the space-time structure of the given geometry. We will
describe in Section 5.2 how the standard conservation law can be derived.
In Section 5.3 we will work with moving triangulated surfaces and use them
to discretize the heat equation on a moving surface.

5.1. The geometry of moving surfaces

For each t € [0,7], let I'(t) be a compact hypersurface oriented by the
normal vector field v(-,t) and I'y = I'(0). We assume that there exists
a map G(-,t) : Tg — I'(t), G € CL([0,T],C%*Ty)), such that G(-,t) is a
diffeomorphism from I'g to I'(¢), and we define the velocity of I'(¢) by

oG 0,0) = 27 (),
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Figure 5.1. Space—time surface Gr for the
dimension n = 1. Here each I'(¢) is a curve.

G(-,0) = Id. We assume that v(-,t) € C?(I'(t)). The normal velocity of T’
is then defined by v, = v - vv.
We use the appropriate time derivative, that is,

8‘f:%+v-Vf. (5.1)

Obviously this derivative only depends on values of the function f on Gr. It
is quite often convenient to work with the space-time surface (see Figure 5.1)

Gr=J T x{t}. (5.2)

t€[0,T]

Note that for a function f : Gr — R the time derivative % and the spatial
derivatives V f do not make sense separately.

Leibniz formulae, transport theorems
The following formulae for the differentiation of time-dependent surface in-

tegrals are called transport formulae, and are proved in Dziuk and Elliott
(2007a, 2012).

Theorem 5.1. Let M(t) be an evolving surface with normal velocity v,.
Let v, be a tangential velocity field on M(t). Let the boundary dM(t)
evolve with the velocity v = v, + v-. Assume that f is a function such that
all the following quantities exist. Then

d

dt
Proof. Let Q C R" be open and let X = X(6,t), 0 € Q, X(-,t): Q= UNT
be a local regular parametrization of the open portion U NI" of the surface I'
which evolves so that X; = v(X(0,t),t). The induced metric (g;;)i j=1,...n is
given by g;; = Xy, - Xo, with determinant g = det(g;;). Let (g") = (i)t

fdA—/ 0°f + [ Vr - vdA. (5.3)
M) M)
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See also Section 2.1. Define

F9,t) = f(X(0,t),t) and V(0,t) =v(X(0,1),t).

Then, with the Euler relation for the derivative of the determinant,

9 .
a\/g:\/gz g]Xai'Veja

ij=1
we have the following proof of (5.3):
d d OF 0/9
— dA=— [ F\/gdd= | — F—=d6
dt me cht/Q V9 a VIt
0
:/((%:(X,-)jLVf( ) Xt>f+f fZgJXe Ve; 49
& 2,j=1
= f4 fVp-vdA,
rnu

where in the last step we used that ¥V = X; and that the tangential diver-
gence of v is given by

(Vi) ZQZ]XH Vo, -

1,7=1

The theorem is proved. 0

We give transport formulae for the time derivative of the most important
bilinear forms m, a and g given by

(1), (1)) = /F 000D aAw)
a((ﬁ('vt)aw('vt)) = /I"(t) A("t)vF(t)¢('vt) ’ vl"(t)w('vt) dA(x)7

9056 £), (1)) = /F OOV O 0l 1 dA).

Note that these bilinear forms now explicitly depend on time too. But
instead of writing, say, m(t, ¢(-,t),%(+,t)), we suppress the explicit depen-
dence on t. It will always be clear from the arguments ¢ and  at which
time the bilinear form has to be evaluated.

Lemma 5.2. For ¢,v € H'(Gr), we have

Comlp,0) =m0, 0) + m(e,0%) + gvio) (54
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and
d { ] [ ]
&a(%w) = a(0°p,¥) + a(p, 0*Y) + b(v; p, ), (5.5)
with the bilinear form
bus o) = | Bw)Vrp: Trodd (5.6)
r
With the deformation tensor
n+1
1 ..
D(v)ij =5 D (Ai(Vr)rv; + Ap(Ve)goi) (5 =1,...,n+1)
k=1

and the tensor

B(v) =0*A+ Vr-vA—2D(v), (5.7)
we have the formula
d
— AVrf-VrgdA = (5.8)

/ AVro®f - Vrg+ AVrpf - Vro®gdA + / B(v)Vrf - VrgdA.
M(t) M(t)

For the convenience of the reader we derive the transport formula for
Dirichlet’s integral,

/ Ve da,
I

for a time-dependent surface. We continue to use the notation of the previ-
ous proof. The generalization to the more general case in Lemma 5.2 then
follows easily. We first observe that we have

2 17
(Ve (X, )P =D g9 Fy Fy,, (5.9)
ij=1
so that
Ld |Vrf|2dA:/\/§zn: 9" Fy, Fy,; do

1 S 1 ~ i
+2/ﬂ¢§zgt Fy,Fy, d9+2/ﬂ\/§ S 979X, - Vo Fo, Fa, db.

1,j=1 1,5,k,1=1
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An easy calculation shows that

n n
g’ == g% g = g% (X, - Xo,):
k=1 k=1

== > 9% ' Vo, - X, + Xo - Vi),

k=1
and we arrive at

1d

57 Ve f|?dA = Vrf-Vro®fdA

2dt Jrau AU

- 1
- / > DyDifD;fdA+ / Ve fPVr - vdA.
rnu 57 2 Jrov

The formula (5.8) for A = I then follows by polarization.

5.2. Conservation and diffusion on moving surfaces

Conservation law

Let u be the density of a scalar quantity on I'(¢) (for example mass per unit
area n = 2 or mass per unit length n = 1). We suppose there is a surface
flux q. The basic conservation law we wish to consider can be formulated
for an arbitrary portion M(t) of I'(¢), which is the image of a portion M(0)
of I'(0) evolving with the prescribed velocity v = v,. In the following we
write 9°u for the material time derivative of u with respect to this purely
normal velocity:

0°u = us + v, - Vu.

0°u is sometimes known as the normal time derivative (Cermelli, Fried and
Gurtin 2005).
The conservation law is that for every M(t)

4 udA:—/ q-pndA, (5.10)
dt J e OM(t)

where OM(t) is the boundary of M(¢) (a curve if n = 2 and the end points
of a curve if n = 1) and p is the co-normal on OM(t). Thus p is the unit
normal to M (t) pointing out of M(t) and tangential to I'(¢). The surface
flux is denoted by ¢q. Observe that components of ¢ normal to M do not
contribute to the flux, so we may assume that ¢ is a tangent vector.

With the use of integration by parts, (2.13), we obtain

/ q-,udA—/ Vp-qu—/ q-quA—/ Vr - qdA.
OM(t) M(t) M(t) M(t)
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Figure 5.2. Conservation on a moving surface. Moving
surface I'(¢) and subset M (t) with co-normal p.

On the other hand, by the transport formula (5.3) we have

d

— udA:/ 0°u+uVr - v, dA,
At J ) M(t)
so that

/ O°u+uVr-v, +Vr-qdA =0,
M)

which implies the pointwise conservation law
Ou+uVr-v, +Vr-q=0. (5.11)
This may also be written as

du

u+ Voo + HVu+ Vg =0, (5.12)
v
where V' = v, - v; see also Stone (1990).

We wish to consider a diffusive flux ¢ = —AVru and an advective flux

qq = uvr, where v, is an advective tangential velocity field, that is, v.-v = 0,
so that

q=qdq+ qa = —AVru + uv,.
Then we arrive at the PDE
0*u+uVr-v—Vr-(AVru) =0. (5.13)

In the following we assume that A is a sufficiently smooth symmetric
(n+1) x (n + 1) matrix which maps the tangent space of I" at each point
into itself and is positive definite on the tangent space, that is,

AE-€> ¢olé]? forallé e R™TL €. =0, (5.14)

with some constant ¢y > 0. For the definition of a solution we assume that
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the elements of A belong to L>°(Gr). A weak solution of the PDE (5.13) is
a function u € H'(Gr) that satisfies the equation

d ugodA—i—/ .AVru-Vp(pdA:/ ud®pdA (5.15)
dt Jrq r(t) r(t)

almost everywhere on (0,7"), where ¢ is an arbitrary test function defined
on the space-time surface Gp.
In Dziuk and Elliott (2007a) we proved the existence of a weak solution.

Theorem 5.3. Assume that the initial data ug € H'(Ig), where I'g =
I'(0). Then there exists a unique weak solution u € H'(Gr) of the PDE
(5.13), that is, equation (5.15) is satisfied for almost every ¢ € (0,7"), which
satisfies the initial condition u(-,0) = ug on I'g. Furthermore, if A and v
€ CY(Gr), the solution satisfies the energy estimates

T
sup [l ¢ + / IVrullZay dt < cluolZay),  (5.16)
(0,7) 0
T
/0 1%y -+ 0p [Vl < ol (517

where ¢ = ¢(A,v,Gr,T).

Proof. For the convenience of the reader we include a proof of the a priori
estimates. For (5.16) we set ¢ = u in (5.15) and, using Lemma 5.2, we get

u) + a(u,u) = m(u, 0%u) = lim(u u) — ;

5% g(v;u, u).

dt m(u,
This gives
1d

1
§am(u u) + a(u,u) + 59(1}, u,u) =0,

and with a Gronwall argument this implies (5.16).
For (5.17) we use (5.4). The weak equation (5.15) implies

m(0%u, ) + g(v;u, ) + a(u, ¢) = 0.

We insert ¢ = 0%u and get from (5.5)

1
—b(v;u,u) =0.

au,u)—2

° ° . ° lg
m(9%u, 0%u) + g(v;u, d u)+2dt (

Standard arguments then lead to (5.17). U
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= L= Lo

) t =0.00 )t =023 )t=121 (d) t =185

(e) t =2.36

" @ »

(h) t=1.21 ) t=1.85

Figure 5.3. (a—e) Deformation of a torus and (f-j) solution of equation (5.13).
Colours indicate the magnitude of the solution. There was no source term.
The surface is deformed and reaches the initial form of a round torus again
at time ¢ = 2.36. The initial value was constant: ug = 10.0 (green at ¢ = 0.00).
The solution at final time ¢ = 2.36 is due purely to geometric motion.

For ¢,v € HY(T') we use the bilinear forms

Ao 1), (1) = /F L ALOTRLD) - VIuCna, (518

(1), (- 1)) = /F L PG (5.19)
g(’”(':ﬂ? gp(-,t),?/}(-,t)) = L(t) ‘P('?t)q/)('vt)VF ’ U('7t) dA. (5-20)

Using this notation, the weak form (5.15) of the PDE (5.13) becomes

d .
3w @) +alu, 9) = m(u, 0%). (5.21)
Of course, the variational problem may be posed on the initial surface I'g.
This would lead to non-constant coefficients even with A = Z. It would also
require knowledge of the map G in Section 5.1 which we choose to avoid.



FINITE ELEMENT METHODS FOR SURFACE PDES 331

5.8. Discretization

Evolving triangulated surfaces
The smooth evolving surface I'(t) (OI'(t) = @) is approximated by an evolv-
ing triangulated surface

[n(t) C Us(t)  (9Ta(t) = 0),

which for each t is polygonal and is smooth in time. Us(t) is as in Lemma 2.8.
Let us suppose for simplicity that § does not depend on time. We as-
sume that every surface I'(¢) is approximated as described in Section 4.2.
So, T'y(t) is homeomorphic to I'(t) for every t € [0,T]. Us(t) is a neigh-
bourhood in R™™! of T'(¢) such that for each x € Us(t) there is a unique
a(z,t) € I'(t) which is the normal projection of z onto I'(¢), and z =
a(xz,t) + d(z,t)v(a(z,t),t), where d(x,t) is the oriented distance function
with respect to I'(t). We have that

= |J E®

BE(t)eTh(t)

with the admissible triangulation 7,(t) as in Section 4.1. We suppose that
the maximum diameter of the simplices in 7;(¢) is bounded uniformly in
time by h. Note that for each E(t) C T',(t) there is a unique E(t) C
I'(t), E(t) = a(E(t),t), whose edges are the unique projections of the side
simplices of E(t) onto I'(t). This induces an exact ‘triangulation’ of I'(¢)
with curved simplices.

As in Section 4.2, we consider triangulated surfaces for which the vertices
X;(t) (j=1,...,J) of the simplices sit on I'(t) so that I'y(t) is an interpo-
lation. Furthermore, we advect the nodes in the tangential direction with
the advective velocity v,, as well as keeping them on the surface using the
normal velocity v,, so that with v = v, + v,

dx;
dt

As discrete analogues of the bilinear forms (5.18), (5.19) and (5.20), we
define for ¢p (-, t), Wp(-,t) € Sp(t)

() =v(X;(t),t) (G=1,.....J). (5.22)

ah(gf)h(-,t),Wh(' t / .A Vrhth( ) . VrhWh(-,t) dAy,
E()eT(t)
mp(on(-,t), Wh(- ) = g ()éh( Wi (-, t) dAp,
(Ve (5 1); on (5 1), Wh(-, 1)) = - Sn( O)Wh(-t)Vr, - Vi(e, 1) dAp.

We keep in mind that the forms explicitly depend on t.
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Evolving finite element spaces

As in the stationary case in Section 4.4, we use piecewise linear finite ele-
ments. But now they live on the evolving discrete surface I',(t). We use
the lift of functions from (4.2). This has two purposes. First we use the lift
from T',(t) to I'(t) in order to define extensions of our finite element space,
which allows an error analysis of the discretization on the smooth surface
I'(t). Second, since the numerical method is based upon integration of fi-
nite element functions upon I'y(t), we define approximations of the data,
A, given on I'(¢) using A~

Definition 5.4. For each ¢t and t" = n7r, 7 > 0, we define the finite
element spaces

Sp(t) = {on(-,t) € CO(T, (1)) | ®n(+,t)|p(t) is linear affine for each

E(t) € Tu(t)},
Sh(t) = {on(-t) = on(- ) | dn(-.t) € Sh(t)},

St = S(t"), Sp' = Sh(t").

For each ¢y € S}L (goZ € SZ’I) there is a unique ¢, € S}, (qﬁ’ﬁ € Sﬁ) such
that

on = o (o = op).

By x1,-...,xs we denote the nodal basis of Sj,.

5.4. Evolving surface finite element method (ESFEM)

There is an astonishingly simple extension of the Leibniz formulae from
Theorem 5.1 and Lemma 5.2 to the case of discrete surfaces. We formulate
this as follows.
A discrete material velocity, V},, for z = X (t) € T',(t) on the surface I'; ()
is defined by
N
X(t) = Vh(X(t)7t)a Vh(xvt) :Ihv(xat) = ZXj(t)Xj(iE,t), (523)
j=1

and an associated discrete material velocity, vy, for Y (¢) = a(X(t),t) on
I'(t) is defined by

_aa
ot
Note that (i) edges of E(t) (which are the projections onto I'(t) of E(t) C

I'n(t)) evolve with the material velocity vy (+,t), and (ii) the discrete material
velocity vy, is not the interpolation of v in S (2).

Y (t) = op(Y (1), 1) (X(£),1) + Vi(X(8),8) - Va(X(£),1).  (5.24)
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In analogy to (5.1), we define the discrete material derivatives on T'y(t)
and I'(t) element-by-element via the equations

Ronlpw) = (dne + Vi - Vou)| g (5.25)
Onenlery = (@ne +vn - Vo) lew- (5.26)
With these discrete material derivatives we can formulate one of the main

properties of ESFEM.

Lemma 5.5 (transport property of the basis functions). The basis
functions satisfy the transport property that

Ohx; =0, anxl=o0. (5.27)

Proof. We prove the property for the discrete material derivative of the
basis functions on the discrete surface which follows from the definition of
the nodal basis. Take a simplex E(t) € Tp(t) with Xy (¢) € OE(t). We have
that x;(Xk(t),t) = d;r. The time derivative of this equation gives
8)(]‘ dX k
ot At
where the gradient is taken on E(t). Since by definition

Val(Xe(t) 1) = 1),

it follows that 9} x;(X(t),t) = 0. Since x; (and 95 x; too) is a linear poly-
nomial on E(t) this then implies 9} x; = 0. Using x;(x,t) = Xé-(a(x,t),t)
and the definition of the projection a(-,t), we find that
0=0x; = (X, + Vo Vxy)
= (Xj, + (@ + (V- V)a) - VX§)(a, ) = Fhxj(a, ). L]
We can now formulate the transport theorem on the discrete evolving

surface. This is possible because in the proof, which is similar to the proofs
of Theorem 5.1 and Lemma 5.2, we do not use integration by parts.

(Xu(t). 1) + VG (Xe(t), ) - S (1) = 0

Lemma 5.6. Let I'y(¢) be an evolving admissible triangulation with ma-
terial velocity Vj. Then

d
— fdA, = / orf+ fVr, - Vi, d4. (5.28)
dt Jr, ) Th(t)

For ¢ € Sh(t>7 Wy, € Sh<t)7
d

amh(ﬁf% Wh) = mp (050, Wh) + mu(¢, o Wh) + gn(Vi; ¢, Wh),

d
aah(ﬁb’ Wh) = an(05¢, Wr) + an(@, Oy Wh) + bn(Vi; ¢, Wh),



334 G. Dziuk aND C. M. ELrioTT

with the bilinear form

bu(Vis 6 Wa) = Y / Bu(Va)Vr,¢ - Vi, WadAp, — (5.29)
E@eTi(t) PO
where
Br(Vy) = 8,:A_l +Vr, - Vi AT — 2Dy (Va),
1 n+1
Dy (Vi)ij = 5 Z(A;cl(th)thj + Aﬁcl(th)thi)v hj=L....,n+L
k=1

Let I'(t) be an evolving surface decomposed into curved elements E(t) whose
edges move with velocity vy. Then

d/ fda= [ & f+ fVr, -ondA. (5.30)
dt Jre r(1)
For ()0(7 t)a "LU(‘, t)? a}.ﬁo(a t)? 8}.111)(, t) € Hl (F<t))7
d ° °
am(cp,w) = m(ah(pvw) =+ m(@a ahw) +g(vh;¢7w)7 (531)
d
4, w) = al@he, w) + alp, Gpw) + b(vp; ¢, w). (5.32)

Remark 5.7. The continuous surface moves with the smooth velocity v;
the discrete surface moves with the piecewise linear velocity V4,. If we project
the discrete surface onto the continuous one by a(-,t), then this induces
another velocity on (of) the smooth surface, which we call vy,.

From the smoothness of I' and A and the fact that V}, is the interpolant
of the smooth velocity v, we have that

IV, VallLoe (0, + 1Br(Vi) lpeor,) < ¢

uniformly in time.
We are now in a position to cleanly formulate a discretization of the
continuous PDE (5.15).

Definition 5.8 (ESFEM). Given Upg € Sp(0), determine Uj, € Sg,
Si = {én € C°(G1) | Ohon € C°(GF) and op(-,t) € Su(t) ¥t € [0,T1},
such that for all ¢, € S¥ and all t € (0, T,

S (Un 0n) + an (Un, 68) = ma (U Ohn), Un(0) = o (533)

Uy, is then called a discrete solution of (5.15) with initial value Upg.
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Using the transport property Lemma 5.5, it follows that this definition is
equivalent to

d
amh(Uthj) +ap(Un, xj) =0, Up(-,0) = Upo, (5.34)

forall j=1,...,J.
Setting M(t) to be the evolving mass matrix

M(t)jk:/ XjXk dAp,
Tu(t)

S(t) to be the evolving stiffness matrix

S(t)jk = A7V, x; - Vo, Xk d A,
Lp(t)
and Uy = Z‘j]:l a;Xj, @ = (ai1,...,ay), we arrive at the following simple
version of the finite element approximation:
d
&(M(t)a) +S(t)a =0, (5.35)

which does not explicitly involve the velocity of the surface.

Since the mass matrix M(t) is uniformly positive definite for ¢t € [0, T
and the stiffness matrix S(¢) is positive semidefinite, we get existence and
uniqueness of the semidiscrete finite element solution.

Observe that our method and analysis includes the case of advection—
diffusion on a stationary surface in which v, = 0 and the vertices are moved
with the tangential velocity v;. Moreover, note that the numerical method
simply requires knowledge of the location of the vertices of the triangulation
and avoids knowledge of the map G in Section 5.1. This is of particular ad-
vantage in applications where an approximate triangulated surface is often
calculated as part of the solution process.

Lemma 5.9. There exists a unique solution of (5.33). The lifted discrete
solution up = U,ll, Upy = U,l107 satisfies the a priori bounds

T
up ol + [ IVl 4 < sl G36)
T7 2 2 2
| 10l @+ sup 9w < cluwolipey: 630

The proof of this lemma is done similarly to the proof of Theorem 5.3 but
now with the use of Lemma 5.6.
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5.5. Error analysis of ESFEM

With the help of the formulae from Lemma 5.6 we have proved the following
error estimates for the evolving surface finite element method in Dziuk and
Elliott (20074, 2013).

Theorem 5.10 (convergence). Let u be a sufficiently smooth solution
of (5.15) satisfying

T
ey + 10"y < o (539

and let uy(,t) = U} (+,t), t € [0,T], be the spatially discrete solution from
Lemma 5.9 with initial data upg = U, }10 satisfying

[[u(-,0) = unol r2(r(oy) < ch?.
Then the error estimates

sup [lu(-,t) = un (- )|l p2(rry) < ch? (5.39)
te(0,T)

and .
/0 H’U(,t) - uh(at)H?’—[l(F(t)) dt < Ch2

hold for h < hy with a constant ¢ independent of h but depending on the
norms (5.38) and on the geometry of Gr.

Under suitable assumptions on Gr, A, v and ug it can be shown that
(5.38) holds: see Dziuk and Elliott (2007a).

5.6. Time discretization

Let N be a positive integer and set 7 = T'/N. For each n € {0,...,N}
set t" = n7. For a discrete time sequence f™, n € {0,..., N}, we use the
notation

ann — %(fn—l-l . fn)

For the time-discrete case we introduce a suitable material derivative. As-
sume that ¢ € S, ¢ = Y7 ¢7x" with the lift

J
! l
a=Y o e s
j=1
Then we define
J J
OMmop =D 0-dIxF €Sy, Oner = X € S (5.40)
J=1 j=1

We write the fully discrete scheme in the following form.
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Algorithm 5.11. Given U € S}, find
UresSy, ne{l,...,N}
such that for all ¢ € SP and ¢! € 7 and n € {0,...,N — 1}
Ormn (UL, 1) + an(U ™, 6p ) = my (UR, 937). (5.41)

Let us discuss the matrix—vector form of this fully discrete scheme. Choos-
ing ¢ = x7 in (5.41), it follows that this definition is equivalent to

Ormu(Up X7 + an(Up T x0T =0 (5.42)

foralli=1,...,J.
Setting M(t), M™ to be the time-dependent mass matrices

MO = [ G0 ddn M= M),
Ln(t)
(j,k=1,...,J), and S(t),S™ to be the time-dependent stiffness matrices

S(t)jk = 0 Ail('i)vfhxj('vt) ’ VFth(‘,t) dAp, S" = S(tn)7
Tyt

we arrive at the following simple version of the fully discrete finite element
approximation:

or(M"a™) + St = 0.

Equivalently,
(M4 78" et = M a”, (5.43)

where

N
n+1 __ n+1., n+1
Ut =2 ajtly
7j=1

has to be determined as the solution of the sparse system of linear equations
(5.43). Since for each n the mass matrix M"™ is uniformly positive definite
and the stiffness matrix 8™ is positive semidefinite, we get existence and
uniqueness of the discrete finite element solution.

We show how to prove stability for the fully discrete scheme. This is the
fully discrete analogue of the continuous estimates (5.16) and (5.17). In the
lemma below we use the notation U hL and uﬁ to denote linear interpolations
in time of the time level values U;' and u), n = 0,1,2,...,N. Note that
the material derivatives are piecewise constant in time and we indicate in
the natural way which constants are to be used in the sums.
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Lemma 5.12. The fully discrete solution U ,’f with lift
ub = (U (k=0,...,N)
satisfies the following a priori bounds for 7 < 7q:
n
2 k|2 02
UR 20,y + 7 D IVEaUb 2, ) < elUR T2, 00

k=1
n

(b Famany) + 7 2 IVrublz ) < clurlia))-

k=1
n—1
T RUY (" = 0)[f i + [V, UR Far, oy
k=0
< C(’U}?‘%Q(Fh(o)) + ‘thUi?’%Q(Fh(O)))’
—1
TTZZ |3;Lu£(, thtl 0)’% + |VFUZ|%(F(tn))
k=0

< C(|U2|%2(r(o)) + |VF“2|%2(F(0)))'

The constants depend on the data of the problem including the final time 7'.

In Dziuk and Elliott (2012) we proved the following error estimate for the
fully discrete scheme.

Theorem 5.13. Let u be a sufficiently smooth solution of (5.13), and
assume that

llug — u2HL2(FO) < ch?. (5.44)

Let uf = (UF)! (k=0,..., N) be the lift of the solution of the fully discrete
scheme (5.41). Then for 0 < 7 < 79 and 0 < h < hg we have the error
bounds

e £7) = Wil e qogemyy + 227 Y IVruC, ) = Ve o) < e(7 + )
k=1
(5.45)

for all n € {0,..., N}, with a constant ¢ which is independent of 7 and h.
Note that ¢, hy and 7y depend on the data of the problem.

We close this section with an example from Dziuk and Elliott (2007a).

Example 5.14. The example confirms the theoretical results. We solve
the PDE

®u+uVp-v—Apu=f (5.46)
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Table 5.1. Errors and experimental orders of convergence (EOC) for
the example (5.46), (5.47).

h(T) | L°(L>*) EOC | L™(L?) EoC | L*(H')  EOC

0.82737 | 0.095488 — ] 0.15424 - | 0.29287 -

0.43422 | 0.057944  0.77 | 0.097788  0.71 | 0.17507  0.80
0.21939 | 0.018764  1.65 | 0.033083  1.59 | 0.074327 1.26
0.10994 | 0.0050819 1.89 | 0.0089784 1.89 | 0.033367 1.16
0.055007 | 0.0013038 1.97 | 0.0022950 1.97 | 0.016053 1.06

on the moving surface
T(t) cR3 | IR S S (5.47)
=<z ———— Frytaz3=1,. .
1+0.25sint 273
As the exact solution of the PDE we have chosen the function wu(z,t) =
e 5% x 29 and calculated the right-hand side f from the PDE. We then calcu-
lated the following errors from the exact solution and the computed solution

for the time interval [0, 7] with 7' = 2:

L®(L>) = sup |lu—upllp2ry, L™(L?) = (SOU% v — unllp2(ry,

) )

L*(H') = (/OT IV (u = un) |12y dt)

In our computations we have chosen 7 = h? in order to reveal the quadratic
convergence in the L? norm.

1
2

For a more appealing computational example see Figure 5.3.

5.7. ALE ESFEM

Another definition of an evolving hypersurface I'(¢) is the zero level set of
a time-dependent level set function ¢ : U x (0,7) — R, where U is an open
set in R3 so that

I'(t) ={z eU|¢(z,t) =0}

and Vo(z,t) #0, x € I'(t). For such a hypersurface we define the oriented
normal v and the normal velocity V by
Vo(z,t)

v(z,t) = W, V(x,t) =

_ ¢t($, t)
V(e )|
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See Section 7.5 for a complete discussion. Thus moving a point Py € I'(0)
by the velocity

P=V(P,)v(P,-)+v%P,-), P(0)=P,

where v? is an arbitrary tangential velocity field satisfying v2(x,t) v(x,t) =
0, keeps P(t) on the surface I'(t) because

4

dt
Thus we may recover the description in Section 5.1 of a moving hypersurface:
G :T(0) x (0,T) — T'(t) so that

T(t) = {z = G(Py,t) | B, €T(0)} and Gy v=V.

(P(),t) = VO(P(1), ) - P(t) + 6u(P(¢),1) = 0.

Choices for a tangential velocity v? include the following.

o Frequently in mathematical models there is a material velocity v =
vy +v,. For example, this might arise when the hypersurface is a fluid—
material interface, and choosing P;(t) = v(P(t),t), P(0) = Py € Ty
implies that points P(t) evolve as material points. In this case there
is a natural physical tangential velocity and one may wish to use the
material velocity to define the map. For example, this is the case when
using ESFEM for the advection—diffusion equation.

o In applications it may be that the hypersurface is determined by a
geometric evolution law for which there is a natural partial differential
equation which evolves a parametrization. For example, the solution

of the equation
1 X
()
[ Xol \ [ X0l /4

for the parametrization X = X (6,t) of a closed curve (X (0 + 27, t) =
X (0,t), 0 € [0,27]) defines motion by curvature, called curve shorten-
ing flow, for which the solution I'(¢) = X ([0, 27],¢) moves in a normal
direction. On the other hand the equation

Xog

X _
L X

=0

evolves a closed planar curve in the normal direction with velocity
given by the curvature, but has a tangential velocity defined by the
equation.

o It may be that we wish to choose a tangential velocity in such a way
as to yield a nice map G and thus a nice grid.
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As an example, consider the triangulated surfaces in Figure 5.4. These are
interpolations of a hypersurface defined as the zero level set of (cf. Barreira
et al. 2011, Elliott and Styles 2012)

$w,t) = 21 + 23 + a(t)*G (23/L(1)*) — a(t)*,

where G(s) = 200s(s — 199/200), a(t) = 0.1 — 0.04sin(27t) and L(t) = 1+
0.5sin(nt). The triangulated surfaces in plots (b), (d) and (f) are obtained
using pure normal motion for the position of the triangle vertices, while
those in plots (a), (c) and (e) have a non-zero tangential velocity. Plots
(a,b) show the initial triangulated surface, which is the same in each case.

From this figure we see that although both sets of surfaces are interpo-
lations which evolve from the same mesh, the difference between the two
meshes is quite pronounced. In particular, the nodes of the triangulated
surface on the left, where tangential motion is present, are quite uniformly
distributed over the surface, while the nodes of the triangulated surface on
the left are very coarsely separated over some parts of the surface.

This is an example which suggests that when evolving triangulations it
may be useful to use an arbitrary tangential velocity rather than using a
material velocity. This arbitrary tangential velocity may be used to generate
a good triangulation of the surface. This motivates the arbitrary Lagrangian
Eulerian evolving surface finite element method (ALE ESFEM). The goal
is to solve the advection—diffusion equation (5.13) numerically. In this ap-
proach the surface I'j,(¢) interpolates I'(¢) in such a way that the velocity of
the vertices may not be the material velocity associated with the equation
(5.13), so that the nodes move with a velocity VM #£ V,, = I,v (see also
Section 5.4). It follows that since

° aXZ M .
o xi = W—i_vh -Vx; =0, forall ie{1,...,J},
the nodal basis functions, x;(-,t) (i = 1....J), of S*(I',(t)) satisfy the trans-
port property

anxi = (V= Vi) - Vi
This leads to the following discretization of (5.13) with A = I:

d
— Unxi dAy + Vr,Un -V, xi dAp
dt Jr, @) Th ()

:/ Un(Vi, — VM) - Vr, xi dAp,
T (t)
foralli=1,...,J.

For a fully discrete approximation one can use a fully implicit time dis-
cretization.
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() (f)

Figure 5.4. Interpolated triangulated surfaces evolving from the same
mesh. Vertices (a), (c) and (e) have a tangential and normal velocity
whereas vertices (b), (d) and (f) evolve with only a normal velocity.
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Algorithm 5.15. Given I'}""!, T/ and U € SP"!| find U™ € S
such that

1 m.. m 1 m—1. m— m m
— /Fm Uh Xh dAy, — ; /pm—l Uh 1Xh 1 dA;, + VFZ”U}L . VFZLXh dA,,
h R

T
h

+/ (VhM’m = Vi UL - Vrpxg' dAp =0, for all x3" € Sp'.
I )

Here V'™ = 27 X"y and Vi = Vi, (-, m7).

The key difference between the two methods is that in the ESFEM method
the normal velocity of the surface and the advective velocity do not explicitly
appear in the discretization. The numerical method only requires knowledge
of the position of the vertices and there is no advective term to consider in
the discretization. On the other hand, in the ALE ESFEM an advective
velocity term appears explicitly in the discretization. If le = v(X", m7)
then the ALE ESFEM reduces to ESFEM.

We refer to Elliott and Styles (2012) for examples suggesting the possi-
ble accuracy advantages of using the ALE version of ESFEM. It may be
of particular value when the surface evolution is coupled to the equation
on the surface and the surface has to be approximated in some way. The
numerical methods of Barrett, Garcke and Niirnberg (2007, 2008a, 2008b)
for geometric surface evolution yield arbitrary tangential velocities which
often yield good mesh properties. This has been exploited for various appli-
cations by Elliott and Stinner (2012), Elliott et al. (2012) and Elliott and
Styles (2012).

6. More surface PDEs
6.1. Nonlinear conservation and diffusion on a stationary surface

Let us turn to more realistic equations for conservation and diffusion on a
surface. We follow Dziuk and Elliott (2007b) and begin with the derivation
from Section 5.2 for a stationary surface I'.

Conservation. u = u(x,t) (x € I, t € [0,T]) is the density of a scalar
quantity on I". The basic conservation law we wish to consider can be
formulated for an arbitrary portion M of I" using a surface flux q. The law
is that, for every M,

d

— udA:—/ q-pndA, (6.1)
dt J m oM

where OM is the boundary of M and p is the co-normal on M. Using
the divergence theorem Theorem 2.10 and the fact that without loss of
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generality ¢ is a tangential vector, we obtain as in Section 5.2
u+Vr-¢g=0 onl. (6.2)
We take ¢ to be the diffusive flux with respect to a scalar function w on I,
q=—AVrw, (6.3)

where A is a positive semidefinite symmetric mobility tensor with the prop-
erty that it maps the tangent space into itself at every point of I'; see also
(5.14). This leads to the equation

Uy — VF . (AVF’LU) =0 onl. (6.4)

If the surface has no boundary, OT' = (), then there is no need for boundary
conditions. This would be the case if I is the bounding surface of a domain.
On the other hand, if JI" is non-empty then we may impose boundary condi-
tions similar to the flat case. For example, we may impose the homogeneous
Dirichlet boundary condition

u=0 onol.
or the no-flux condition
AVrw-p =0 ondl'.

The variational form is obtained in the standard way by multiplying equa-
tion (6.4) by an arbitrary test function ¢ € H'(I') and integrating over I
Using (2.10) we obtain

/ uppdA + / AVrw - VredA = 0. (6.5)
r r

Of course, for parabolic equations we have to impose an initial condition
u(+,0) = up on I'" with given ug. In the following we will not mention this
condition when it is obviously required. Note that for arbitrary tensor A
this variational equation implies

ug — Vr - (PAPVrw) =0 onT (6.6)

with the projection P onto I'. Note that, in general, constant coefficient
tensors A will not satisfy the assumption that A maps the tangent space
into itself and P will not be the constant coefficient. Finally we note that
this is indeed a conservation equation by taking ¢ = 1 in (6.5), which yields
the conservation equation

d
< [ udaa=o.
a o

Linear diffusion. The heat equation on surfaces is obtained by setting w = u
and A = I, where [ is the identity tensor,

ur — Aru = 0. (6.7)
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Figure 6.1. Heating up a torus. Solution of the inhomogeneous
heat equation (6.8) with right-hand side (6.10) at three successive
times. The colouring indicates the magnitude of the solution.
The colours range between blue (0.0) and red (5.0).

This can be generalized in obvious ways. For example, an inhomogeneous
variable coefficient parabolic equation is

n+1

up — Z D;(a;;D;u) = f, (6.8)
ij=1
where A = (a;j(x,t))ij=1,. n+1 With a symmetric matrix A which satisfies
(5.14).
We show an example of the inhomogeneous heat equation from Dziuk and
Elliott (20075).

Example 6.1. In Figure 6.1 we display the solution at three successive
times of (6.8) with \A =7 on the torus,

F:{w€R3|<\/x%+a:%—1)2+:1:§:116}, (6.9)

with the right-hand side being a regularized version of the characteristic
function
f(z,t) =100 xg(x), x €T, (6.10)

with G ={z €T ||z —(0,1,0)] < 0.25} and with initial value uy = 0.
Nonlinear diffusion. We find the nonlinear diffusion equation
ug — Vr - (g(uw)Vru) =0
by setting
w= f(u) and A=m(u)l

for given continuous functions f and m, where

g(u) = m(u) f'(u)
and g is positive if f is monotone increasing and m is positive. Clearly, by

using suitable choices one recovers linear diffusion and the porous medium
equation on a stationary surface I
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Parabolic surface p-Laplace equation. Setting w = u and, for 1 < p < oo,
A = |VrulP~2] yields the parabolic surface p-Laplace equation
u — Vr - (|Vpu|p_2Vru) =0.

This is L?(I')-gradient flow for the energy

1
By(w) = - /r Vrul? dA.

Total variation flow. We obtain a singular degenerate equation by setting
w = u and taking A = |Vru| =!I which leads (formally) to the surface total
variation flow

VF’U, N
[Vrul

Variants of this equation may be useful in processing images on curved
surfaces.

0.

us — Vr -

Fourth-order linear diffusion. The choice w = —Aru leads to the fourth-
order linear diffusion equation

us + Vr - (.AVFAFU) =0.

An error analysis of the surface finite element approximation of this equation
using the splitting into two second-order equations (Elliott, French and
Milner 1989) was carried out by Dziuk and Elliott (2007b).

Surface Cahn—Hilliard equation. Setting
1
w = —eAru+ —9'(u),
€

where v : R — R is typically a double-well potential, for example the
classical quartic potential

Yw) = 10— ?)?

leads to the fourth-order Cahn—Hilliard equation

up + V- <AVF <6Apu - 1¢'(u)>> =0.

Surface Allen—Cahn equation. This is an example of an equation not in
conservation form. L?(T')-gradient flow for the energy functional
€

E(v) :/F;yvva MO (6.11)

(e > 0) leads to
1
eur — eAru — Ei//(u) = 0. (6.12)
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AR A
W €W

(a) t = 0.0 (b) t = 0.0045 (c) t = 0.009 (d) t = 0.36

Figure 6.2. Solution of the surface Allen—-Cahn equation on a thick torus.

Here the double-well potential 9 gives the classical Allen—Cahn equation on
a surface I'. Note that the Cahn—Hilliard equation may be interpreted as
an H~1(I')-gradient flow for this energy functional.

In Figure 6.2 we show the results of the numerical solution of the surface
Allen—Cahn equation on a torus with initial data

() —
up(r) = ——.
Vi + 23 + 25
We observe the evolution to a pattern on the torus which consists of regions

where the solution is close to —1 (blue) and regions where the solution is
close to 1 (red) with a transition region of width e. We have chosen ¢ = 0.1.

6.2. Level set equations on surfaces

We have in mind the evolution, on the fixed surface I' in R3, of a closed curve
C(t) which is evolving in the intrinsic normal direction v, with a velocity
V. The curve C(t) is given by the zero level set on I' of u(-,t) and

V:Vru /@:V-vru _ o w
R A | R A AT

Using surface gradient notation, it is straightforward to define analogues of
various geometric level set equations in the flat case to level set equations
on surfaces.

Level set geodesic mean curvature flow. In the case that the the velocity
Vg is given by minus its geodesic curvature x4, we formulate the level set
equation

Vru

[Vrul

Figure 6.3 shows how circles on a dumbbell-shaped surface move under
geodesic mean curvature flow. The surface I' is given as the image of the
sphere, I' = F(S?), under the map F(x) = (x1, n(x)z2,n(z)z3) with

n(z) = \/1 - x%\/l —0.8(1 — 22)2/ /23 + 23

ug — |Vru| V- =0.
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1111

Figure 6.3. Geodesic curve shortening flow on a dumbbell. Initial
circles either shrink to a point or to a geodesic during the evolution.

for # € S%. The initial function is ug(z) = x1 — 0.25. In Figure 6.3 we
display all the level lines {x € I' | u(z,t) = ¢} for ¢ between —1.05 and 1.25
with intervals of 0.2. This example is taken from Dziuk and Elliott (2007b).

We observe that circles shrink and either move to the centre of the dumb-
bell’s neck or shrink to round points at the extreme ends of the dumbbell. In
this computation of geodesic curve shortening flow we regularized the equa-
tion by replacing |Vru| by /€2 + |Vru|?, and we have taken the parameter
€ proportional to the grid size h.

Level set surface active contours. We formulate the level set equation

Vru
— |VrulVr - | fr=— ) =0, 6.13
w = IVeul¥e () (6.13)
where f = (1 +|Vrl,|*)~!. Here typically I, is a smoothing of an image
which is essentially a characteristic function with sharp edges. The evolution
of the zero level set curve C(t) is designed to detect the edge.

Anisotropic geodesic level set mean curvature flow. Anisotropic geodesic
mean curvature flow on the given surface I' may be formulated by the level
set equation

w(Vrw)ug — [Vru|Vr - (Dy(Vru)) =0,

where v : R"*1\ {0} — (0, 00), 7(0) = 0, is an anisotropy function, smooth
and positively homogeneous of degree one. Here D~ denotes the gradient
of v. w is a positive and 0-homogeneous function.

Level set geodesic surface diffusion. The evolution, on the fixed surface I'
in R3, of a closed curve C(t) which is evolving in the ‘intrinsic’ normal
direction v, with a velocity V given by the geodesic Laplacian of the geodesic
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curvature x4, may be formulated as the level set equation

Vru
u — V- (|Vru|(Z — vy ® vg)Vrw) =0, w=Vr- R
Vrul
Level set geodesic Willmore flow. Now suppose the zero level set of u is the
curve C(t) constrained to lie on T', which evolves according to L? gradient

flow for the energy & = % fc /-13. The level set equation is then

1
Ut + |VFU’VF . (w(I — Uy X VQ)VFW)
1 w?  Vriu
“IVrulVe - [ —— 2" ) =0
#31%ri¥e (g orar) =
Vru
Vru|Vpr - —— =0.
w+ |Vru| Vi Vel

Note that in these last two examples the equations are fourth-order in
space but have been written as two coupled second-order equations, and
that the definition of w is different in each case.

6.3. The Jenner equation

This PDE was derived by the authors during a stay at Jenner (California,
USA). It is a linear wave equation on a moving surface. Starting with a
given moving surface I'(t), t € [0,7T], as in Section 5.1, we define the action
integral

T
E(u)zl/ / (0°u)? — |Vrul? dAdt,
2Jo Jrw

where we have used the material derivative from (5.1). We use the principle
of stationary action and, for the first variation in the direction of ¢ : Gpr —
R, vanishing in a neighbourhood of dGr, find that

0= (E'(u), @)

d T
=—| FEutep) = / 0*pd*u — Vry - VrudAdt.
dele=0 0 r'(t)

Let us derive the PDE in classical form. For this we use the Leibniz for-
mula from Theorem 5.1 together with integration by parts on I' from The-
orem 2.10, and obtain

T
0= / 8'@8% - VFQO : Vpu dAdt
0 Jr(@)

T T
= / 0*(p0®u)dAdt — / / p(0°0%u — Apu) dAdt
o Jrw o Jrw
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T d T
= / / wd*udAdt — / / @d*uVr - vdAdt
dt Jre o Jrw
/ / (0°0°u — Aru)dAdt

/ / (0°0%u + 0*uVr - v — Aru) dAdt.

The outcome is a linear wave equation on the moving surface I', the Jenner
equation

0°0%u+0%uVr-v—Aru=0
on G, and one has to add suitable initial conditions
u(+,0) =ug, 0%u(-,0) =wu; onTI(0).

Discretizations of this PDE in space and time have been studied in Lubich
and Mansour (2012).

6.4. First-order conservation laws on moving surfaces
One parametrizes the flux ¢ in the conservation law

O®u+uVr-v+Vr-¢g=0
by some nonlinear vector-valued function

q:f(xau)7 f:(fla-"7fn+1)7

where f(z,s) - v(z) = 0 for all z € I'(t) and all s € R (see also (5.11)).
Thus the nonlinearity f has to depend on the spatial variable z. In order to
obtain bounded weak solutions to the conservation law, one has to assume
that f is divergence-free with respect to xz, Vp - f(-,s) = 0 for all s € R.
This then leads to the scalar conservation law

n+1 f

0*u +uVr - v—l—z (-, u)Dju=0 (6.14)

J=1

on Gr, and one has to impose the initial condition u(-,0) = ug on I'(0).
Using the parabolic regularization

n+1
Ou® +uVr- v+ Z f] E)qug —eVr - (AVu®) =
J=1
Dziuk, Kroner and Miiller (2012) prove existence and uniqueness for an

entropy solution of (6.14). The PDE is discretized using the finite volume
method.
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6.5. Coupling of surface and bulk equations

In applications (see Section 10) one frequently encounters the coupling of
surface and bulk processes. A model problem concerns the coupling of
diffusion within a bulk domain to diffusion on the surface. Let I' be the
boundary of a bounded open domain in R"*!. Consider the coupled linear
system to find u: Q x [0,7] — R and v: I x [0, 7] — R such that

uy—Au+u=f in

gZ:O on I,

0
vt—Apv—kv—f—a—Z:g onT.

(au — o) +

Here we assume that o and § are given positive constants and f and g are
known functions on 2 and I' respectively.

In applications it may be that one has nonlinear equations or a nonlinear
coupling equation or time-dependent domains €2(¢) and I'(¢). Such equations
arise in the modelling of surfactants on fluid interfaces (see references cited
in Section 10.2) and also in the study of diffusion within biological cells
(Novak et al. 2007).

7. PDEs on implicit surfaces

The idea of this section is based on formulating a partial differential equa-
tion on a domain in the ambient bulk space which is equivalent to solving
the surface equation on all level set hypersurfaces of a prescribed function
¢: see Bertalmio et al. (2001). In order to do this we define ¢-surface gra-
dients by using a projection of the gradient in R™*! onto the level surfaces
of ¢. These ¢-surface gradients are used to define weak forms of surface
elliptic operators and so generate weak formulations of surface elliptic and
parabolic equations. The resulting elliptic operators are degenerate because
the surface gradient is always tangential to the level surfaces and thus or-
thogonal to the normal. In Section 8 we describe approximation of the
resulting degenerate equations by the finite element method.

7.1. ¢-surface gradients, calculus and function spaces

We follow the development in Dziuk and Elliott (2008), Burger (2009) and
Deckelnick, Dziuk, Elliott and Heine (2010). Suppose that Q@ c R"*! is
a bounded domain with a Lipschitz boundary and let ¢ € C?(Q) satisfy
Vé(x) # 0, for x € Q. We say that ¢ is a non-degenerate level set function.
For r € R we denote by I'(r) the r-level set of ¢ given by

I(r)={z € Q| ¢(x) =r}.
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It is a CZ—hypefsurface if T'(r) # 0: see Section 2.2. We recall that v :  —
R"and Hy : Q — R, given by

Vel o
= Vo) el )_; i (@), TEQ,

when restricted to I'(r), are the unit normal field and the mean curvature
of I'(r) respectively. Finally, we associate a ¢-gradient with a differentiable
function f: Q — R:

Vof(z) = Vf(x) = (Vf(z) v(x)v(r), e

Note that this is simply the tangential gradient (Definition 2.3) on level set
surfaces since

v(z)

(V(z)f)‘F(r) - VF(r)f‘r(r)
if I'(r) # (. We may rewrite the ¢-projected gradient in the following way:
Vof =PyVf, Pp=1-vov.

It may be used to construct degenerate elliptic operators. For example, the
¢-Laplacian applied to f is given by

Apf=Vg-Vsf.
Degeneracy of this PDE is a consequence of Pyv = 0.
Lemma 7.1 (¢-integration by parts). Let 2,¢ be as above and let
f € H5(Q). Then

/V¢f]Vq§\ dx—/fH¢V|Vqﬁ]dm+/ fvaa — (v - vaa)v)| V| dA,
Q Q [2)9]

where vgq denotes the unit outer normal to 0f).
Let f € HY2(Q2),g € HY?(Q)"*1. Then

/ Vo (f9)| Vo] di = / fHyg-v|Vo| dot / 19+ (o — (v-voe)) V6| dA.
Q Q o0

(7.1)
The boundary terms in the integration by parts formulae above disappear
when v = vgq.

For a proof see Dziuk and Elliott (2008). The following lemma is proved
in Deckelnick et al. (2010).

Lemma 7.2. Let g: Q — R*"! be a differentiable vector field with g-v =
0 in Q. Then

1 :
Vo-9g= WV'(g]Vd)D in Q.
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In order to formulate variational problems we introduce some function
spaces. To begin we define weak surface derivatives. For a function
feLL.(),ie{l,....,n+1},
we say that g = Vf weakly if g € L (Q,R""1), and

/ F VsV da = — / g¢|Veldz — / fCHw|Volde  (1.2)
Q Q Q

for all ¢ € C§°(2). It is not difficult to see that (7.2) is equivalent to

[ 1o == [ opicdos [ fot-Hayde  (13)
Q Q Q
for all ¢ € C§°(Q2), where h; = v;,,v; (i=1,...,n+1). For 1 <p < oo we
define

HP(Q) = {f € IP(Q) | Vof € LP(Q)™},

which we equip with the norm

1
P
sy = ([ 197+ afPac)
4 Q
for p < oo with the usual modification in the case p = oco. Similarly we
define the spaces Hz’p(Q) for k € N,k > 2. Further, let Hg’p(Q) = LP(Q).

We note that the spaces H§2(Q) are Hilbert spaces.
In implicit approaches to surface equations a possible choice for the level
set function ¢ is the signed distance function d to I' (if it is available) and

in that case |V¢| =|Vd| =1 on Q.

7.2. ¢-elliptic equation

In this section we prove existence and regularity for solutions of a model
equation. We consider the implicit surface equation

—Agu+cu=f inQ.
It is convenient to consider domains 2 with the special form
Q={zcR"™ |a<¢(x)<p}, —o<a<f<ox (7.4)

and recall that I'(r) = {x € Q| ¢(z) = r} is the r-level set of ¢. We suppose
that I'(a) and I'(8) are closed hypersurfaces so that 2 is an annular domain.
Let €, ¢ be as above and assume that f € L%(Q),c € L®(Q) with ¢ > ¢
a.e. in ) where ¢ is a positive constant.
Using Lemma 7.2 we may rewrite the equation in the form

—V - (PyVu|Ve|) + cu V| = f|Ve| inQ. (7.5)
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Multiplying by a test function, integrating over ) and usm% integration by
parts leads to the following variational problem: find u € H () such that

[ Vou-Vap Vol @+ [ cupiVolas = [ foivolas (7o)
Q Q Q

for all ¢ € H;)Q(Q) Note that the boundary term vanishes because the
unit outer normal to 9 points in the direction of V¢. It is clear from
the developments above (see also Burger 2009) that (7.6) has a unique
solution u € quf(Q) The next result gives a characterization of functions

in H;’p(Q) in terms of the spaces H'P(I'(r)) (see Definition 2.11). Again
from Deckelnick et al. (2010) we have the following result.

Lemma 7.3. Let 1 < p < oo, u € LP(Q2) and let Q be of the form (7.4).
Then u € H;’p(Q) if and only if ulp(y € H"P(I(r)) for almost all r € (a, 3)
and the map r — [[ul| gror(ry) (7 € (o, 8)) is in LP(a, B).

Using the co-area formula, (2.12), one can show that u[r is the weak
solution of

—Aru+cu=f onI(r)

for almost all 7 € (a, 8). Since f € L*(T'(r)) for almost all 7 € (a, 3), the
regularity theory for elliptic partial differential equations on surfaces (see
Theorem 3.3) implies that u € H%?(I'(r)) for almost all r € (a, ) and

lull 22y < el fllze@e)-

Hence,

B B
lullfrzzey dr < e [ 1 I2a@py dr = ¢ [ [f?IVe]dz < oo,
e e Q
so that Lemma 7.3 implies that u € H£2(Q) with
o2 @y < ll e
and we have proved the following theorem.

Theorem 7.4. Let Q C R*! satisfy (7. 4) with ¢ € C%(Q), V¢ # 0 on Q.
Then there exists a unique solution u € H %2(()) of equation (7.6) and

Hu||H;’2(Q) < C”fHLQ(Q)

Further regularity results may be obtained. The following example comes
from Deckelnick et al. (2010).
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Theorem 7.5. In addition to the assumptions of Theorem 7.4, suppose
that ¢ € C3(Q) and that the coefficients satisfy

gc € L=(Q) and gf € L*(Q).
14 1%
Then 5% € H,*() for all @' CC Q, and

Ju
ov

L2(Q)> .

Note that for a smooth function g : R — R we have that u = ¢(¢) is
¢-harmonic, that is, Agu = 0.

o1
1% . < eIl + |5
H> ()

The constant ¢ depends on Q,€, ¢, ¢ and c.

7.8. ¢-parabolic equation

Conservation and diffusion. We begin with describing a model for conser-
vation and diffusion on level surfaces (see Dziuk and Elliott 2008). This
is exactly analogous to the case of a single hypersurface (see Sections 5.2
and 6.1) and we proceed accordingly.

Let ¢ : Q2 — R be a prescribed non-degenerate level set function and let
Q:0 > R" bea given flux. Then the conservation law we consider is

d
/ ]V(b\udx:—/ Q- vgrdA
dt Jr R

for each subdomain R of €2 where vg is the outward unit normal to OR. In
particular we consider a flux of the form

Q= 1|V gy,
where g5 : @ — R"™! is a flux satisfying
g v =0. (7.7)
Since
(;it/R |IVoluder = /Rut|V¢)| dz
and

| a0 vonlvoldo = [ V- aslv0]da, (7.9
OR R
where we have used ¢-integration by parts ((7.1), (7.7)), it follows that
[ (i Vo 40) (9ol de =0
R

for every subdomain R, which implies the partial differential equation

ut+V¢'Q¢=O in €.
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For the constitutive law, in a similar way to Section 6.1 we take g4 to be a
diffusive flux given by

qp = —AVyw, (7.9)

where w is a field variable which will be defined in terms of u by a another

constitutive relation. Again it is natural to take A to be a symmetric

diffusion tensor with the property Avt - v = 0 for every tangent vector v,

that is, v+ - v = 0, and for which there exists a cg > 0 such that
z-Az>cpz-z, forallze R 2.v=0.
Thus we obtain the diffusion equation
u — Vg (AVgw) =0 on €. (7.10)

Throughout the following we assume the initial condition u(-,0) = ug(-).
Observe that (7.10) can be written as

u — PV - (APyVw) =0,

which can be seen (for w = u) to be a degenerate parabolic equation because
Py has a zero eigenvalue in the normal direction v.

The variational form is then obtained by multiplying equation (7.10) by
a test function n and also by |V¢|, and then integrating to obtain

[ =V (AV ) 1190l de =0,

Integration by parts (7.1), together with the observation that AV4w-v = 0,
gives

/Av¢w-v¢77|v¢\ dr = —/V¢~Av¢wn|v¢| daH—/ AV yw-vpan|Vo| dA.
Q Q El9)

In order to proceed we need a boundary condition for w on 0€2. It is natural
to impose the zero flux condition

VoAV 4w - vgo =0 on OS2
and obtain the equivalent variational equation
/ wn| V| da + / AVyw - Ven|Ve|de =0, for all n € Hy*(Q). (7.11)
Q Q
The solution of the equation satisfies conservation on each level surface.

Let £ : R — R be an arbitrary smooth function and set n = £(¢). Since
Ven =& (¢)Vgp = 0, we find the conservation equation

d
it ], wE@Iveldr=o.
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It follows from the co-area formula that

fawe S0 ras)ar= [0 600 ([ o) o

from which we infer that on each level surface I'(r) = {x | ¢(z) = r} of ¢
we have conservation,

/ udA = ug dA.
T'(r) T(r)

Diffusion in a layered medium. Observing that

Ve T V- (|V¢|r), forall T -v=0,

1
Vol

we can rewrite the diffusion equation (7.10) as

[Volur =V - (AgVw),

where Ay = |[V¢|APy. Thus we may view (7.10) as the usual diffusion
equation in R™*! with very special forms of the diffusivity tensor and mass
density. Since there is no diffusion in directions normal to the level surfaces
of ¢, we might interpret this as a diffusion equation for a stratified material
whose layers are infinitesimally thin, tangential to the level surfaces of ¢,
and insulated from each other.

¢-heat equation. Setting w = u and A = I, we find the ¢-heat equation on
all level surfaces of ¢:

up — Agu = 0.

The initial value problem for (7.11) becomes

/ un| V| dz +/ Vou-Ven|Ve|de =0 forall n € Hy*(Q), (7.12)
Q Q
u(+,0) = ug. (7.13)

Setting g(r) = ﬁ fF(T) up dz, we have that in the case of no-flux bound-

ary conditions the long-time steady-state solution is us = g(¢).
Let u be a weak solution of (7.12) and (7.13). Then, choosing n = u
leads to
1d

- 2 d / 2 dr =
5d Qu |Vo|dz + Q|V¢u| |Vo|dz =0

and choosing n = u; leads to

1d
/u§|v¢|dm+2dt/ \Vgul?| V| dz = 0.
Q Q
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7.4. Examples of ¢p-equations

It is straightforward to generate analogues of well-known equations.

Fourth-order linear diffusion. Setting w = —Agu leads to the fourth-order
linear diffusion equation

ug+ Vg - (.AV¢A¢U) =0.

Nonlinear diffusion. Setting w = f(u) and A = m(u)I, we find the non-
linear diffusion equation

u — Vg - (K(u)Vgu) =0,

where K (u) = m(u)f’(u). Linear diffusion and the porous medium equation
on level sets are recovered by suitable choices of f and m.

Parabolic surface p-Laplacian equation. Setting w = u and A = |V¢u|p_2l
for p > 1 yields the parabolic surface p-Laplacian equation

ur = Vg (Vo 2V 50) = 0,
which is gradient flow for the energy
1
By(w = [ [VouPVo|d
b Ja
¢-Cahn—Hilliard equation. Setting
1
w = —eAyu+ =1 (u),
€

where ¢ is a double-well potential (e.g., ¢(u) = +(u* — 1)?), leads to the
fourth-order Cahn—Hilliard equation on level sets:

w4V AV, (6A¢u - 1¢’(u)> — 0.

¢-Allen—Cahn equation. Consideration of the L? gradient flow for the gra-
dient energy functional,

B0) = [ {5190l + o) } 76l s

leads to an Allen—Cahn equation:

1
eup = eAgu — =1’ (u).
€

7.5. FEulerian approach to parabolic equations on moving surfaces

We follow the development in Dziuk and Elliott (2010).
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Notation

It is straightforward to extend the previous notation for fixed implicit sur-
faces to moving surfaces by using a time-dependent smooth level set function
¢ = ¢(x,t) x € R" ¢ € [0,T]. In particular, we suppose that for some
k>3 andsome 0 < o < 1, ¢ € C([0,T],C**(Q)). Thus, for each t € [0, T,
T > 0, we let I'(t) be a compact smooth orientable hypersurface (without
boundary) in R"! so that

I'(t) = {z € Q[ ¢(z,1) = 0},

where (2 is a bounded domain in R”*! with Lipschitz boundary 0. In what
follows we assume that ¢ satisfies the non-degeneracy condition V¢ # 0 on
Q2 x (0,T). We assume that 9Q(I'(t) is empty and set vgn to be the unit
outward pointing normal to 9€2. We set Q7 = Q x (0,7).

The orientation of I'(¢) is set by taking the normal v to I" to be in the
direction of increasing ¢, yielding the normal vector field

v(z,t) = Vol t)

V(e i)
so that the normal v to I'(t) is equal to v|p) and the normal velocity V
of I is given by
d)t (l‘, t)
Ve, t) = ——20b
0= WG 0)

The material derivative and Leibniz formulae
Let v : Q7 — R™*! be a prescribed velocity field which has the decomposi-
tion
v=Vv+u,
into a normal velocity field V' = v - v and a tangential velocity field v,

orthogonal to v and thus tangential to all level surfaces of ¢. We use the

standard notation for the material derivative of a scalar function f = f(z,t)
defined on Qrp:

of

ot

In particular, we note that 0°f restricted to a given level surface
I'(r)={(z,t) |2 € Q,t €(0,T),¢(x,t) =r}

depends only on the values of f on that level surface in space—time.
It is convenient to note that

V¢-U:VH¢—|—V¢-’UT

o°f = +uv-V/f.

and
V- v = trace(P,Vv).
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We have the following version of the transport formula, Theorem 5.1.

Lemma 7.6 (implicit surface transport formula). Let ¢ be a level
set function and let f be an arbitrary function defined on )7 such that the
following quantities exist. Then

d .
| veias = [ @7+ 195 0)Voldo— [ fo-valVelaa
dt Jo Q o9
(7.14)
Proof. Since 0;|V¢| = v - V¢, a straightforward calculation yields

d
G | velde= [ 51vol+ v Vorda.

Integration by parts on the second term in the integrand above gives

d
= /Q £1V| da =
/ ’V¢‘(ft+VVf-ll+fU~l/H¢) d.’L‘—/ fV-I/agV’V(Zﬁ‘dA.
Q oN

The ¢-divergence theorem (7.1) gives

/ fv-vHy|Vo|dr =
Q
| o ro)ielde— [ fu- (on— v vonw)| Vel dA
Q o0

and observing that
VVf-v+Ve-(fr)=v-Vf+ fVg-v
yields the desired result. U

Eulerian conservation and diffusion on moving surfaces

Let ¢ : Q7 — R be a prescribed non-degenerate level set function. Let
Q : Qr — R™"! be a given flux. Then the Eulerian conservation law we
consider is

d
G | uvelde = [ (@ [Volun)-vonaa

for each subdomain R of €2, where vgg is the outward unit normal to JR.
In particular, we consider a flux of the form

Q= [Vdlgs,
where g : Qr — R™"" is a flux satisfying

qs-v=0. (7.15)
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It follows by the implicit surface transport formula (7.14) that

d
— [ u|Vo|dx = / (0*u+uVy-v)|Veo|dor — / uv - vgr|Vo|dA
dt Jg R OR

and by ¢-integration by parts and (7.15) that

/ s - Vor|Vo|dA = / Ve 4| V| da.
OR R
It follows that
/ IVo[(0®u +uVy v+ V- qg)dz =0
R

for every subdomain R, which implies the partial differential equation
8.U—|—UV¢~’U—|—V¢~(]¢:O in Qp.

Taking g4 to be the diffusive flux ¢4 = —AV4u leads to the diffusion equa-
tion

®u + UV¢ SV — V¢ . (.AV¢U) = 0. (7.16)
Here A > 0 again is a symmetric mobility tensor with the property that it
maps the tangent space 7 = {v+ € R*""! | v. 1 = 0} into itself. Observe
that (7.16) is a linear degenerate parabolic equation because Py has a zero

eigenvalue in the normal direction v.
Another form of this PDE is

A variational form of (7.16) is obtained in the standard way. In order to
proceed we need a boundary condition for u on 9f2. For convenience here,
we impose the zero flux condition

V| AV 4u - vgo =0 on 92 x (0,7) (7.18)
and assume that
v-vgo =0 ondQx (0,T). (7.19)

For each level surface of ¢ we multiply equation (7.16) by a test function
n and by |[V¢| to give

/ (0%u+uVy - v — V- (AV gu))n| Vo) dat = 0.
Q
The transport formula (7.14) gives

d

dt/Qw?’VQM dz =
/(8'u+uv¢-v)n|v¢]d$+/ua'n]Vd)\ dx—/ unu - vaa|Ve| dA,
Q Q a9
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and because of AV u - v = 0, integration by parts gives
/ AV yu - Vyn|Vo|de =
Q

— / NV - (AVyu)|Ve|da —|—/ AV gu - voan|Ve| dA.
Q o0
Finally we obtain the variational equation

T un|V¢| dx+/AV¢u Vn|Vé| dx—/u@’n\Vgﬂdx (7.20)

for each sufﬁ(nently smooth test function.
The conservation equation

T u\V¢| dz =0

is obtained by taking n = 1.

Weak solution and energy estimate

The variational form (7.20) allows us to define a notion of weak solution of
the degenerate Eulerian parabolic equation (7.16). To do this we introduce
the normed linear spaces

13(97) = {n |  is measurable, [] 2 q) < 0},

T
a0,y = | [ Vol dear

Hy(Qr) = {n € Li(Qr) | 8°n,Vn € L5 (1)},
”77HH1 (Qr) ”nH%i(QT) + H8°77H%3)(QT) + quﬁWH%i(QT)'

and

Definition 7.7. A function u € H(})(QT) is said to be a weak solution of
(7.16) and (7.18) if, for almost every ¢ € (0,7,

d
T un[V¢| dz +/ AV yu - Vyn|Vo|dr = / ud*n|Ve|dzx (7.21)
for every n € H¢(QT).

Weak solutions satisfy the following basic energy estimate, whose discrete
counterpart implies stability for the numerical scheme. Throughout we will
assume the initial condition u(-,0) = ug on 2.

Lemma 7.8. Let u satisfy (7.21). Then

1d

1
5T 2|V¢|dx+/AV¢u-V¢u|V¢|dx+2/u2V¢-v|V¢|dx:O.
Q Q
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Proof. 'We choose n = w in (7.21) and obtain
d
— [ W*V¢|dx +/ AVgu - Vyu|Vo|de = / ud*u|Ve|dx
dt Jo Q Q
1
— 5 [ o) volda
2 Ja
_1d
C2dt Jo

where the last term vanishes because of (7.19), and this was the claim. [J

1 1
u?| Vgl dx—/uQW-Uyw\ dx+/ u?v - vpq | V| dA,
2 Jo 2 Joa

8. Implicit surface finite element method

In this section we describe the numerical approximation of the implicit sur-
face ¢-equations of Section 7. For computational purposes it is natural to
seek to exploit these formulations by using a bulk triangulation and finite
element space independent of the level set function. Of course, we may be
interested only in the solution on just one level set of ¢ which, for con-
venience, we choose to be the zero level set and label it as I'. Using this
approach avoids the necessity of constructing a surface mesh, and has the
potential advantage of using a bulk finite element mesh unaligned to the sur-
face I'. However, the resulting equation is then to be solved in a space one
dimension higher. In this section we describe a naive approach in which the
solution to a surface PDE is computed on all level surfaces of the prescribed
level set function, ¢, in a bulk domain ) using a finite element space defined
on a triangulation of €2. In Section 9.1 we will localize to a narrow band.

8.1. Finite element scheme

We suppose that the level set function satisfies V¢ # 0 in Q2. For simplicity
we consider the variational model equations

[ Vou-VanlVolaz+ [ cuniVolar = [ sarvolar (s
Q Q Q

for all n € H;’2(Q), and

/ wn| V| dz + / Vou-Ven|Ve|dz =0, forallp e Hy*(Q),
Q Q
u(-,0) = ug.

Here the data ¢, f and ug are defined on a domain  C R®*! containing the
zero level set I' of ¢. The data may be interpreted as suitable extensions
of data given on I'. Note that implicitly we have assumed the zero flux
boundary condition

|V¢|AV¢U Vo — 0 on 0f). (8.2)
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If Q satisfies (7.4) then this is automatic, and all level surfaces of ¢ are
closed in €. Otherwise it is possible that level surfaces of ¢ intersect OS2
and in that case a no-flux boundary condition has been imposed.

Let 73, be a triangulation of 2 and let h = maxyc7, diam(T") be the max-
imum mesh size. For ease of exposition we suppose that elements adjacent
to the boundary 02 have a curved edge so the triangulation of (2 is exact.
Let S}, be the space of continuous piecewise linear finite element functions
on €2,

Sy = {nn € C°Q) | ma|r is a linear polynomial, T € Ty},

generated by the nodal basis functions, that is, S, = span{x1,...,xJ}
The natural finite element method for the elliptic equation (8.1) is to find
Uy, € Sy, such that

[ 9t VemVolda+ [ cUniVolde = [ fl Vel
for all n, € Sp. Setting Uy, = Z}'le a;x;, we find
(S+C)a=F,
where the weighted stiffness matrix S and the matrix C are given by
Sie= [ Vox, VoulVelde, G = [ ovulVelds
for j,k=1,...,J, and F is given by F = (Fi,...,Fy),
F = [ polVelde (=10,

Similarly, a semidiscrete Eulerian method for the parabolic equation is to
find Uy (+,t) € Sp, such that

/Uhtnh‘v¢|da}+/V¢Uh-V¢nh‘V¢|da}:0, for all UheSh-
Q Q

Setting Up(-,t) = ijl a;(t)x; and o = (o, ..., o) yields

J J
/QZ%,txwhlv¢!dﬂf+/Qzaj(t)%Xj Venu|Ve|dz =0,
i=1 i=1

for all i, € Sy, and taking np = xi for k =1,...,J, we obtain
Mda+ Sa =0,

where M is the weighted mass matrix

Mij/QXij‘V(;ﬂdx, 5 k=1,...,J.
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A time discretization for this spatially discrete parabolic equation may
be carried out by standard methods. As an example consider the implicit
Euler method. Let 7 > 0 be a time step size, mp7 = T, and let us use
upper indices for the time levels so that U;" denotes Uy (-, m7). With this
notation we propose the following method.

Algorithm 8.1. Given U,? € Sy, for m = 0,...,mp, solve the linear
System

1 1
- /Q U, Vel do +/QV¢U;T+1 -Vnn|Volde = — /Q Uy'nn| V| dz,

T

for all iy € Sh.

This leads to the linear algebraic system
(M +78)a™ = Ma™. (8.3)

Because of the assumption on ¢ the matrices C and M(t) are uniformly
positive definite, so that, in each case, we get existence and uniqueness of
the finite element solutions. A significant feature of our approach is the fact
that the matrices M, C and S depend only on the evaluation of the gradient
of level set function ¢ and not on explicit numerical evaluation of surface
quantities.

Numerical experiments concerning parabolic equations may be found in
Dziuk and Elliott (2008). We refer to Bertalmio et al. (2001), Greer et al.
(2006), Greer (2006) and Burger (2009) for further descriptions, applications
and extensions of these methods.

8.2. Eulerian scheme for conservation and diffusion on moving surfaces

Using implicit descriptions of evolving surfaces, we formulate an Fulerian
ESFEM which is based on the weak form (7.20) of the ¢-diffusion equation
and uses fixed-in-time finite element spaces as in Section 8.1. The test
functions will now satisfy 0°nn, = v - V.

Definition 8.2 (semidiscretization in space). Find Uy(-,t) € Sp, such
that

d
a Uhnh|V¢| dx + / AV¢Uh . V¢77h|v¢| dx
Q Q

= / Upv - Vnp|Vé|dx, for all n € Sh.
Q

Using the Leibniz formula it is easily seen that an equivalent formulation is

/ a.UhT]h|V(f)‘ dxr + / Uhﬂths . ’U’V(Z)‘ dx + / AV¢Uh . V¢T}h|v¢’ dz =0
Q Q Q
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for all discrete test functions n, € Sy,. Setting Up(-,t) = ijl a;(t)x;, we
find that

J J
d
& (Z Qa; /Q Xjnh|v¢| d.l‘) + Z Q; /Q AV 4x; - V¢17h‘v¢| dz
j=1 j=1

J
:Zaj/XjU~V77h\V¢]d:c
j=1 7%

for all np € Sy, and taking np, = xx, kK =1,...,J, we obtain
d
dt

In the above M(t) is the evolving mass matrix,

(M(t)a) + S(t)a = C(t)a.

M(ﬂij/ﬁX;’XkW@ dz,

C(t) is a transport matrix,

C(t)jk = /ijv -Vxi|Vo|dz,

and S(t) is the evolving stiffness matrix,

S(t)jk = /QAW)X]- . V¢X}JV¢‘ dx

(j,k=1,...,J). Existence and uniqueness of the semidiscrete finite element
solution follows easily since the mass matrix M(¢) is uniformly positive
definite on [0, 7] and the other matrices are bounded.

Again a significant feature of our approach is the fact that the matrices
M(t), C(t) and S(t) depend only on the evaluation of the gradient of the
level set function ¢ and the velocity field v (in the case of C). The method
does not require a numerical evaluation of the curvature: see (7.17).

Stability

The basic stability result for our spatially discrete scheme from Defini-
tion 8.2 is given in the following lemma, which follows analogously to the
continuous case of Lemma 7.8 from the transport formula in Lemma 7.6
and a standard Gronwall argument.

Lemma 8.3 (stability). Let Uy be a solution of the semidiscrete scheme
as in Definition 8.2 with initial value Uy(+,0) = Upg. Assume that

T
/0 1V - vl e dt < o0,



FINITE ELEMENT METHODS FOR SURFACE PDES 367

and that A satisfies the ellipticity condition (5.14). Then the following
stability estimate holds:

T
Unl)? VoUnl|22 ) dt < | Unol22 - 8.4
sup U720y + /0 IVoUrllzy @) dt < elhollzz @) (84)

Numerical examples illustrating the scheme may be found in Dziuk and
Elliott (2010). Level set methods for approaching this problem which do
not use this variational approach and which use finite difference methods
on the equation (7.17) were formulated in Adalsteinsson and Sethian (2003)
and Xu and Zhao (2003).

8.3. Ezxamples of higher-order equations

We formulate mixed finite element schemes based on the splitting into
second-order elliptic operators: see Elliott et al. (1989) and Copetti and
Elliott (1992).

Cahn—Hilliard equation. Find (Up(-,t), Wy (-,t)) € (Sp)? such that
/Q Uhtnh|V¢| dx + /Q AV¢Wh . V¢77h|v¢| dz =0,
1
[ Vol VomlVelds + [ 10/ (U)m Vo] do
Q Q

— [ Wil Volaz = o

for every n € S. Here we use I, to denote the interpolation operator for
Sp. Setting

J J
Un(-,t) =Y aj(tx (), Walt) = Bi(t)x; (), (8.5)
j=1 j=1
we find that, for all n € Sy,

J J
/ > Xyl Vel du + / A " BiVex; - Ve Vel dz =0,

j=1 j=1

J J
1
¢ [ S eVoxs - VemlVolda+ = [ Yo u'a)xmlVelds
=1 j=1

J
- [ srmivelds =0,
Qi3
and taking n, = xi for k=1,...,J we obtain
1
Ma+S8B=0, 8% + g/\/lw’(a) -~ MpB =0,
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where ¢/ () = (¢'(a1),...,¢'(ay)), which yields
Mé +eSM™18% + é&p'(a) =0.

Of course, the method for fourth-order linear diffusion is recovered by
taking v to vanish.

9. Unfitted bulk finite element method

In some applications it may be convenient to avoid triangulating a surface.
This may be of particular value when the surface partial differential equation
is coupled to a bulk system of equations and when the surface is described
as a level set function or approximated by the zero level set of a phase
field function and/or may be evolving. Further, it may be appropriate
when one wishes to take advantage of existing bulk finite element codes. A
common feature of a number of approaches is to use a bulk triangulation
of a domain in the higher-dimensional ambient space on which bulk finite
element spaces are used. The surface quantity is then approximated using
the bulk finite element space and an appropriate discretization of the surface
partial differential equation. Of course, the Eulerian approach described
in Section 8 is of this form, but there the computational approach is to
approximate the equation on all level sets of a prescribed level set function.
From the practical perspective the solution to a surface PDE will often be
required for just one surface. Thus it is desirable to localize the implicit
surface approach.

There are a number of variants which we discuss below. In Section 9.1 we
describe the method of Deckelnick et al. (2010) for a surface elliptic equation
which uses a narrow computational band around the given surface in which
the ¢-elliptic equation is approximated. It is natural to consider varying
the width of the narrow band in the above approach, and it transpires that
one obtains a new method by taking the width to zero: see Section 9.2.
This leads to the interesting method proposed by Olshanskii, Reusken and
Grande (2009); see also Olshanskii and Reusken (2010) and Demlow and
Olshanskii (2012). In this approach bulk finite element spaces are used
in a weak form of the surface equation based on tangential gradients and
integration on an approximation of the surface. An extension of this method
(Deckelnick, Elliott and Ranner 2013) uses the full gradient in the weak
formulation. This is also described in Section 9.2.

In Figure 9.1(a) the surface is a smooth curve that is the zero level set
of a function ¢. The triangulation is completely independent of this curve.
Another piecewise linear curve approximating the desired surface is shown,
which passes through black points. This is the computational surface: it
is the zero level set of the bulk finite element piecewise linear interpolation
of ¢. The dark triangles are those triangles which are intersected by the
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(a)

Figure 9.1. Unfitted bulk finite element meshes.

approximate surface. It is on these triangles that a bulk finite element
space is employed to find an approximation to the solution of the surface
equation using a variational formulation which involves integration on the
computational surface. In Figure 9.1(b) we see a set-up related to the
narrow band method described in Section 9.1. Again the dark triangles are
associated with the bulk finite element solution space, but now the domain
of integration for the variational formulation is the narrow band defined by
+6 level sets of the interpolation of the level set function describing the
exact surface.

Meshes that form the computational domain but which are not fitted to
the domain in which the PDE holds give rise to unfitted finite element meth-
ods, introduced in Barrett and Elliott (1982, 1984) for elliptic equations in
curved domains. The motivation for using finite element spaces on meshes
not fitting to the domain came from the desire to solve free or moving
boundary problems; see also Barrett and Elliott (1985, 1987a, 1987b, 1988),
Hansbo and Hansbo (2002), Bastian and Engwer (2009) and Engwer and
Heimann (2012). In this setting we are concerned with bulk meshes inde-
pendent of the surface.

Another approach involving bulk unfitted meshes arises from phase field
methodology. Phase field models (see Caginalp 1989 and Deckelnick et al.
2005, for example) lead to an approximation of the interface by a dif-
fuse transition layer, usually of width e, across which an order or phase
field parameter ranges from —1 to 1. In this setting it is natural to con-
sider formulating a method for solving surface equations in the diffuse layer
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(see Section 9.3). This diffuse interface approach (Elliott and Stinner 2009,
Elliott et al. 2011, Rétz and Voigt 2006) approximates the surface equa-
tion by a bulk equation with coefficients which are zero or small outside a
transition layer.

9.1. Narrow band bulk finite element scheme

In this section we follow the work of Deckelnick et al. (2010). Let © be an
open polyhedral domain for which there is a smooth function ¢ : Q — R
such that

F'={zeQ|¢(x)=0}

with V¢ # 0 on , and assume that Us(I') C Q for some § > 0, where
Us(T') = {z € Q| dist(z,I') < d}.

Variational form. We consider the linear PDE
—Aru+u=f (9.1)

on a smooth compact surface I', and seek to solve the weak form of (9.1):
find u € H*(T") such that

/ Vru - Vrn +undA = / fndA, for all n € HY(T), (9.2)
r r

with f € L?(T) given.

For a function v : I' — R, we define the unique closest point extension
of v to Us by v¢ : Us — R given by v°(x) = v(a(x)), where a(x) € I is
the closest point on I' to « € Us and § is chosen sufficiently small. For the
notation see Lemma 2.8. Let 7}, be a quasi-uniform triangulation of ) with
maximum mesh size h = maxpc7, diam(7"). The nodes of the triangulation
and corresponding linear basis functions are denoted by Xi,..., Xy and
by x1,...,Xxn, that is, y; € CO(Q),Xi‘T € Py (T) for all T € Ty, satisfying
Xi(Xj) = 5z‘j for all i,j = 1,...,J.

Let N

¢h=Tnp = > O(Xi)xi
i=1
be the usual Lagrange interpolation of a function ¢. In view of the smooth-
ness of ¢ we have

”¢ - ¢h”L°°(Q) + h”V(ﬁ — v¢h“Lm(Q) < Ch2’

from which we infer in particular that |[Vep| > cg > 0 in Q for 0 < h < hy.
Hence we can use, element by element, the piecewise constant projection
P, =1— v, ® vy, where
_ Vo

[V én|

Vh
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is the element-by-element piecewise constant normal.
Given v > 0, the computational domain is taken as a narrow band defined
by the «vh levels of the interpolant of ¢, that is,

Dy = {z € Q|gn(x)] < yh}.

Let ¢ = {T € T, | TN Dy, # 0} denote the computational elements,
and consider the nodes of all simplices T belonging to 7;LC. After rela-
belling we may assume that these nodes are given by Xi,...,X;. Let
Sp = span{xi,...,xs}- The discrete problem now reads: find U € S} such
that

PN Uy -V, |V¢h|d$+/ Un i |V n| dz = / [ [V on|dz (9.3)
Dy, Dy, Dy,
for every discrete test function 7, € Sp.

Narrow band approximation assumption. We require the narrow band ap-
proximation assumption

rc |J 7C€Dy 0<h<h, (9.4)
NT#D
and

Dy < Ch, (9.5)

where |Dp,| denotes the volume of Dy,.
The condition (9.4) can be satisfied by choosing

¥ > max|Vé(z)|.
€

This can be seen by noting that, if z € I'NT,y € T, then, because ¢y, is
piecewise linear, we have

[n ()] < lon(X)] = |6(X)| = [¢(X) — ¢(2)| < h max|Ve| =h,

for any vertex X of T. When ¢ is a signed distance function to I', we can
choose v = 1.

The bound on the measure of Dy, (9.5), follows from the observation that
for h sufficiently small |¢| < 2vh on Dy, and since |V¢| > ¢4 > 0 on 2, using
the co-area formula we have

2vh 4 F*
IDp| < / / L qaar < DI,
2vh JT(r) |v¢| Co

where |I',| is a bound for the measure of the level sets of ¢ in Q.

Error bound. The main numerical analysis result of Deckelnick et al. (2010)
is the following error bound.
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Theorem 9.1. Assume that the solution u of (9.1) belongs to H?°°({2)
and that f¢ € HY*(Q). Let uy, be the trace of the solution Uj, on I' of
the finite element scheme (9.3) satisfying the narrow band approximation
assumption. Then

||lu — 'LLhHHl(F) < ch.

Another narrow band method. We use ¢ = d, d being the signed distance
function to I', as the level set function to create a polyhedral approximation
Dy, of I'. We interpolate d on 7}, and define

Dy, =A{z € Q|| d(z)| < h}.
The finite element problem is to find uy € Sy such that

Vup - Vn, + upnp doe = fénpdx, for all ny € Sp.
Dy, Dy,
This is the same method as that of Deckelnick et al. (2010), except that
it uses full instead of projected gradients. This allows simpler assembly of
mass and stiffness matrices. See Deckelnick et al. (2013) for an error analysis
and computational results.

Observe that in these unfitted finite element narrow band methods the
computational domain Dj, has a polygonal boundary and that 7|p,, the
restriction of 7, to Dy, is not shape-regular and can have arbitrary small
elements: see Figure 9.1. Note that the region of integration involves parts of
elements. Dealing with this is the price to pay for avoiding the triangulation
of the surface. To implement the method one can divide the irregular regions
into simplices and use appropriate quadrature rules. The term cut cell is
used in this context (Engwer and Heimann 2012).

9.2. Sharp interface method using a bulk finite element space

Another method for the model equation (9.1) is to use a bulk unfitted mesh
independent of the surface and seek an approximate solution in a finite
element space on that bulk mesh using a variational equation formulated on
the zero level set of an approximate level set function. This is the method of
Section 9.1 with v = 0. This has been proposed and analysed in Olshanskii
et al. (2009) and Olshanskii and Reusken (2010). An extension of this
method has been proposed by Deckelnick et al. (2013).

The method calculates a sharp interface approximation to (9.2) using in-
tegrals over an approximation to I'. We define ﬁ to be an unfitted regular
triangulation, consisting of closed simplices, of an arbitrary region contain-
ing I". We restrict this triangulation to 73 given by

Tr={T €T, | HY(T NT) > 0},

where H"(w) denotes the n-dimensional measure of w. We impose further
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that I' C Uper, T and

H'(T)= ) HNTNT).
TeT

This restriction means that in the case where I' is the face between two
elements we must make an arbitrary, but fixed, choice of one of the two
adjoining simplices. We define h to be the diameter of the largest element
in 7. We let U, denote the interior of the region covered by these elements:

U= J T

TeT

We assume h is sufficiently small that U, C Us.
We now define a finite element space S on the triangulation 7 given by

Sy = {nn, € C°(U) | nu|7 is linear affine, for each T € T, }.

We use the distance function d to construct a polyhedral approximation
of I'p, of I using the following procedure. We interpolate d on 7}, using the
bulk piecewise linear finite element space Sy, and define

'y =A{x € Uy | Iyd(z) = 0}.

This defines a polyhedral surface I'y, consisting of lines if n = 1 and triangles
and quadrilaterals if n = 2. Notice that in general, 73|, , the restriction of
Uy, to I'y, is not shape-regular and can have arbitrary small elements.

This method could be implemented using a level set function instead of
a distance function.

Both full gradients and tangential gradients may be used in the discrete
weak formulation yielding two methods. The method of Deckelnick et al.
(2013) is to find up, € Sy, such that

Vup - Vn, + upnp dAp = / fenh dAy, for all g, € Sp.
T T

The method of Olshanskii et al. (2009) uses the tangential gradient to I'y,
in the discrete variational form and a slightly different finite element space
Sr,, consisting of functions on I';, which are the trace of functions in Sj,.
Both methods yields errors of order h and h? in the H' and L? norms,
respectively.

As an illustration of the motivation for unfitted finite element methods we
consider the complicated two-dimensional surface I' = {z € Q | ¢(x) = 0}
given by

p(x) = (a7 + 23 —4)* + (25 — 1) + (25 + 25 — 4)* + (2] — 1)°
+ (23 + 2 —4)? 4 (23 - 1)2 - 3.
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The surface is shown in Figure 9.2 and is shaded to reflect the solution of
the equation with right-hand side f(z) = 100 Z?:l e =70 with

zy = (—=1.0,1.0,2.04), z(5) = (1.0,2.04,1.0),
z@3) = (2.04,0.0,1.0), x4 = (—0.5,-1.0,—2.04).

The points z;) are close to the surface I'. In Figure 9.3 we see the intersec-
tion of the surface with a uniform bulk grid of tetrahedra. In this case the
numerical method to obtain this solution is the one described in Section 9.2.

9.3. Diffuse interface method

Here we describe a diffuse interface method for the parabolic equation (5.13)
modelling conservation on a moving hypersurface I'(¢):

®u+uVrp-v—Vr-(AVru) = 0. (9.6)

For simplicity we take A = D.I, D, > 0 and the velocity to be purely in
the normal direction v = V.

The approach is based on approximating I'(¢) by an evolving thin interfa-
cial layer I'(g, t) of thickness e on which a bulk advection—diffusion equation
is solved. The motivation for this diffuse interface approach arises from
modelling evolving surface problems using phase field methods. A thin dif-
fuse interfacial layer of width O(e) across which a phase field variable ¢,
has a steep transition from the bulk values =~ +1 on either side of the in-
terface approximates the sharp interface: see Caginalp (1989) and Blowey
and Elliott (1993). Diffuse interfaces with compact support occur naturally
when the double-obstacle phase field models are employed (Blowey and El-
liott 1991, 1993). In these models the bulk values are identically +1 and
the diffuse layer layer is sharp. This leads to the sharp diffuse interface
front-tracking method formulated in Elliott and Styles (2003) and Deckel-
nick et al. (2005).

The bulk advection—diffusion equation is constructed using a family of
non-negative, differentiable functions p with compact spatial support which
defines the evolving diffuse interface I'(e,t). To be definite we set p = 1— 2,
where ¢, is continuously differentiable double-obstacle phase field function
such that the diffuse interface

I(e,t) = {z [ |pe(z, )] < 1}

is of finite small width approximately me/2. Phase field asymptotics in-
dicate that the double-obstacle phase field approach yields the following
approximation to the phase field variable (Blowey and Elliott 1993):

d(x,t
e (x,t) ~ sin( (=, )) for |d(z,t)| & EE,

pe(w,t) = £1 for [d(z,1)| &

[\)

M

&
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Figure 9.2. Example of the solution of an
elliptic equation on a complicated surface.

Figure 9.3. Example of the intersection of a
bulk mesh with a complicated surface.
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Figure 9.4. Example of a mesh arising in a diffuse interface computation.

where d(-, t) is the signed distance function to I'(¢). If I'(¢) is known through
a level set function or distance function then the above formula for ¢, can
be applied directly to define I'(e,¢). The normal velocity may be extended
to all of I'(g,t) by

_ (Petvsoe

v=d;Vd or v=
! ‘V§05|2

In practical applications the surface I'(t) may be unknown and an approx-
imation is determined by some phase field model. One calculates a phase
field function ¢, and in that case the second of the above equation is ap-
propriate to use.

Figure 9.4 displays a mesh used in a simulation of advection and dif-
fusion of a surfactant on an interface separating a drop of one fluid in
another (Elliott et al. 2011). The fluid equations were modelled using a
double-obstacle Cahn-Hilliard variational inequality (Blowey and Elliott
1992, 1993), coupling with the Navier—Stokes equations. The double-ob-
stacle approach generates a sharp diffuse interface which is used to solve
the parabolic equation on the moving diffuse layer as described above. In
the figure one can observe the diffuse interface transition layer, which has a
finer triangulation than the two bulk triangulated regions it separates. In
this simulation the diffuse layer evolves in time and mesh adaptivity is used.
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Description of diffuse interface bulk equation. Our goal is now to solve the
parabolic equation

(pu)e + V- (puv) — V- (DepVu) =0 on I'(g,t), (9.7)

which involves degenerating coefficients since p vanishes on 9I'. The con-
served bulk quantity pu is transported with an appropriate extension of the
velocity field v away from the moving surface I'. As analysed in Elliott and
Stinner (2009) for curves, the equation (9.7) indeed approximates the surface
equation (9.6) as ¢ — 0. We remark that a degenerate equation of the form
(9.7) appeared in a phase field model of diffusion-induced grain boundary
motion (Fife, Cahn and Elliott 2001, Deckelnick, Elliott and Styles 2001).

Another diffuse interface approach in which the diffuse interface does not
have compact support was proposed in Rétz and Voigt (2006), where the
underlying phase field method is based on the classical double-well potential.

In the following description we assume that the function p is given. The
equation is to be solved in the time interval I = [0,t¢) with t; > 0 in
a spatial domain 2 C R", n = 2,3, which is an appropriate domain into
which the evolving closed hypersurface I'(¢) is embedded at all times and
['(e,t) C Q. The initial values for the sharp equation (9.6), denoted by wug
and the velocity v, need to be extended to all of I'(¢,t). A choice is to
extend wug constantly in the normal direction away from I' to obtain initial
values for (9.7). On Q\I'(e, t) we set ug = 0.

Weak solution. A function u : Q x [0,t7) — R with
u(z,t) =0 ifx &T(e,t)

is a weak solution to (9.7) if it satisfies

/ ((pu)x — puv - Vx + DepVu - Vyx)dr =0 (9.8)
Q
for all test functions x : @ — R, and if

u(+,0) = up(-) on .

Time and space discretization. For simplicity let 7 = J%, for an integer
Ny € N, be a uniform time step, and define t,, = n7, n = 0,..., Ny. Func-
tion evaluations or approximations of functions at time ¢, will be denoted
by an upper index n, and we define a discrete time derivative by
n+1 n
o ST
T

Again for simplicity we suppose that the bulk triangulation is fixed. Let
Tr, be a triangulation of the domain 2 € R™, n = 2,3 consisting of simplices
with maximum mesh size h = max.c7, diam(e). Let J be the number
and N be the set of vertex indices. The vertex coordinates are denoted
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by {X1,..., X }. For anindex i € N let w; denote the neighbouring vertices
connected to vertex ¢ via an edge and let 7; = {e € T, | X; € e} be the set
of elements which have i as a vertex. Further, let N, = {j e N' | X, € e}
be the set of vertices belonging to an element e € Ty,.

The numerical solution is to be found in the discrete finite element space
defined by

S" = {n e C%Q) | n is a linear affine on each e € T }.

We define an interpolation operator II"* : C(Q) — S" by
" (n) = n(Xi)xi. (9.9)

Here x1,...,xs denote the standard basis functions of S, that is, y; €
C%(Q) and xile € Pi(e) for all e € Ty, satisfying x;(X;) = d;; for all 4,5 =
1,...,J.

FEvolving discrete diffuse interface. The computational domain is defined
using the interpolant of the given support function p. We set p"(Xy) :=
p(Xg, t"). The discrete interface at time t,, is defined by

h=1e € Th | Ne CN}'Y, (9.10)
where
» ={i € N| thereis j € w; such that p"(X;) > 0}. (9.11)

Note that this is a small subset of elements because of the underlying as-
sumption of the small compact support of p.
The index set A" is split up as follows:

n =N UNE
Nip =A{i e Ny | p"(X:) > 0},
B ={i € N | p"(Xi) = 0} (9.12)
In order for the numerical scheme to be well defined the following assump-

tion is required.

Discrete interface assumption. It holds for all n = 0,..., Ny — 1 that if an
index i € NJ* does not belong to NV;**!, then p"(X;) = 0 (i.e., i € NER)-
This is a restriction on the time step depending on the magnitude of the
interface velocity, which may be guaranteed by applying an adaptive time-
stepping strategy or a condition of the form 7 < Ch/(||v|c0)-
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Numerical scheme. In order to formulate a numerical method for (9.8) we
introduce the following forms for functions &,n € S

AM&WZ=AHWM&N% (9.13)
cxanﬁz::jglﬂ%p”sﬂﬂ%v">~Vndx, (9.14)
fusnnz::/gzanhuﬂ>vs-Vndx. (9.15)

We denote by U}' the finite element approximation to u(-,t,). Let u§ be an
extension to 2 of the initial data uo on I'(0). We define U} by

UY(Xy) = u(Xp) if ke NP, (9.16)
UP(X) =0 if k¢ NP (9.17)
For example, we may extend constantly in the normal direction and cut off

to zero outside the narrow band corresponding to the initial diffuse layer
defined by the compact support of p(-,0).

Algorithm 9.2. Foreachn =0,..., Ny—1 we seek a function U,’Z’H csh
such that

UMth(Xy) =0, if kg NPT (9.18)
and satisfying
S MU, )R —C(UMH iyt Ly AUpH )t =0, for all n € S™. (9.19)

The discrete interface assumption together with the boundary condition

(9.18) implies that the variational scheme (9.19) may be localized so that the

nodal variables at the new time level U1 (X;) for i € N} are determined

from
1 n n n n
T(/Q{(Hh(p +1Uh+1Xj) — Hh(p Uhxj)}d:v) (9.20)
4 /Q{(_Hh (pn+1U}?+1)Hh(Un+1) 4 DCHh(pn+1) VU]:L-H) . vXj} dr = 07

for all j € Nj"T1.

Unique solvability and mass conservation. The following estimate is useful
for showing that the above system (9.20) is solvable.

Lemma 9.3. Forn=1,...,Ny, § >0, and §,n € S we have that
[0 )12

C(& Mkl < S M)} + — 5B MIE ) (9.21)
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Proof. The desired estimate follows from

ctemp| = \ [ ront ) - Vs

N
< / [0 oo
Q i=1

> piéixi

V| da

N
<X / (o) 2 9] 0™ oo (20 Y216

<Z/<D 37l Vnl? + ” H"OQ ol z§Z>d1‘

L g "
= 6D(n,n)j + TDCM(&O}“

where we use the abbreviation p" = p(Xj, t,,). U

Proposition 9.4. If7 < 4D./|jv|%, o, then the scheme (9.19) has a unique
solution.
It holds that for every n

M(UR, ) = M(UR, 1),
Proof. Proceeding by induction, given the assumption on the initial datum
UP, we may suppose that U (Xy) = 0 if k ¢ N*. Taking W}?H to be the

difference of two possible solutions, it is sufficient to show that W,?H =0
is the only solution of

M(W}?H, 77)2+1 —TC(W}:LJFI, 7])2“rl +T.A(W£L+1, 7])Z+1 =0, forallne Sh.

Taking n = W;Z’H and using (9.21) gives

anJrl”goQ n n n n n n
<1 _ Tm)M(Wh +1’ Wh +1)h+1 + (1 _ 5)D(Wh+1, Wh+1)h+1 < 0’

which, upon taking & arbitrarily close to 1, yields for 7 < 4D, /|[v"+!||?

00,827
MWttt = o (9.22)
DWWttt = o, (9.23)

It follows from (9.22) that W't (X;) = 0 for all i € N"H. By (9.23) we
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have that VW"+1 = 0 in every finite element e € I‘”+1 whence we conclude
that also W"H( i) =0forie Ng‘;l The mass conservation is immediate.
Ll

Discrete equations. Let J,, be the number of nodes in N}'. We can decom-

pose U as
B ST S D D
JENG JENTH JENT\NTH

where we note that

af =aff forj e NPT NN and af =0 for j € NPT\ N
We now define the matrices M+t §ntl ontl ppntl ¢ RInr1xJnt1 with
the entries

Mn+l /Hh( n+1XZX])d
Sn+l / D Hh ’I’L-‘rl VXZ . VX] d]?,

Cn-i—l — / Hh( n+1 ,)Hh(anrl) . vXj dz,

2y

jy. /Q I () e,

where the indices i, j belong to the set N, ,:”rl. To evaluate these forms it is
useful to employ quadrature.

At each time step n + 1 the solution U;ZH is obtained by solving the
system

(%Mn—l—l + Sn+1 _ Cn—&—l)gn—l—l _ %M’n@n

of Jy41 linear equations which have a unique solution (Proposition 9.4).
Because p"t! is zero at boundary points of N}?H there may be some
equations with small diagonal elements, which leads to ill-conditioning.
This may be remedied by preconditioning using the inverse diagonal of
%Mn-i-l + Sn+1 _ Cn—f—l‘

Numerical tests in Elliott et al. (2011) indicate that reducing the width
of the interface together with the mesh size h in a constant ratio can lead
to errors in the L? norm on the surface of order h?. The concentration
profile becomes flat as the approximation parameters tend to zero. This is
in accordance with the rigorous € asymptotic analysis of Elliott and Stinner
(2009).
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9.4. Other methods

Thick interface method. Let T'. = {z € U | |d(z)| < €}. Consider the
following problem: find u®: I'y — R such that

—Au®*+u® = f¢ inT,,
ou®
9 0 ondl..
It can be shown that the solution of this bulk equation converges to the
solution of the surface equation as € — 0. This is the basis of a method
proposed in Schwartz et al. (2005). It is a narrow band approximation
analogous to the phase field method in Section 9.3, but only for stationary

interfaces, based on choosing p to be the characteristic function of I' in the
equation (9.7).

Closest point approach. The closest point method for partial differential
equations on stationary surfaces (Ruuth and Merriman 2008, Macdonald
and Ruuth 2008, 2009, Macdonald, Brandman and Ruuth 2011, Marz and
Macdonald 2013) is based on considering u(a(x)), where a(z) € T' is the
point closest to x. The surface partial differential equation is then embedded
and discretized in a neighbourhood of I' using u(a(x)). Implementation
requires the knowledge or calculation of the closest point a(z). In the cited
references this approach has been used to solve a wide variety of equations
on stationary surfaces.

10. Applications
10.1. Coupling geometric evolution to diffusion on a surface

A generic example of geometric coupling to surface physics is diffusion on a
surface coupled to a geometric equation for the evolution of the surface. A
general system might take the following form: find a scalar field v and an
evolving hypersurface I'(t) C R? such that u solves the conservation law

O*u—Vr-qg+uVr-v=f(V,u) onI(t) (10.1a)
and I'(t) evolves with the velocity law
V =g(v,H,u), (10.1b)

with ¢ being a flux for u, v = Vv 4 v, where V is the normal velocity
of T'(t), v, is a material tangential velocity, 0° is the associated material
derivative and H and v are the mean curvature and normal to I'(t). This
system (10.1) is strongly coupled as the evolution of I'(t) is determined by
the solution of the PDE that holds on I'(¢). We look at a couple of examples
in Sections 10.4 and 10.5.
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10.2. Surfactants

Surface partial differential equations often arise as subproblems in complex
systems of partial differential equations in which surface processes couple
geometry and physics. A strongly motivating example is that of the advec-
tion and diffusion of a surface active agent on a fluid interface. A particular
situation concerns two immiscible viscous fluids with a drop of one fluid
inside the other separated by an energetic interface. We suppose that there
is a surfactant which is insoluble in the fluids and is confined to the fluid
interface, and that the surface energy depends on the concentration of the
surfactant and thus leads to a concentration-dependent surface tension and
the Marangoni effect. The mathematical model then comprises a moving
interface problem for the Navier—Stokes equations coupled to an advection—
diffusion equation on the interface. The problem is to find two fluid domains
QT (t), Q7 (t) separated by a surface I'(t), a fluid velocity v and a surfactant
concentration w. Within the bulk fluid domains we have the Navier—Stokes
System
1

Re

On the unknown moving hypersurface I'(t) we require the mass and mo-
mentum balances

V-v=0, Ow+(v-V)v=-Vp+ —Au.

B 1
ReCa

92 +
[—p[ + D(m] = (e(w)H + Vro(u))

Re
to be satisfied, where v is the unit normal pointing into QT, p is the pressure
within the fluids, H is the mean curvature of I'(¢), o(u) is the concentration-
dependent surface tension, Re and Ca are dimensionless numbers derived
from physical parameters, V is the normal velocity of I' in this direction,
and

D(v) = 3(Vv+ (Vov)T).
The concentration U satisfies the advection—diffusion equation
O*u—Vr-q+uVp-v=0 onl(t),

where v is the material fluid velocity.

We refer to James and Lowengrub (2004), Xu, Li, Lowengrub and Zhao
(2006), Lowengrub, Xu and Voigt (2007), Lai, Tseng and Huang (2008),
Ganesan and Tobiska (2009), Elliott et al. (2011), Ganesan, Hahn, Held
and Tobiska (2012) and Xu, Yang and Lowengrub (2012) for a variety of
numerical methods for solving this problem. These include level set, phase
field and surface finite element approaches.
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10.3. Phase separation on a surface

As an example of an advection—diffusion equation with a fourth-order elliptic
operator we may consider a Cahn—Hilliard equation on a moving surface.
The equation for conservation of mass is

O°u+HVu+Vr-q=0,

which is of the form (10.1a) with f = 0.
Taking a constitutive law for the flux to be of Cahn—Hilliard type which
allows up-hill diffusion and leads to phase separation yields

q = —b(u)Vrw,
w = *'YAFU + T/J,(U),
where w is the chemical potential, b(+) is a concentration-dependent mobility,

and (-) is a double-well free energy. Associated with this model is the
surface Cahn—Hilliard surface free energy functional

B = [ (3Ivrul + v ),

where 7 is a gradient energy coefficient. The classical quartic double-well
potential is

Yw) = (? ~ 1)

Placing ourselves in the context of the evolving surface finite element method
described in Section 5, we formulate a semidiscretization of the Cahn—
Hilliard equation in the case b(u) = 1. Given Upg € Sp(0), find

Up € Sj, = {¢n and ¢, € CUGE) | dn(-,t) € Sh(t) t € [0,T]}
and
Wi € Si = {on € COGH) | én(-,t) € Su(t) t € [0, T]}
such that, for all ¢, € ST and t € (0, 7],

d .
amh(Uhv@z) + an(Wh, én) = mup(Un, Opén),  Un(:,0) = Uho,

and
mp(Wh, ¢n) = van(Un, ¢n) + mp (a0 (Un), ¢1),

which is the natural analogue of the splitting into second-order equations
of Elliott et al. (1989). For a stationary surface an analysis of the error is
given in Du, Ju and Tian (2011). See also Schonborn and Desai (1997) and
Marenduzzo and Orlandini (2013) for models and computations on station-
ary surfaces. Mercker et al. (2012) consider a more complicated version of
the Cahn—Hilliard equation, which involves an energy depending on mean
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Figure 10.1. Phase separation on a growing surface.

Figure 10.2. Phase separation at a later time than Figure 10.4.

curvature of the surface, in the context of modelling curvature modulated
sorting in biomembranes.

Examples of a numerical experiment for an implementation of this scheme
is shown in Figures 10.1 and 10.2. In each figure the evolving surface is
shaded with respect to the values of Uy and the associated triangulation is
shown by the side.

10.4. Surface dissolution

An example of coupling a surface evolution with a surface process which
leads to a highly nonlinear system with complex surface morphology is a
model for the etching of silver in an Ag—Au alloy whose surface is immersed
in an electrolyte. The dissolution of silver atoms occurs at the surface,
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leaving a monolayer of gold adatoms on the surface which are mobile within
the electrolyte. The gold adatoms agglomerate in clusters exposing the next
layer of silver atoms for dissolution. This may lead to the growth of porosity
into the bulk and formation of nanoporosity: see Erlebacher et al. (2001) and
Erlebacher and McCue (2012). The model developed in Erlebacher et al.
(2001) and also Eilks and Elliott (2008) comprises an evolution equation for
the time-dependent dissolving surface I'(¢) and an equation for conservation
of mass. It leads to a system of the form (10.1).

The geometric surface evolution equation is of forced mean curvature

type,
V = —Jaiss = vo(c)(1 — 6H) (10.2)

where Vv is the normal velocity of the surface and the rate of dissolution
is denoted by Jgiss which depends on a surface-concentration-dependent
etching rate vp(c) > 0 and the mean curvature of the surface, H. Physically,
in portions where the surface is completely covered by gold, etching cannot
take place because the electrolyte is no longer in contact with silver atoms
and the etching rate satisfies vo(1) = 0. We use ¢ to denote the surface
concentration of gold atoms in the binary mixture of gold and electrolyte
adatoms in the surface monolayer, Cy to be the bulk gold concentration and
q to denote the diffusive surface flux of adatoms.

Then the equation for conservation of mass is

0°c+ HVe=VCy—Vr-q, (10.3)

which is of the form (10.1a) with f = VCy. This latter term is due to the
picking up on the surface of gold adatoms from the bulk where diffusion is
neglected.

The constitutive law for the flux is of Cahn—Hilliard type, which allows
up-hill diffusion and leads to phase separation so that

q = —b(c)Vruw,
w = _’YAFC + wl(c)7

where p is the chemical potential, b(-) is a concentration-dependent mo-
bility, and () is the double-well free energy occurring in Cahn—Hilliard
theory. Assuming a regular solution model for homogeneous free energy of
the binary mixture of gold and electrolyte adatoms in the monolayer leads
to the logarithmic function

0e) = (1 — ) + % elos(e) + (1 — ) log(1 — ¢)).

This precludes values of ¢ outside the interval [—1, 1] and a typical form for
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the mobility is the degenerate mobility
b(c) = B(1 - c?).

Thus we are led to the study of the highly nonlinear coupled system
of forced mean curvature flow for an evolving surface with the forcing
depending on the solution of a degenerate Cahn—Hilliard equation. On
the surface we expect surface phase separation to take place, yielding gold-
rich and gold-depleted regions on the surface monolayer I'(¢). Numerical
simulations are shown in Figure 10.3. See Eilks and Elliott (2008) for a
description of the computational methods and further simulations. These
computations are based on the evolving surface finite element method for
the solution of the Cahn—Hilliard equations and a variant of the scheme
of Dziuk (1991) for forced mean curvature flow. The surfaces shown in
Figure 10.3 are triangulated surfaces. Adaptivity is used to refine and
coarsen depending on the solution of the Cahn—Hilliard equation, and from
time to time a new triangulation is required in order to avoid degenerate
shapes for the triangles.

10.5. Pattern formation on biological surfaces

Following the classical paper of Turing (1952), pattern formation on a grow-
ing biological surface may be modelled by reaction—diffusion equations which
exhibit diffusion-driven instability of spatially uniform structures and thus
lead to spatial patterns. In biological applications it is natural to con-
sider this mechanism for pattern formation to hold on evolving curved sur-
faces which form the boundaries of growing three-dimensional domains. The
numerical solution of a number of models using the evolving surface
finite element method was proposed in Barreira et al. (2011). A Lagrangian
particle method using level set ideas for reaction—diffusion equations
on moving surfaces was presented in Bergdorf, Sbalzarini and Koumout-
sakos (2010).

An example of an application is presented by Chaplain, Ganesh and Gra-
ham (2001), who propose a model for the growth of solid tumours. In the
model the evolution of the solid bulk tumour is determined by a concen-
tration of a growth-promoting factor causing growth on the surface. The
resulting mathematical problem is that of determining I'(t) C R? modelling
the tumour surface and scalar functions u(x,t) and w(x,t) that diffuse and
react on the surface, which satisfy

O*u+uVr - Vv =Aru+ fi(u,w) onT(¢),
0*w + wVr - Vv = D,Arw + fa(u,w) onT(t),
with normal velocity Vv and

V = —eH + du. (10.4)
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(a) (b)

Figure 10.3. The early stages of spinodal decomposition
on a dissolving surface. (a) The surface with constant
mobility and (b) a surface with degenerate mobility,
t=0.1,t=0.2andt=0.3.
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Figure 10.4. Pattern formation on growing surface.
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Figure 10.5. Associated triangulation for Figure 10.4.
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In the velocity law (10.4) the second term on the right comes from the sug-
gestion in Crampin, Gaffney and Maini (1999) that growth should be faster
in regions of higher concentration of the growth-promoting factor u, and
the first term on the right is a surface tension term which has the effect of
yielding smooth surfaces in the short term. Finally D,,,  and ¢ are positive
parameters. The reaction functions f; and fo model the interactions be-
tween the two surface concentrations. An example is the activator-depleted
substrate model (Schnakenberg 1979), known as the Brusselator model, in
which

filu,w) =(a—u+v?w) and  fo(u,w) = y(b—u’w),

where 7, a and b are positive constants.

An example of a simulation together with the associated triangulation is
given in Figures 10.4 and 10.5. The shading corresponds to the computed
values of u. The simulation was carried out with the ALE evolving-surface
finite element method (Elliott and Styles 2012), coupled with the method
of Barrett, Garcke and Niirnberg (2008a).

For examples of studies of reaction—diffusion pattern formation on surfaces
we refer to Aragén, Barrio and Varea (1999), Barrio et al. (2004), Barreira
(2009) and Rétz and Roger (2012). Other examples in computational biol-
ogy which involve the coupling of surface evolution to diffusion and phase
separation on the surface are models for cell motility (Elliott et al. 2012)
and phase separation on biomembranes (Elliott and Stinner 2010).
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