A CONVERGENT FINITE VOLUME SCHEME FOR DIFFUSION ON
EVOLVING SURFACES

MARTIN LENZ*, SIMPLICE FIRMIN NEMADJIEUT, AND MARTIN RUMPF?

Abstract. A finite volume scheme for transport and diffusion problems on evolving hypersur-
faces is discussed. The underlying motion is assumed to be described by a fixed, not necessarily
normal, velocity field. The ingredients of the numerical method are an approximation of the family
of surfaces by a family of interpolating simplicial meshes, where grid vertices move on motion tra-
jectories, a consistent finite volume discretization of the induced transport on the simplices, and a
proper incorporation of a diffusive flux balance at simplicial faces. The semi-implicit scheme is de-
rived via a discretization of the underlying conservation law, and discrete counterparts of continuous
a priori estimates in this geometric setup are proved. The continuous solution on the continuous
family of evolving surfaces is compared to the finite volume solution on the discrete sequence of
simplicial surfaces and convergence of the family of discrete solutions on successively refined meshes
is proved under suitable assumptions on the geometry and the discrete meshes. Furthermore, numer-
ical results show remarkable aspects of transport and diffusion phenomena on evolving surfaces and
experimentally reflect the established convergence results. Finally, we discuss how to combine the
presented scheme with a corresponding finite volume scheme for advective transport on the surface
via an operator splitting and present some applications.
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1. Introduction. In many applications in materials science, biology and geo-
metric modeling evolution problems do not reside on a flat Euclidean domain but
on a curved hypersurface. Frequently this surface is itself evolving in time driven by
some velocity field. In general the induced transport is not normal to the surface
but incorporates tangential motion of the geometry and thus a corresponding tan-
gential advection process on the evolving surface. In [10] Dziuk and Elliot proposed
a finite element scheme for the numerical simulation of diffusion processes on such
evolving surfaces. In this paper we pick up the finite volume methodology introduced
by Eymard, Gallouét and Herbin in [13] on fixed Euclidean domains and discuss a
generalization in case of transport and diffusion processes on curved and evolving
surfaces'. The general motivation for a finite volume formulation is the potential of
a further extension to coupled diffusion and dominating nonlinear advection models.
Here, we restrict to linear transport.

Applications of the considered model are the diffusion of densities on biological
membranes or reaction diffusion equations for texture generation on surfaces [21].
Frequently, partial differential equations on the surface are coupled to the evolution
of the geometry itself. Examples are the spreading of thin liquid films or coatings
on surfaces [20], transport and diffusion of a surfactant on interfaces in multiphase
flow [17], surfactant driven thin film flow [15] on the enclosed surface of lung alveoli
coupled with the expansion or contraction of the alveoli, and diffusion induced grain
boundary motion [3]. In this paper, we suppose the evolution of the surface to be
given a priori and study the finite volume discretization of diffusion on the resulting

*University of Bonn, Germany, (martin.lenz@ins.uni-bonn.de)

T University of Bonn, Germany, (simplice.nemadjieu@ins.uni-bonn.de)

*University of Bonn, Germany, (martin.rumpf@ins.uni-bonn.de)

LA preliminary form of this paper was published in an 8 page conference proceedings: M. Lenz, S.
Nemadjieu, M. Rumpf, “Finite Volume Method on Moving Surfaces”, 5th International Symposium
on Finite Volumes for Complex Applications, 2008.

1



2 M. Lenz, S. F. Nemadjieu, and M. Rumpf

family of evolving surfaces as a model problem. The evolving surfaces are discretized
by simplicial meshes, where grid nodes are assumed to be transported along motion
trajectories of the underlying flow field. The approach applies to evolving polygonal
curves and triangulated surfaces. In the presentation we focus on the case of moving
two-dimensional surfaces. Finite volume methods on curved geometries have been
discussed recently in [4, 8], but to the best of our knowledge they have so far not been
analysed on evolving surfaces.

An alternative approach would be to consider a level set representation via an
evolving level set function. In this case, projections of the derivatives onto the embed-
ded tangent space provide a mechanism for computing geometric differential operators
[1] on fixed level set surfaces. Finite elements in this context are discussed in [2] and
a narrow band approach with a very thin fitted mesh is presented in [7], and in [14]
an improved approximation of tangential differential operators is presented. Fur-
thermore, in [11] a finite element level set method is introduced for the solution of
parabolic PDEs on a family of evolving implicit surfaces.

Our finite volume method is closely related to the finite element approach by
Dziuk and Elliott [10]. They consider a moving triangulation, where the nodes are
propagating with the actual motion velocity, which effectively leads to space time
finite element basis functions similar to the ELLAM approach [16]. We consider as
well a family of triangulated surfaces with nodes located on motion trajectories where
the triangles are treated as finite volume cells. The resulting scheme immediately
incorporates mass conservation. An overview on computational approaches which use
moving meshes to solve PDEs is given in [18]. Here, the moving mesh reflects the
Eulerian coordinates underlying the evolution problem but on a fixed computational
domain.

The paper is organized as follows. In Section 2 the mathematical model is dis-
cussed and in Section 3 we derive the finite volume scheme on simplicial grids. Discrete
a priori estimates consistently formulated in terms of the evolving geometry are es-
tablished in Section 4. In Section 5 we state and prove the main convergence result.
Finally, Section 6 discusses an operator splitting scheme for the coupling of diffusive
and advective transport so far not encoded in the surface motion itself and in Section
7 numerical results are presented.

2. Mathematical model. We consider a family of compact, smooth, and ori-
ented hypersurfaces I'(t) C R™ (n = 2, 3) for ¢ € [0, tyma.] generated by an evolution
D : [0, tmaz] X To — R™ defined on a reference surface I'g with ®(¢,Tg) = I'(t). Let us
assume that g is C3 smooth and that ® € C([0,t4z], C?(T0)). For simplicity we
assume the reference surface I'y to coincide with the initial surface I'(0) (cf. Figure
5.2).

We denote by v = 9;® the velocity of material points and assume the decomposi-
tion v = v,V + Vg into a scalar normal velocity v, in direction of the surface normal
v and a tangential velocity v.y. The evolution of a conservative material quantity
u with u(¢,-) : T'(t) — R, which is propagated with the surface and simultaneously
undergoes a linear diffusion on the surface, is governed by the parabolic equation

U + uVp-v — Vp-(DVru) = g onI'=T(¢), (2.1)

where @ = S;u(t,z(t)) is the (advective) material derivative of u, Vr - v the surface
divergence of the vector field v, Vru the surface gradient of the scalar field u, g a
source term with g(¢,-) : I'(¢) — R and D a diffusion tensor on the tangent bundle.
Here we assume a symmetric, uniformly coercive C? diffusion tensor field on whole
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R™ to be given, whose restriction on the tangent plane is then effectively incorporated
in the model. With a slight misuse of notation, we denote this global tensor field
also by D. Furthermore, we impose an initial condition «(0,-) = up at time 0. Let
us assume that the mappings (¢, 2) — u(t, ®(¢, x)), v(t, ®(t,x)), and g(¢t, P(¢,z)) are
CH[0, tmaz], C3(T0)), CU[0, tmaz], C3(To)) and C([0, tmas], CH(To)) regular, re-
spectively. For the ease of presentation we restrict here to the case of a closed surface
without boundary. Our results can easily be generalized to surfaces with boundary, on
which we either impose Dirichlet or Neumann boundary condition. For a discussion
of existence, uniqueness and regularity of solutions we refer to [10] and the references
therein.

3. Derivation of the finite volume scheme. For the ease of presentation we
restrict ourselves to the case of two dimensional surfaces in R3. A generalization of
the numerical analysis presented here is straightforward. We consider a sequence of
regular surface triangulations {T'f }x—o ... with ¥ interpolating I'(ty) for ¢ = kT
and Kz T = tmae (cf. Dziuk and Elliott [10] for the same set up with respect to a
finite element discretization). Here, h indicates the maximal diameter of a triangle on
the whole sequence of triangulations, 7 the time step size and k the index of a time
step. All triangulations share the same grid topology, and given the set of vertices
29 on the initial triangular surface I'j the vertices of I'; lie on motion trajectories.
Thus, they are evaluated based on the flux function ®, i. e. x;(tx) = P(tx,z7) (cf.
Figure 3.1). Single closed triangles or edges of the topological grid T}, are denoted by
S and o, respectively. Upper indices denote the explicit geometric realization at the
corresponding time step.
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l FIGURE 3.1. Sequence of triangulations F’fL interpolating a four-fold symmetric object in its
evolution.

Thus, a closed triangle of the triangulated surface geometry I‘ﬁ is denoted by S*.
We assume that the triangulations I‘Z are regular, i. e. there exist constants ¢, C' > 0
such that ch? < m’fg < Ch? for all S and all k, where mlg denotes the area of S¥. As
in the Euclidean case discussed in [13] we also assume that for all time steps ¢;, where
k=0,...kpna and all simplices S¥ C T’} there exists a point X% € S* and for each

—_—

edge o C 0S¥ a point X* € oF such that the vector Xfé X is perpendicular to o

with respect to the scalar product induced by the inverse of the diffusion tensor on
the triangle S* at the point X%, i.e.

B\~ 1/ vk k

(D<th)) (XS - XO') V= Ov (31)

where V is a vector parallel to the edge o*. Furthermore, we assume that these points

can be chosen such that for two adjacent simplices S* and L* the corresponding points

on the common edge o* = S¥ N L* coincide (cf. Figure 3.2). The point X’SH'1 at the

following time step need not be the consistently transported point X g under the
flow ®. It will turn out that for the error analysis the later stated condition (5.1) is
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sufficient. This allows to choose the points X% in a way that fulfills these requirements
without changing the grid topology between time steps, as described in the paragraph
after equation (5.1).

FIGURE 3.2. A sketch of the local configuration of points Xg, Xf, and X* on two adjacent
simplices S* and L¥, which in general do not lie in the same plane.

For a later comparison of discrete quantities on the triangulation Fﬁ and con-
tinuous quantities on T'(t;) we define a lifting operator from I'f onto I'(t;) via the
orthogonal projection P* onto I'(t;) in direction of the surface normal v of I'(t;). For
sufficiently small A this projection is uniquely defined and smooth; we also assume it
to be bijective. By S“* := P*S* we define the projection of a triangle S* on I'(t;)
and by Sb¥(t) := ®(t, &~ (t1, S"*)) the temporal evolution of S“*, which we will take
into account for t € [ty,tx4+1]. Furthermore, we can estimate the relative change of
area of triangles by m&t! = mk (1 + O(r)) for all simplices S* and all k because of
the smoothness of the ﬂux function ®.

Based on these notational preliminaries we can now derive a suitable finite volume
discretization. Thus, let us integrate (2.1) on {(t,x) |t € [ty, txt1], © € SH*(t)}.

tht1
/ /S’ . g da dt ~ TmiETHGE (3.2)

where GE™ = g(tg41, PP XETY). Using the Leibniz formula %fslvk(t)u da =

fSl”“(t) @+ uVr v da (cf. [10]), we obtain for the material derivative

trt1
/ / w4+ uVr-vdaedt / uda—/ u da
tr Sbk(t) St k(tk+1) Stk (tr)

~  mETu(tpyr, PPTEXETY) — mbu(ty, PRXE).
(3.3)

Next, integrating the elliptic term again over the temporal evolution of a lifted
triangular patch and applying Gauss’s theorem we derive the following approximation:

trt1 tr4+1
/ / DVFU) da dt = / / DVFU Host, R (t) dl dt (3 4)
tr St k(t) tr ASLk(t)

k+1
Z k+1/\k+1 U(tk-i-l fpk+1Xk+1) _ U(tk-i-l pk+1X + )
~T m Slo’ dk—‘rl ’
ocCaS Slo

where jigg1.(y) is the outer co-normal on dS“*(t) tangential to I'(t), o* ! an edge of

k k k k k
SFHL mETT the length of 0"+, dgil = | Xg* — XEFY, and MG = DS ug -
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The discrete diffusion tensor is defined by Df1 .= (P§+1)TD(X§+1) PETL where

Slo
Pg"‘l is the orthogonal projection onto the plane given by S**!, and ugﬁl

co-normal to S¥*1 on the edge o. Indeed, the orthogonality assumption (3.1) implies
that (X*+! — X’g“) is parallel to Dgﬁlugﬁl. Hence, Vru - pygir(y) can consistently
k41 yk+1y_ k41 yk+1
be approximated by the difference quotient )\’;ﬁl ultsr, P77 X, d)kﬂ(t’“*hp Xs™),
Slo
Alternatively, one could introduce a diffusion tensor D&+ := (Pg“)T D(XETY) pEtt
on triangles and modify (3.1) and the definition of )\lgﬁl accordingly. We will comment
on this alternative approach in the context of the convergence analysis in Section 5.2.
Now, we introduce discrete degrees of freedom U% and UF for u(P*XE) and
u(P*¥XF), respectively. The values U ’g are the actual degrees of freedom; they will be
compiled into a function U* that is constant on each cell S* and is an element of the
discrete solution space V¥ which is defined in (3.7) below. The U¥ are only auxiliary
degrees of freedom, cf. (3.5). Then the discrete counterpart of the continuous flux
balance

is the outer

[ el mosia da= = [ (DVru)lyuny oy do
SLE(E)NLEk(t) Stk (£)NLLk (t)

on SbE(t) N LY*(t) for two adjacent simplices S¥ and LF is given by

k+1 _ prk+1 k+1 _ prk+1
mk+1 Ua S /\k—&-l _ _mk+1 Ua UL )\k+1
o dk:Jrl S‘O‘ - g korl L|(7
Slo Lio

for the edge ¥ = S¥NL*. Let us emphasize that this flux balance holds independently
of the tilt of S¥ and L* at ¢*. Hence, we can cancel out the degrees of freedom
k+1 gk \k k+1 gk \k
Us™di,As, + UL dg,A 0,
L 2k k \k
dL|a)\S\a + dS|0')\L|0'

Uktt = (3.5)

on edges and based on the approximations for the parabolic term in (3.3) and the
elliptic term in (3.4), we finally obtain the finite volume scheme

Uk+1 _ grk+1
k+1rrk+1 krrk § k+1 k+1~ L S _ k+1~k+1
mS US —mSUS - T mg Mo’ W —TmS GS s (36)
ocCoS S|L
M AE gk
k. S|le”*L|oc ~S|L k gk k
Where Mo' = dk )\k + dk )\k s dS|L = ds|0. + dLla’ .
Lic”'S|o Sle”*L|o

This requires the solution of a linear system of equations for the cell-wise solution
values U’g“ for k=0,...kmne: — 1 and for given initial data Ug at time tg = 0.
REMARK. Different from the finite volume method on Euclidean domains in
[13] all coefficients depend on the geometric evolution, and thus in particular change
in time. A comparison of the discrete and continuous solution requires a mapping
from the sequence of triangulations {T'¥} onto the continuous family of surfaces

{T(®) }ee[0,tmar]-

Figure 3.3 shows two different triangulations of a (rotating) torus (cf. Figure 7.2,
7.3 and 7.4 below for corresponding numerical results). In the first case the underlying
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FIGURE 3.3.  On the left an isotropic mesh for a torus is shown together with a zoom in
with indicated points X g on the triangles and X(’j on edges. On the right an anisotropic mesh

corresponding to an anisotropic diffusion temsor D = diag(%, 1,1) 4s rendered together with the

corresponding zoom. One observes in the blow up of the anisotropic mesh geometry a transition
from the strongly anisotropic regime close to the center plane of the torus on the right and the more
isotropic mesh on the left.

diffusion is isotropic, hence an isotropic mesh is used for the simulation of the evolution
problem. In the second case an anisotropic diffusion tensor D = diag(3z, 1, 1) is taken
into account. To enable the definition of consistent triangle nodes X% and edge nodes
X% an anisotropic mesh has been generated. Even though D is constant on R®3
the induced tangential diffusivity varies on the surface. This variation is properly
reflected by the generated mesh. We refer to Section 7 for some remarks on the mesh
generation.

Let us associate with the components U on the simplices S* of the triangulation
I'¥ a piecewise constant function U* with U¥|gx = UE and let

Vi = {Uk:F’fL—JR U¥|gx = const VSkCFﬁ} (3.7)

be the space of these functions on I'¥. Analogously, we denote by G* the corresponding
piecewise constant function with G¥|gx = G%. On the function space V¥, we can define
a discrete energy semi norm based on a weighted sum of squared difference quotients:

DEFINITION 3.1 (Discrete energy semi norm). For U* € VK we define

%
o=SNL dS|L

1
k k 2 2
E . kAqk (UL - Us )
UMl px = < > mhME—E ) (3.8)
Before we prove suitable a priori estimates, let us verify existence and uniqueness
of the discrete solution.

PROPOSITION 3.2. The discrete problem (3.6) has a unique solution.

PROOF: The system (3.6) has a unique solution U**!, if the kernel of the correspond-
ing linear operator is trivial. To prove this, we assume U¥ = 0 and G**! = 0 in
(3.6); then multiply each equation by the the corresponding U§+1 for the triangle

Sk+1 ¢ I‘ffl. Summing up over all simplices and taking into account the symmetry
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of the second term in (3.6) with respect to the two simplices S* and L* intersecting
at the edge o**! = S¥+1 N L**1 we obtain

U512 gy + IO i =0,

from which U**! = 0 follows immediately. O
Indeed, Proposition 3.2 is a direct consequence of Theorem 4.1 to be proved in
the next section.

4. A priori estimates. In what follows we will prove discrete counterparts of
continuous a priori estimates. They are related to the discrete energy estimates given
in [13] in the case of finite volume methods on fixed Euclidean domains.

THEOREM 4.1 (discrete L°°(L?), L?(H') energy estimate). Let {U’“};€ 1, Fomas
be the discrete solution of (3.6) for given discrete initial data U° € VP, then there
ezists a constant C' depending solely on t,,q., such that

Kmaz kmaz
max ||Uk||L2(FA +> Ui <0 <||U0|L2 re) +TZ |Gk|L2> - (41

k=1,...kma
k=1

PROOF: As in the proof of Proposition 3.2, we multiply the equation (3.6) by UkJr1
for every cell S¥ € T, and sum over all S* € T'¥} to obtain (again using the symmetry
of the second term in (3.6))

Uk-‘rl Uk-‘,—l
Z ( 1§+1 (U§+1) SUSUk+1> n TZ mk+1Mk+1( e )
o=SNL S|L

- szk“a’;“Ug“, (4.2)

which leads to

[T+ + | UFFT

k+1 k+1
L2(rk 1,0k

1
k 2
m
< ||Uk||L2(F;§) max <m§i1> HUk+1||L2(Fi+1) + T||Gk+1||L2(FZ+1)||Uk+1||L2(F§+1).

k
Then, by Young’s inequality and the estimate maxj; maxg ‘% — 1’ < Cr, one
S

obtains
IIU’f“HLQ iy IR e (4.3)
||Uk||L2(F’° + *THU’CHHLz(pkH) + T”Gk+1”L2(Fk+1)'

Using the notation a; = ||U’“||L2 %) and b, = ||Gk||L2 (ry)» One can deduce from

ar < ap—1 + Ctag + 7by that

ar < (1—01) Map_1 +7bp) <---<(1—-Cr1)~ a0+TZb
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(1-Cr)* = <(1 - CZ’“) CIZ'“>C%

is bounded from above by 2eC* for sufficiently small 7, we immediately get the
desired bound for |U*||?

Since

L?(Fk)
||Uk||L2(pk) < 2eCtk ||UOHL2 FO +TZ ”(;]HL2

We sum (4.3) over k =0, ... kmqe — 1 and compensate the terms HU’“HiQ(Fk) on
h

the right hand side for k = 1,. .. ky,4 — 1 with those on the left and using the already

established estimate for the L2-norm gives the bound for "‘“ T||U k||1 Tk O

THEOREM 4.2 (discrete H'(L?), L>°(H") energy estimate) Let {U*}ee1. ks
be the discrete solution of (4.2) with given initial data U°, then there exist a constant
C, such that

kmaz

ZTHaTUk\IL2 (rt) 1, _max ITFI1? p

maz

kmar
<C (lUO”LZ(FO) + HUOHI Y +7 Z ||Gk||L2(Fk)> ) (44)

k=1
k k—1 . . . .
where OFU* = % is defined as a difference quotient in time.

PrOOF: We multiply (3.6) by 07 U**! for every triangle S¥ € I'f and sum over all
simplices to obtain

2
Ukt k
-U
Z k+1 s

2
Uk:-‘rl Uk+1 Uk:+1 Uk+1
k+1 k+1 k+1 L k
+ 3 mbt Mkt (dS+L (dk - - | P | W=

o=SNL S|L S|L
Uk_H Uk Uk-‘rl _ Uk
_ k+1 s k41 ~k+1 s s
_Z (m )US< . —&-TZmS G - .
s s
Using the notation

aIZ*lL = dk|Lm§M§ < Sdk L) , bst= Y mg* (S pn 5,

S|L

k k?+1 k+1
p b, ml T M
S|L - — k+1_ k Ak’
dS’|L mEM
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this can be written as

k+1 k+1 k+1 k  k
TZ (b5 “+ > << S\L) aS|LCS|LaS|L)
o=SNL
[ kt1
mk m
s
[k rrkrk+1 k1 vkt1pktl
Z( k+11> - mUgbyg +7'Z mg Gg bg.
\/mk S

Noting that

2 1 2 2 (a’;JlrLl) <GI§|L) ’
k+1 k+1 k k+1 k k
(QSTL) _QSTL CSILale > 5 <(aSJ|rL) - (aS|L> >+(1—CS|L) 5 + 5

and

S () = I0F g S () = 105U e
S

o=SNL

we apply Cauchy’s and Young’s inequality and we finally obtain
P10 UM R gy + IO s = SHOME
< Cr (U2 s+ U2
+ (HUk”Iﬂ(F/;L) +IGH o)) 1107 UkJrlHLZ(FfL"*'l))' (4.5)
‘/\}”T <CT.

Next, as in Theorem 4.1 we apply Young’s inequality, sum over all time steps and
obtain

Here, we have taken into account that |1 — cg|L| < CTt and ‘1 — 72331

Emaz

5 (3107 UM agugy + 510% R g — 310Ny )

k=1
k

C mar
< 57> (01 g + N0 g+ 10 sy + 1G By ) - (46)
k=1
Finally, an application of Theorem 4.1 leads us to the desired estimate. O

5. Convergence. In this section we will prove an error estimate for the finite
volume solution U* € V;’f. At first, we have to state how to compare a discrete solution
defined on the sequence of triangulations FE and the continuous solution defined on the
evolving family of smooth surfaces I'(t). Here, we will take into account the lifting
operator from the discrete surfaces I'Y onto the continuous surfaces I'(ty) already
introduced in Section 3. As for the error analysis of a finite element approach in [10]
we use a pull back from the continuous surface onto a corresponding triangulation
to compare the continuous solution u(t;) at time ¢, with the discrete solution U* =
>os Ug Xg» Where x, indicates the characteristic function of the triangle Sk, In
explicit, we consider the pull back of the continuous solution u at time ¢; under this
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lift w=' (¢, X5) == u (tx, PF(XE)) and investigate the error u™ (t5, X&) — U% at the
cell nodes X g as the value of a piecewise constant error function on the associated
cells S*.

Obviously, the consistency of the scheme depends on the behavior of the mesh
during the evolution and a proper, in particular time coherent choice of the nodes
XE. Let us assume that

ITEAHL(XE) — X§TH < Chr, (5.1)

where YA+ X ’5) denotes the point on S¥*1 with the same barycentric coordinates
on S¥! as the node X% on S*. (cf. (5.4) below). This condition is obviously
true for X% being the orthocenter of S*, which is admissible for D = Id on acute
meshes. In case of an anisotropic diffusivity or non acute meshes, one chooses nodes
X 573 close to the barycenters in the least square sense, given the orthogonality relation
(3.1). Algorithmically, a mesh optimization strategy enables a corresponding choice
of nodes (cf. Section 7).

Finally, the following convergence theorem holds:

THEOREM 5.1 (error estimate). Suppose that the assumptions listed in Section 2
and 3 and in (5.1) hold and define the piecewise constant error functional on I‘ﬁ for
k=1,... knaa

EF .= Z (ufl (tk,Xzé) — U§) X gk
S

measuring the defect between the pull back u'(ty,-) of the continuous solution u(ty, -)
of (2.1) at time t and the finite volume solution U* of (3.6). Thus, the error function
E* is actually an element of the same space V,’f of piecewise constant functions on Fﬁ
as the discrete solutions U, cf. (3.7). Furthermore, let us assume that ”EO”L?(F’;) <

C h, then the error estimate

kmam
_max By 7 Y BNy < C () (52)
k=1

holds for a constant C depending on the reqularity assumptions and the time t,,qq-

This error estimate is a generalization of the estimate given in [13], where the
same type of first order convergence with respect to the time step size and the grid
size are established for a finite volume scheme on a fixed planar domain. As usual in
the context of finite volume schemes the convergence proof is based on consistency
estimates for the difference terms in the discrete scheme (3.6). In the context of evolv-
ing surfaces considered here, these consistency errors significantly rely on geometric
approximation estimates. Thus, in the next Paragraph 5.1 we first investigate a set
of relevant geometric estimates. Afterwards, in Paragraph 5.2 these estimates will be
used to establish suitable consistency results. Finally, the actual convergence result
is established in Paragraph 5.3.

5.1. Geometric approximation estimates. In this paragraph, we first extend
the definition of the projection P* to a time continuous operator P(t, -) which, for each
t € [0, %maz], Projects points orthogonally onto I'(t) (cf. Figure 5.1). This operator is
well defined in a neighborhood of T'(¢).

We denote by po, p1, p2 the vertices of a triangle S*, and we consider &(z), & (z),
& (z) the barycentric coordinates of a point x on ¥, i. e. x = & (x)po + &1(2)p1 +
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(I)(t)pO)

FIGURE 5.1. In a sketch we depict here a fan of evolving triangles, the transported vertices
®(t,po), ®(t,p1), and ®(t,p2) of one specific moving triangle S*(t), and the projection P(t, X (t))
of a point X (t) in S*(t) onto T'(t).

& (2)p2 and &o(z) + &1(x) + &2(x) = 1. Furthermore, let us now introduce the time
continuous lift

Tkt ) SP — SUR@), e TR (L 2) = B(t, D (tk, PR(2))) (5.3)

and the discrete surface evolution

YRt ) S — SR, z— Zfi(ac)\llk(t,pi) (5.4)

=0

which will be used to go back and forth between evolving domains I'(¢) and the
evolving discrete surface I'j,(t), where S¥(t) is the triangle generated via the motion
of the vertices p of S* along the trajectories ®(-,p), and I';,(t) the time continuous
triangular surface consisting of these simplices.

Let us remark that T**+1(X%) in condition (5.1) equals Y*(t;41, X%). Figure

@_l(tk, )
—

Ty

\—///V

(I)(tk-‘rla )

FIGURE 5.2. A single triangle and the nearby surface patch are shown in the initial configuration
and at two consecutive time steps.

5.1 depicts a sketch of the involved geometric configuration. It is also important to
notice here that the smoothness of these functions depends only on the regularity of

We now introduce an estimate for the distance between the continuous surface
and the triangulation and for the ratio between cell areas and their lifted counterparts:
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LEMMA 5.2. Let d(t,x) be the signed distance from a point x to the surface T'(t),
taking to be positive in the direction of the surface normal v and let mlslk denote the
measure of the lifted triangle SY*, mL¥ the measure of the lifted edge o'**, then the
estimates

ml,k ml,k
sup || d(t,-) | Lo r, )< CR®, sup |1 — —-| < CRh?, sup |1 — ——| < CR?
0<t<t mas k,S mg k,o me

hold for a constant C depending only on the reqularity assumptions.

PROOF: Notice that the function d(t,-) is zero at vertices of the triangulation. Thus
the piecewise affine Lagrangian interpolation of d(t,-) vanishes and the first estimate
immediately follows from standard interpolation estimates. Using the smoothness of d
and the fact that, because of the regularity of the mesh, the normal direction on each
triangle differs from the normals to the respective curved triangle only to the order
h, we deduce from V) d(t,-) = 0 on I'(t) that [|[Vgryd(t,-)| L, ) < Ch, where
Vsk(yd(t,-) is the component of Vd(t, -) tangential to S¥(t). For the second estimate,
we fix a triangle S* and assume without any restriction that S* C {(¢,0)|¢ € R?}.
Furthermore, we extend the projection P* onto a neighborhood of S* in the following
way:

Pea(€:0) = (6,0) + (€ = d (tr, (£,0)) V" (t, (£,0))
Obviously, P¥ Pk on S*. From |d (t, (£,0))] < Ch? and |Vged (t, (€,0))| < Ch,

ext —
we deduce that

ext

| |det (DPE,,(€,0))| — 1] < Ch?,

where DPF . denotes the Jacobian of P¥ .. Hence, taking into account that the third

ext ext*
column of the Jacobian 9;PF,,(¢,0) = VdT (t, (£,0)) has length 1 and is normal to
I(t) at P*(¢,0), we observe that |det (DPE,,(¢,0))| controls the transformation of

area under the projection P* from S* to S"*, which proves the claim.
The third estimate follows along the same line as the second estimate based on a
straightforward adaptation of the argument. O

Next, we control the area defect between a transported lifted versus a lifted trans-
ported triangle:

LEMMA 5.3. For each triangle S* on F’,ﬁ and all z in S* the estimate
[Pt YF(t,2)) — ¥ (t,z)| < CTh?

holds for a constant C depending only the reqularity assumptions. Furthermore, for
the symmetric difference between SU*(ty11) and SY*+1 with AAB = (A\ B)U(B\ A)
one obtains

Hn—l (Sl’k(tk+1)ASl’k+l) < CThmIg«Jrl 7

where H" ™1 is the (n—1)-dimensional Hausdorff measure of the considered continuous
surface difference.
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PROOF: At first, we notice that the function W*(¢,-) defined in (5.3) parametrizes
the lifted and then transported triangle S“*(¢) over S* and P(t, T*(¢,-)) with Tk(¢, )
defined in (5.4) parametrizes the transported and then lifted triangle P(t, S*(t)) over
Sk . These two functions share the same Lagrangian interpolation Y*(t,-) for any ¢,
which implies the estimate

|P(t, T*(t,x)) — UF(t,2)| < B(t)R?

for every x € S*. Here, 3(t) is a non negative and smooth function in time. From

SbE(ty) = SY* one deduces that 3(-) can be chosen such that () < C|t — t4]

holds. Furthermore, C7h? is also a bound for the maximum norm of the displacement

function P(t, T*(t,-)) — W¥(¢,-) on edges 0. Thus, taking into account that hm® <

leg, we obtain as a direct consequence the second claim. O
Based on this estimate, we immediately obtain the following corollary:

COROLLARY 5.4. For any triangle S* on T and any Lipschitz continuous func-
tion w(t,-) defined on I'(t) one obtains

/ w(tks1,z)da — / W(tk41,z)da
SUE(th41) Slk+1

for a constant C' depending only on the regqularity assumptions.

<Cth mlgﬂ

5.2. Consistency estimates. Next, with these geometric preliminaries at hand,
we are able to derive a priori bounds for various consistency errors in conjunction with
the finite volume approximation (3.6) of the continuous evolution (2.1).

LEMMA 5.5. Let S* be a triangle in TF andt € [ty,tx11], then for

Ry (340) = [ Ve (PYrgut,) da

*/ Vit - (DVre e+, ) da
SUF(tg41)

we obtain the estimate |Ry (S™F(t))| < Cr(1+ C h2)ymktt,

PRrROOF: We recall that Vpgyu(t, z) = Vu(t, x) — (Vu(t,z) - v(t, x)) v(t, x) where
ut(t,-) is a constant extension of u(t,-) in the normal direction v(t,-) of I'(t). Any
continuous and differentiable vector field v(t,-) on I'(¢) can be extended in the same
way for each component. Then, we obtain for the surface divergence of v(t, -) at a point
x on I'(t) the representation V(- v(t,a) = tr ((Id — v(t,x) @ v(t,z)) Vo (t,x)).
Thus, we deduce from our regularity assumptions in Section 2 that the function
(t,z) = Vrg) - (DVp(t)u(t,:v)) is Lipschitz in the time and space variable. This
observations allows us to estimate ’Rl (Sl’k(t) )‘ by C’Tmls’kﬂ. Finally, taking into
account Lemma 5.2 we obtain the postulated estimate. O

LEMMA 5.6. For the edge o® between two adjacent triangles S* and L* the term
Lk| 71k myMy k -1 k
RQ (S’ |L’ ) = /l(ICDVF(tk)u(tk"))'H’(’)Sl’k dl— C;k A (u (tk,XL) —Uu (tkst)) 5
ob S|L
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with o'* = SLE N LEE | obeys the estimated |’R2 (Sl’k|Ll’k)| < CmFh.

PROOF: At first, we split the error term R4 ( ' ) into corresponding consistency
errors on the two adjacent triangles S* and L* taking into account the flux condition

.- Ak AR gk . .
at the edge o''F, the definition of Mk = Tl e — and the identity dt =
dy | NG TG AT, |
d’g‘g + dlZ|a' In fact, we obtain

k Aqk dk dk
Ry (Sl,lel,k) _m oMa < S|o Ry (Sl,k|0_l,k) Lio Ry (Ll,k|0l,k)> 7

d]§'|L kA]g'kr kAIICJa'
where
uil(tk,Xk) — Uil(tk,X )
R (8"*|o") = /M (DVr(ulte, ) pgsie dl—mg & = XS0
(5.5)

Next, we estimate these error terms separately and obtain

Ry (Sl,k|a_l,k) _
/U ((DVF(tk) (tr:°)) - Hogte — [(DVF(tk)u) 'ﬂas“’“} (P(tk’Xﬁ))) di
+
_|_
_|_
+

[(DVr(w) - mggie] (P(te, X)) — [(Dvmu DY g ] (b XE)) mbk
(DVryu™) - pagin] (b, X5) (mgh —ms))

5)
Dvr(tk)u_l) " Hagh "] (tw, 5) [(Dvr(tk)u ) 'Mgw} (tkvX§)> mlg

—~

DVrqu™) - e | (b, XE) = [ (DVseu™) -y, | (b, X5)) ¥

u™t tk,X(]: —u ! tk,Xk
(vsw (1, XE) - (Dl ) — e XS )
Slo

Taking into account our regularity assumption from Section 2, Lemma 5.2, and
—_—
the fact that Dg\aﬂs\a is imposed to be parallel to XEX* by (3.1) — indeed, even

Dk .
D s‘”zs‘ 1= Xdk Xs we finally observe that each term can be estimated from above
SloMs|e Slo
by CmEh for a constant C' which only depends on the regularity assumptions. This
proves the claim. O

The proof can be easily adapted to the case where the discrete diffusion tensor is
defined on triangles as mentioned in section 3.

LEMMA 5.7. For a cell S* and the residual error term
R (SVF|SHAFT) z/ uda —/ uda
SUE(tht1) Stk (ty)
— (m?‘lu_l (tk+1,X§+l) — mfé u! (tk,Xg))

one obtains the estimate |R3 (Sl’k|Sl’k+1)| < CThm]ng.
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PROOF: At first, let us recall that W*(¢,-), T*(¢,-), and P (tx41, Y*(tx41,-)) parame-
trize SUF(t), S*(t), and SHEFL over the triangle S*. Via standard quadrature error
estimates and due to the regularity assumptions on ® and u given in Section 2, we
obtain for the smooth quadrature error function

Q= [ L 1) da = PTG XE)H (5°4(0)

the estimate |Q(t) — Q(tx)] < B(t) hH" ! (S“*(t)), where (3 is a smooth, non negative
function in time. From Q(t) —Q(t) = 0 we deduce that 5(t) < C'|t—ty| (cf. also the

proof of Lemma 5. 3) Based on an analogous argument we obtain for the continuity
modulus of Q(t) fp(t sty da — fsk(t) da that

Qltrs1) — Q(tr) < CTh> mk

Making use of our notation we observe that the left hand side equals (mlSkJr1 ’§+1) —
(m&" —mk). We now split the residual into

R (SUF[SUF) = Q(try1) — Q(tr)
Fultprr, P(test, Yo (tre1, X§))) (Hn_l (S"*(tes1)) — mlS’kH)
+ (u(trgr, Pltrsr, Y (g, X§))) — (tk+17Xk+1)) g
(b, X5 [ (mig - 2“) — (m" - mt)]
+ (u (g1, XET) = u™ (tegr, T (g1, XE))) ( 5 - mlg)
k

(0 b, Yo (b, X)) — 0 (b, XE) (gt — k)

Finally, applying the above estimates, (5.1), Lemma 5.2, and Lemma 5.3, we get

|R3 (SUF[SHFIN)| < C (r 2 mET + 7 hml + 7 hmET + 72 mET + 7 h3mb + 7 B2 m)
< CThngrl.

LEMMA 5.8. For a cell S* and the residual error term

tr41
Ry (SUH|S14+1) / / gy 90t = T (b, XS
S

one achieves the estimate ‘R4 (S )| < Cr(t+h)m k“ .

PrROOF: We expand the residual by
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tr41
Ra (SVF|SHHH) :/ (/ g(t,z)da —/ 9(th+1, ) da) dt
tr Sbk(t) SUF(t41)
+7 </ 9(tpt1,2)da —/ g(tgs1, ) da)
Sbk(tgy1) Sl k41

+7 (/ g(tg+1,x)da — Q*I(tkH,X’g“) gk+1>
Slk+1

1, _
+T( SkH ]§+1>9 g, XETY).

Now we use a standard quadrature estimate, Lemma 5.2, Lemma 5.3, and Corollary
5.4, which yields

[Ra (S

)| < C(rPPH S Y (tpr)) + 7 hmlH'1 +Thmk+1 + 7 h? k+1)
< Cr(r + h)mgt.
O

5.3. Proof of Theorem 5.1. As in Section 2 (cf. (3.2), (3.3), and (3.4)) let us
consider the following triangle wise flux formulation of the continuous problem (2.1):

tht1 tht1
/ u da— / u da— / / DVpu “Hastr) Al dt = / / gdadt
SUF (1) SLE(ty,) DStk ( Sk (L)

From this equation we subtract the discrete counterpart (3.6)

Uk+1 Uk+1
k+177k+1 E k+1 k+1

mS US mSUS — T meg M T

oCOS S|L

_ k41 k41
=T1mg  Gg

and multiply this with Eg“ =u" (tk+1, XkH) — Ug“. Hence, we obtain
2
Ry (54]55) BEF 4 i (B57)7 — 5 B

traq
_ (/ k+ Rl (Sl’k(t)) dt) Eg-‘rl —r Z RQ (Sl,k+1|Ll,k+1) E§+1

ty

ocCoS
k+1Mk+1
-7 Z g (EEH - Eg+1)Eg+1 =Ra ( ) Egﬂ-
oCoS S|L
Now, we sum over all simplices and obtain
mpEFI e
kaﬂ Ek+1 +r Z dkﬁ/ll (Elz+1 Ek+1 stEéﬂEs
o=SNL S|L
te41
_ Z ( Sl k‘Sl k+1) / R, (Sz,k(t)) dt — R, (Sl,k|Sl,k+1) )Eg-&-l
123

+TZ D7 R (SUEFH LI BET
S oCoS



A Convergent Finite Volume Scheme for Diffusion on Evolving Surfaces 17

Observing that Ry (SHFFL|LEAHL) = —Ry (LEFHHSERFL) the last term on the
right hand side can be rewritten and estimated as follows

dk+1 / mEFIpAEFT (et k+1
R (Sl,k+1|Ll,k+1) SIL Mo E — Eg )
§ : 2 mEt AR+ P
o=SNL Mo g dS\L
1

) dk+1 2
<D0 Ro(SEFHLEMY) S) B,
= 1A gk+1 1,7
<0—SﬂL me Mo "

1

2

<C <Z m’g“h?) ||Ek+1||m§+1 < ChH””(FfLH)%||E’““||17F:Z+1 .
S

Here, we have used Lemma 5.6 and the estimate m*T!h < Cm’é+1 for o C 0S. Now,
we take into account the consistency results from Corollary 5.4, Lemma 5.5, Lemma
5.7, Lemma 5.8, apply Young’s and Cauchy’s inequality and achieve the estimate

| EF Y ||L2(1“’°“ + ’7'||Ek+1H1 .

—_

k+1 k
<-|E || 1- £ ||L2(r’;;)

L2(rk+)

1 o 1
T g 1B e g + 5 mpxmax

[\)

k+1
Mg
+C(Th+ 721+ Ch) 4+ 7(r + h)yH Dk 3 | ph+1 L2 ory

+CThH T (IR 2 B e

Based on our assumption that the triangulation is advected in time we can estimate

< C'7. Again applying Young’s inequality to the last two term on the

k
1- lc+1

right hand side we get

n— 9 1 1
C(rh+ 11+ Ch?) +7(r+h))H )2 §”Ek+1“L2(FfL+1)
< CTEM s ey + OT(r + BRI,

n—1/pk+1 k+1 k+1 TC?h? 1kt
Crh TR gy < ZIESHR o + T ().
Hence, taking into account that H”_l(l"ffl) is uniformly bounded we obtain the

estimate

(1L=C)IE* s ay IIE'““IIZFW < (L4 CT)IB* |72 pey + CT(7+h).(5.6)

At first, we skip the second term on the left hand side, use the inequality S—HCZ T; <

(1+c ) for sufficiently small time step 7 and a constant ¢ > 0, and obtain via iteration
(cf. also the proof of Theorem 4.1):

k412
||E HL2(I‘Z+1)

IN

(1+ CT)”EkHQB(F’;) + O (1 + h)?

x>

<o S (U e B By + D71+ en)i T + 1)
=1

< e (I Faqry) + i (7 + 1)?)
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This implies the first claim of the theorem:

k|2 2

ooz B sy < €+ h)
Finally, taking into account this estimate and summing over £k = 0, ... ke — 1

in (5.6) we obtain also the claimed estimate for the discrete H!-norm of the error:

> TIE*|} e < C (r+ h)?
k=1,...kmaax

O

6. Coupled reaction diffusion and advection model. In what follows we
will generalize our finite volume approach by considering a source term g which de-
pends on the solution and an additional tangential advection term Vrp - (wu). Here,
w is an additional tangential transport velocity on the surface, which transports the
density u along the moving interface I' instead of just passively advecting it with in-
terface. We assume the mapping (¢, ) — w(t, ®(¢,z)) to be in C1([0, tmaz], C(To)).
Furthermore, we suppose g to be Lipschitz continuous. An extension to a reaction
term which also explicitly depends on time and position is straightforward. Hence,
we investigate the evolution problem

4+uVr-v—Vr- (DVru)+ Vr - (wu) =g(u) onT' =T(t). (6.1)

In what follows, let us consider an appropriate discretization for both terms. For the
reaction term, we consider the time explicit approximation

te41
/ / g(u(t,z)) dadt =~ Tmlgvg(u(tk, Png)) (6.2)
tr SbE(t)

and then replace u(tg, P*(X%)) by UE in the actual numerical scheme. Furthermore,
we take into account an upwind discretization of the additional transport term to
ensure robustness also in a regime where the transport induced by w dominates the
diffusion. Here, we confine to a classical first order upwind discretization. Thus, on
each edge o = S¥NLF of a triangle S* facing to the adjacent triangle L* we define an
averaged outward pointing co-normal Ng\L = |uas — por| (os — por). In particular

“]§|L = —,ufls holds. If “I§|L -w™(t,, X¥) > 0 the upwind direction is pointing inward
and we define u™* (¢, X¥) := u=!(tg, XE), otherwise u™ (¢, X¥) := u=!(tg, X¥). Once,
the upwind direction is identified, we take into account the classical approach by
Enquist and Osher [12] and obtain the approximation:

trt1
/ Vr - (wu)dadt = 7 Z mk (Mﬁ,s : w_l(tk,Xf)) ut(ty, X5) (6.3)
tr Stk(t) ocCOS

Finally, we again replace u=!(t;, X&) by the discrete nodal values UX and denote these
by U¥*. For the sake of completeness let us resume the resulting scheme:

k+1 k+1

U
mgHUst —mbUS =7 Z mg P MG R 1 =
oCoS S|L
+rmbg(UE) =7 D7 mk (- w (b, X0)) U (6.4)
ocCOS
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Obviously, due to the fully explicit discretization of the additional terms Propo-
sition 3.2 still applies and guarantees existence and uniqueness of a discrete solution.
Furthermore, the convergence result can be adapted and the error estimate postulated
in Theorem 5.1 holds. To see this, let us first consider the nonlinear source term g(u)
and estimate

t

< /ttk+1 (/Sl,k(t)g(u(t,m))da - /Shk g(u(ty, x)) da) dt

k
+7 ( / g(ulti, ) da —mgFg(u™ (b, X5)) dt + 7 (mg" —mb)g(u™ (b, X5)
Sl.k

+rmb (g(u! (t, XE)) — g(UE))
<C (727{”*1(5““) + 1 hmb + 7 h*m% + Criy(g) ngEg) )

tet1
/ / g(u(t, z)) dadt — rmlg(UL)
t Stk (t)

where CL;;,(g) denotes the Lipschitz constant of g. In the proof of Theorem 5.1 we
already have treated terms identical to the first three on the right hand side. For the
last term we obtain after multiplication with the nodal error Eg“ and a summation
over all cells S

k 2
m
Crip(g) ™ Y mEESEGT < Crip(g) 7 max (mki1> IE* |22 (0 o)) B L2 o 1))
S S

< Cr (1B 32 u i) + 1B Earnrura)

Taking into account these additional error terms the estimate (5.6) remains unaltered.
Next, we investigate the error due to the additional advection term and rewrite

th+1
/ Vr - (wu)dadt — 7 Z mk (Mﬁ,s cw (e, X5)) UST
tr  JSbE(1) cCas

th41
= / Vr - (wu)dadt — 7 [ V- (wu)da
ty

Sbk(t) Sl.k

+ > (TRs (SUF|LVF) 4 7 F (SUFILER) ERTY
ocCoS
o=SNL

where Rs (SUF|LEF) = [, pogie - wu dl — mEw ™ (tg, XF) - ulg‘Lqu(tk,ij) is an
edge residual, F (SU*[LVF) = mpw! (ty, XF) - 4§, a flux term on the edge o™ =
SEEALYR and E¥* = ut(ty, X¥) — UE+ a piecewise constant upwind error function
on the discrete surface Ffl. The first term in the above error representation can
again be estimates by C 72H"~1(SY*). From |ut(ty, XF) — u=!(te, XF)| < Ch, we
deduce by similar arguments as in the proof of Lemma 5.6 that |Rs (SU*|LLF) | <
C hmk%. Furthermore, the antisymmetry relations Rs (S“*|LWF) = —R5 (L1F|SHF)
and F (SUF|LWF) = —F (LM*|S"F) hold (cf. the same relation for Ry (S"*|LbF)).



20 M. Lenz, S. F. Nemadjieu, and M. Rumpf

After multiplication with the nodal error Eg“ and summation over all cells S we
obtain
TZ Z Slk|le)+T.7:(Slk|le)Ek+)Ek+l
oCoS
oc=SNL
<r Z Sl k|Ll k) (Ek+1 E§+1) +F (Sl,k|Ll,k) E§,+(E§+1 _ E§+1))
oc=SNL
k+1 1
Lk \7lk Lk 71k mk,+)2 S|L 2k
< T( Z (R5 (S 1L ) +f(5 1L )E(, +) mk+le+1) £ +1||1,F’,;‘+1
o=SNL g g

1
<Or(hH = TR + () mb(EE)? )IE ) ppen
o=SNL

-
ZHE’““II ke ¥ Crh?+Cr||B*||72 ) -

Here, we have applied the straightforward estimate || E*+ lL2qrsy < C| E* I L2(rxy and
Young’s inequality. Again, taking into account these error terms due to the added
advection in the original error estimate (5.6) solely the constant in front of the term
|| Er+L H? pr+1 on the left hand side of (5.6) is slightly reduced.

R

Thus, both the explicit discretization of a nonlinear reaction term and the upwind
discretization of the additional tangential advection still allow us to establish the error
estimate postulated in Theorem 5.1.

7. Numerical results. To numerically simulate the evolution problem (2.1)
we first have to set up a family of triangular meshes, which are consistent with the
assumption made above. We generate these meshes based on an implicit description of
the underlying initial surface and apply an adaptive polygonization method proposed
by de Aratjo and Pires in [6, 5]. This method polygonizes implicit surfaces along an
evolving front with triangles whose sizes are adapted to the local radius of curvature.
Afterwards, using a technique similar to the one developed by Persson in [19] we
modify triangles to ensure the orthogonality condition (3.1). We refer also to [9] for a
computational approach to anisotropic centroidal Voronoi meshes. Already in Figures
3.1 and 3.3 we have depicted a corresponding family of meshes.

As a first example, we consider a family of expanding and collapsing spheres
with radius 7(t) = 1+ sin®(7t), and a function u(t,0,\) = T%(t) exp (—6 fg T%(T)dT) .
sin(26) cos(A) where  is the inclination and A the azimuth. The function u solves
(2.1) on this family of spheres for D = Id and g = 0. We compute the numerical solu-
tion on successively refined surface triangulations on the time interval [0, 1]. Table 7.1
presents the different grids and the errors in the discrete L°(L?) norm and discrete
energy semi norm (3.8), respectively. Indeed, the observed error decay is consistent
with the convergence result in Theorem 5.1.

Next, we consider on the same geometry the advection vector w(t,z) = (0, 0, 30) —
(v(t,z) - (0, 0, 30)) v(t,x) with v(t,x) being the normal to the surface I'(¢), and the

source term g(t, 0, \) = 2¢(t) (—sin(20) cos(A) (w(t, x) - v(t,x)) + cos(26) cos(A) (w - ep)
— cos(f) sin(A) (w - ex)) where ey = (cos(f) cos(A), cos(d) sin(N), —sin(f)), ex = ( —
sin(\), cos(A), 0) and c(t) = T%(t)exp (—6 fot T%(T)dT). The function wu(t,0,\) =

T%(t) exp (—6 fg %(T)dT) - sin(20) cos(A) now solves 6.1. In fact w has been chosen
to be at the limit of the CFL-condition on the finest grid, characterizing the strength
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of the advection. Table 7.2 presents the errors in the discrete L>°(L?) norm and dis-
crete energy semi norm (3.8), using the same triangulations as above. The observed
error decay is again consistent with the convergence result in Theorem 5.1.

In fact, even though the solution — and thus its interpolation properties — are
identical to the previous example, we see a reduced order of convergence due to the
transport part of the equation. In general we could improve the order of convergence
by using a higher order slope limiting and replacing condition (5.1) by

|TRAL(XE) - XETY < CR?r.

norm of the error
h(0)  max h(t) L>°(L?) Le°(HY)
te(0,1]
0.2129 0.4257 | 32.941-10~* | 22.999-10°3
0.1069 0.2138 8.036-10~* 8.348 - 1073
0.0535 0.1070 1.764 - 10* 2.950-1073
0.0268 0.0536 0.423-10~¢ 1.047 -1073
TABLE 7.1

On the left, the different triangulations used for the convergence test are depicted. The table on
the right displays the numerical error on these grids in two different norms, when compared to the
explicit solution. The time discretization was chosen as 7 = 1/32000 < h? in all four computations.

norm of the error
h(0)  max h(t) L (L?) Le°(HY)
te[0,1]
0.2129 0.4257 | 25.53-1072 | 11.615-10~!
0.1069 0.2138 | 14.26 - 102 7.089-10!
0.0535 0.1070 7.61-1072 3.985-1071
0.0268 0.0536 3.95-1072 2.125-1071
TABLE 7.2

The table displays the numerical error when compared to the explicit solution, in the advection
dominated setting on the same grids as in Table 7.1. The time discretization was chosen as T =
1/32000 < h? in all four computations.

Figure 7.1 shows the finite volume solution for the heat equation without source
term. In the first row the sphere expands with constant velocity in normal direction,
and the initial data has local support, while in the second row the sphere expands
into an ellipsoid and the initial data is constant. Furthermore, we have computed
isotropic and anisotropic diffusion on a rotating torus with zero initial data and time
constant or time periodic source term, respectively. Figures 7.2 and 7.3 demonstrate
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FIGURE 7.1. In the top row the heat equation (D = 1d) is solved on an expanding sphere for
inatial data with local support on a relatively coarse evolving grid consisting of 956 triangles. The
density is color coded from blue to red at different time steps. In the bottom row, an anisotropic ex-
pansion and later reverse contraction of a sphere with constant initial data computed on an evolving
surface is depicted. Here a significantly finer discretization consisting of 18462 triangles is taken
into account. Again we plot the density at different time steps. One clearly observes an inhomo-
geneous density with mazima on the less stretched poles during the expansion phase followed by an
advective concentration of density close to the symmetry plane during the contraction phase.

FIGURE 7.2. The solution of the isotropic heat equation is computed on a torus with smaller
radius 1 and larger radius 4. The torus is triangulated with 21852 triangles and 10926 points, and it
rotates around its center twice during the evolution process. As initial data we consider ug = 0 and
take into account a source term g with local support inside a geodesic ball of radius 0.5. The source
term is considered to be time independent. The surface velocity implies a transport which together
with the source term and the isotropic diffusion leads to the observed trace type solution pattern.

the different joint effects of transport and isotropic diffusion, similar to Figure 2 and
3 in [11]. In Figure 7.4 we consider the same problem as in Figure 7.3 except that

FIGURE 7.3. A similar computation as in Figure 7.2 has been performed, but with a pulsating
source g with a 10 pulses during a complete rotation of the torus. The source is located at a slightly
different position, and in order to pronounce the effect of the dynamics, the color scale is logarithmic.

this time the underlying is diffusion tensor is anisotropic, i. e. we have chosen the
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tensor

D:

o o=
o~ o
(I )

in R®? whose restriction on the tangent bundle is considered as the diffusion in (2.1).
The underlying grids have already been rendered in Figure 3.3. Finally, we combine

FIGURE 7.4. As in Figure 7.3 diffusion on a rotating torus with a pulsating sources is inves-
tigated. This time the diffusion is anisotropic with a smaller diffusion coefficient in the direction
perpendicular to the torus’ center plane. Again the color scale is logarithmic. The different diffusion
lengths in the different directions can be clearly observed in the shape and distance of the isolines at
later times and further away from the source.

the diffusion process on evolving surfaces with an additional (gravity type) advection
term. As evolving geometry we have selected one with an initial four-fold symmetry
undergoing a transition to the sphere (cf. Figure 3.1 for an corresponding triangular
mesh, which is further refined for the actual computation). The advection direction is
the projection of a downward pointing gravity vector along the symmetry line on the
tangent plane. Figure 7.5 shows the results on the evolving geometry, whereas Figure
7.6 allows a comparison of the same evolution law on a fixed surface. One clearly
notices the impact of the surface evolution on the diffusion and advection process
caused by the temporal variation of the angle of attack of the gravity force.
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