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UNFITTED FINITE ELEMENT METHODS USING BULK MESHES
FOR SURFACE PARTIAL DIFFERENTIAL EQUATIONS*

KLAUS DECKELNICK', CHARLES M. ELLIOTT, AND THOMAS RANNER?

Abstract. In this paper, we define new unfitted finite element methods for numerically approx-
imating the solution of surface partial differential equations using bulk finite elements. The key idea
is that the n-dimensional hypersurface, I' C R®t1  is embedded in a polyhedral domain in R™*!
consisting of a union, 3, of (n + 1)-simplices. The unifying feature of the methodological approach
is that the finite element approximating space is based on continuous piecewise linear finite element
functions on the bulk triangulation .7}, which is independent of I'. Our first method is a sharp inter-
face method (SIF) which uses the bulk finite element space in an approximating weak formulation
obtained from integration on a polygonal approximation, I'j,, of I'. The full gradient is used rather
than the projected tangential gradient and it is this which distinguishes SIF' from the method of
[M. A. Olshanskii, A. Reusken, and J. Grande, STAM J. Numer. Anal., 47 (2009), pp. 3339-3358].
The second method is a narrow band method (NBM) in which the region of integration is a narrow
band of width O(h). NBM is similar to the method of [K. Deckelnick et al., IMA J. Numer. Anal.,
30 (2010), pp. 351-376] but again the full gradient is used in the discrete weak formulation. The
a priori error analysis in this paper shows that the methods are of optimal order in the surface L2
and H! norms and have the advantage that the normal derivative of the discrete solution is small
and converges to zero. Our third method combines bulk finite elements, discrete sharp interfaces,
and narrow bands in order to give an unfitted finite element method for parabolic equations on
evolving surfaces. We show that our method is conservative so that it preserves mass in the case
of an advection-diffusion conservation law. Numerical results are given which illustrate the rates of
convergence.
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1. Introduction. In this article we propose and analyze numerical methods
based on bulk finite element meshes for the following model elliptic equation on a
stationary surface.

Model elliptic equation on stationary surface. Let I' be a smooth hypersurface in
R and f € L*(T"). We seek solutions u: I' — R of

(1.1) —Aru+u=f onl.

The methods can be extended in natural ways to deal with variable coefficients and
nonlinearities. The approach may be extended to the following advection-diffusion
equation on a moving surface.
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Model parabolic equation on evolving surface. Let {T'(t)} be a family of smooth
hypersurfaces in R"*! for ¢ € [0, T]. Denoting by 9*u the material derivative of u and
v the velocity of I'(t) (see section 5 for notation), we seek solutions w: [J, I'(t) x {t}
of the advection-diffusion equation

(1.2a) O®u+uVp-v—Aru=f on U () x {t},
te(0,T)
(1.2b) u(-,0) =ug on I'(0).

Surface partial differential equations or partial differential equations (PDEs) on
manifolds arise in a wide variety of applications in materials science, fluid dynamics,
and biology, [5, 32, 24, 29, 25, 2, 28, 26]. Computational approaches include surface
finite elements on triangulated surfaces [17, 19, 18, 15, 14, 23, 22], bulk finite element
or finite difference meshes for the approximation of implicit surface formulations [9,
30, 10, 21, 11}, bulk finite element or finite difference meshes on narrow bands [12, 38],
and bulk finite element meshes and sharp interface weak forms [34, 33, 16].

An important feature of the methods cited above is the avoidance of charts both in
the problem formulation and the numerical methods. For example, the surface finite
element method is based simply on triangulated surfaces and requires the geometry
solely through the knowledge of the vertices of the triangulation, whereas methods
based on implicit surfaces require only the level set function ® which encodes all the
necessary geometry. Another feature of some of these methods is the use of unfitted
bulk meshes. Here we use the terminology unfitted finite element methods (sometimes
called cut cell methods) when the underlying meshes that form the computational
domain are not fitted to the domain in which the PDE holds. 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. Such methods were introduced in [3, 4]
for elliptic equations in curved domains; see also [31, 8, 27]. In this setting we are
concerned with bulk meshes independent of the surface.

The new methods. The new unfitted finite element methods for surface elliptic
equations proposed in this paper are variants of the bulk finite element approaches
using a sharp interface or a narrow band. The new scheme for advection diffusion on
an evolving surface is a hybrid of these. In the following we sketch the main ideas of
these methods describing the details in sections 3-5.

Sharp interface method (SIF). Given an interpolation I'y, of I', we use a bulk
finite element space V! of the form

Vil ={¢n € C°(UL) | ¢nyr € P1(T) for each T € 7'},

where 7 is a set of elements which intersect I'y and Uy = Upe 51 T see section 3.

The discrete scheme approximating the model elliptic equation (1.1) is find uy, € Vh]
such that

(1.3) / (Vuh -Von + uh¢h) doy, = fCopdop,  for all ¢p € Vhl,
Fh Fh

where f¢ is an extension of f. The method is related to the following method of
Olshanskii, Reusken, and Grande, introduced in [34]: find u; € V}I' such that

(1.4) / (Vphuh . th¢h + uh(bh) doy, = fed)h doy, for all ¢y, € VhF.
'y Ty
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There are two significant differences. Note the use of the full gradient in (1.3) as
opposed to the tangential gradient. This gives control over the normal derivative of
the finite element solution which is lacking in (1.4). Another difference relates to the
use of the finite element space V;!', which essentially consists of the traces on I'y, of
elements in V;/. While V;/ has a natural basis, this does not seem to be the case for
VI The “standard basis” of finite element hat functions is only a spanning set for V;I'.

Narrow band method (NBM). We use the bulk finite element space V,? on
the triangulation 77,

VP ={¢n € CO(UL) | dnir € Pi(T) for each T € F}.

Here Z,B consists of those triangles intersecting a narrow band domain D}, defined
by the £h level sets of an interpolated level set function I;® and UP = [ ¢ g5 T

The discrete scheme approximating the model elliptic equation (1.1) is find u;, € V,?
such that

(1.5) / (Vun - Von + ungn) [VI,®| dz :/ Feon |VI,®| do  for all ¢y, € V,B.
Dy, Dy,

This is similar to the method in [12] except that NBM uses the full instead of
projected gradients thus avoiding the resulting degeneracy. As a result we are able to
prove an optimal L2-error bound which was not obtained for the method in [12]. It
is also the case that the normal derivative of the discrete solution converges to zero.

Hybrid unfitted evolving surface method. The discrete problem approxi-
mating (1.2) is given u* € V;",m = 0,...,N — 1, find u}**" € V;"*! such that

/ uzﬂrl(bh doy, — / up on (- + vae’m+l) doy,

F7n+1 T
(1.6) ! !
o Vu Ve, |V da = 7, / ey, doy,
2h D Pt

for all ¢, € V,?H'l. Here v&™ denotes an extension of the surface velocity at time
level m. We use time step labeled analogues of the notation for NBM; see section 5
for the details. Here, u) is appropriate initial data. Because of this combination of
narrow band and sharp interface discretization, under some mild constraints on the
discretization parameters (see section 5) our numerical scheme preserves the important
property that solutions of (1.2) conserve mass in the case that f = 0.

Outline. The paper is organized as follows: In section 2 we introduce our no-
tation and collect some auxiliary results. In sections 3 and 4 we present and ana-
lyze unfitted methods for the model elliptic equation (1.1). In section 5 we describe
how a combination of these two approaches can be used to calculate solutions of the
advection-diffusion equation on evolving hypersurfaces, (1.2). Details of the imple-
mentation and several numerical examples illustrating the orders of convergence are
presented in section 6.
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2. Preliminaries.

2.1. Surface calculus. Let I' be a connected compact smooth hypersurface
embedded in R"™! (n = 1,2). We assume that there exists a smooth function
® : U — R such that

F={zecU|®x)=0} and VO(z)#0,zeU,

where U is an open neighborhood of I'. For a function z : I' — R we define its
tangential gradient by

(2.1) Vrz(p) == VZ(p) — (VZ(p) - v(p))v(p), pET,
where z : U — R is an arbitrary smooth extension of z to U and

V()

V)= )]

is a unit vector to the level sets of ®. It can be shown that Vrz(p) is independent of
the particular choice of Z. We denote by D,;z,1 < i < n+ 1, the components of Vrz.
Furthermore, we let

n+1
Arz=Vr-Vrz=Y DD,z

=1

be the Laplace—Beltrami operator of z.
In what follows it will be convenient to use special coordinates which are adapted
to ®. Consider for p € I" the system of ODEs

reo . Ve(n(s)) _
(2.2) Wp(s) = W’ 7p(0) = p.

It can be shown that there exists § > 0 so that the solution -, of (2.2) exists uniquely
on (—¢,9) uniformly in p € I, so that we can define the mapping F': I" x (=6,6) —
R7+1 by

(2.3) F(p,s) :=,(s), pel,l|s| <é.

Since L ®(y,(s)) = 1 and 7,(0) = p € I', we infer that ®(v,(s)) = s,|s| < 6, and
hence that @ = F(p, s) implies that |®(z)| < . As a result, we deduce that F is a
diffeomorphism of T x (—4,d) onto Us := {x € U | |®(z)| < §} with inverse

(2.4) F~Hz) = (p(z), @(2)), =z € Us,

where p : Us — R"*! satisfies p(x) € I',x € Us. For later purposes it is convenient to
expand p and its derivatives in terms of ®. Let us fix x € Us and define the function

n(7) := F(p(x), (1 = 7)®(z)),7 € [0,1].
Since %—I;(p, s) = 7,(s) we have

V(00 (L= 1) ()
VO () (1 — 7)@(2)))|”

1'(1) = —2(2) 1) (1 = 7)@(2)) = —0(x
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Observing that v, (®(x)) = F(p(r), ®(r)) = z and using similar arguments to
calculate 1" (7) we find that

/ — P Py, (2)
7(0) = <1><>|W(x)|2,

i 2 20, (2)0q, (2) | Do, (2)Pya, (2)
0 (0) = D) Z_(é— ST o

k=1,...,n+ 1. Since n(1) = p(z),n(0) = = we deduce with the help of Taylor’s
theorem that
(2.5)

_ Bplr) 1o 5K 20,, (2) Py, (2) | Ca () Paiar, ()
p’“(g”)‘x’““l’“”)|v<1><x>|2+5q’(x)2l;(5’"‘ ) R

+ &) re(x), k=1,....,n+1,
where 7 are smooth functions. In a similar way we may write
(2.6) Vo(z) = VO(p(x)) + ¢(2)G(x),

where G(z) = fol D2®(F(p(z), T‘b(l‘)))%—f(p(ﬂ}), T7®(x))dr.
Let us next use the function p in order to define a particular extension of z: I' — R:

(2.7) 2%(x) == z(p(x)), =€ Us.

Since p(F(p(z), s)) = p(x) we deduce that s — z¢(F(p(z), s)) is independent of s and
thus

(2.8) Vz(x) -v(zr) =0, x¢€Us.

In order to express the derivatives of z¢ in terms of the tangential derivatives of z we
first deduce from (2.5) that

P (0)00, () _ 2P (2) | ogig (o) $ Larl)Pein, ()

Pranl®) =0 = e Vo) 2T Vo)
= 2%@%(@) O, ()P0, (@) )
D(2)P,, (x Okr — 5 7} d(z)*a’ (x).
+ B (2) P, ( >l;1<k o) Sa 2 e

Combining this relation with (2.6) we deduce that
(2.9)

Phs(2) = b1t — vi(p(@))vi(p(2)) + s () (),
D, (x)q)wkwj () (I)wj (2)Psyz; ()

N 2 T A Z T
xr X nt! )Py, o (T i Y
(2.10) Bl P )y 20l 15 inp(a)) + ¥ () (o),

=1
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where a;, B,ij,v,ij are smooth functions. Differentiating (2.7) and using (2.9), (2.10)
as well as the fact that EZI% D z(p(x))vi(p(x)) = 0 we obtain

(2.11)

Vz¢(x) = (I + ®(2)A(z)) Vrz(p(z)),

(2.12)
1 e
WV' (IV®(x)|Vz(x))
n+1 n+1
= (Arz)(p(z)) + (z) | Y bi(@)D;Dyz(p(x)) + > cx(2)Dyz(p()) |
k=1 k=1

where A = (a;x), bik, and ¢ are again smooth.

2.2. Bulk finite element space and inequalities. In what follows we assume
that U is polyhedral. Let (73,)o<n<n, be a family of triangulations of U consisting
of closed simplices T" with maximum mesh size h := maxper, h(T), where h(T) =
diam(T"). We assume that (},)o<n<n, is regular in the sense that there exists p > 0
such that

(2.13) diam By > ph(T) forall T € J,, 0 < h < hy,

where Brp is the largest ball contained in T'. Let us denote by X}, the space of linear
finite elements

X ={¢n € C°(U) | ¢nr € PI(T), T € Th},
and by I, : C°(U) — X}, the usual Lagrange interpolation operator. We have
(2.14) [ — IhTIHWk,p(T) < Ch(T)** HUHW&F(T) , T €ThneWhr(U),
fork=0,1and 1 < p < oo with 2 — "Tfl > 0. As a consequence,
(2.15) 1 = [h®| oo iy + R V(@ = @) || oo (1) < OB,
so that we may assume that there exist constants cg, ¢y such that
(2.16) co < |V, ®(2)| <ec1, x€U0<h<hy.
Let us next define
(2.17) Ip:={zecU|L,®(x)=0} and Dj:={xecU]||,P(z) <h}

as approximations of the given hypersurface I' and the neighborhood D" :=
{z € U] |®(x)|] < h} ; see Figure 1, for example. Note that I'y, is a polygon whose
facets are line segments if n = 1 and a polyhedral surface whose facets consist of tri-
angles or quadrilaterals if n = 2. The corresponding decomposition of I'y, is in general
not shape regular and can have arbitrary small elements.

Furthermore, we introduce Fj, : U — R"*! by

Fp(z) == F(p(z), [,®(x)), =zeU,
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Fic. 1. A cartoon of the domains of the sharp interface (left) and the narrow band (right)
method. The surface T, resp., the set D" is displayed in red, the approzimations Ty, resp., Dy, in
blue, and the domains U,{,U,f3 n gray.

where F' was defined in (2.3). From the properties of F' we infer that

(2.18) p(Fn(z)) =p(x) and @(Fy(z)) = IP(x) if Fy(z) € Us,
(2.19) Fp(x) = p(x) if € Ty.

LeEMMA 2.1. There exists 0 < hy < hg such that for 0 < h < hy the mapping
Fy,: Dy, — D" .= {x € U| |®(z)| < h} is bi-Lipschitz with F},(T',) = I'. Furthermore,

(2.20) 1Fn = 1Al poe iy + 2 IIDER = I o ) < €h®,
VI, ®

(2.21) H|det DF,| — V12| < ch?.
V| || (v

Proof. Since F(p(x), ®(z)) = = we deduce with the help of (2.15)
() — 2l = [F(p(x), 1n®(@)) — F(p(x), ®(2))| < c[[n®(x) — &(2)| < ch®.

Differentiating the relation F;(p(z), ®(x)) = 2;, i =1,...,n+ 1, we obtain

n+1 aFl
Z DeFilp(a), &(z))pks, (@) + Os (p(z), ®(2)) @y, (z) = 0ij, 4,5=1,...,n+1,
and hence
n+1 aFZ
Fhiw,; (z ZDk 2), In®(@))pk ey (2) + 5= (p(@), 12 (2)) (1n @), ()
ij 681:( (x), @(x))(lhcb—cp)%(w)
n+1
(2.22) + Z (D F Ih(I)( )) — QkFi(p(fU), (I)(x»)pk,wj (CL‘)
+ (aaiz (p(x), [y®(x)) — 8813 (p(x),@(x))) (1h®).., (x)

IV‘P( )
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where |r;;(z)] < ch? in view of (2.15). This implies (2.20). In particular we deduce
that F}, is bi-Lipschitz provided that h is sufficiently small, whereas the properties
F,(Dy) = D" and Fy,(T',) =T follow from (2.18). Finally we deduce from (2.22) that

S Vo - VI,
det DFj,| =1 V(I[,® - ® ="
|de =1+ —=—— |VCI>|2 (In, )+ ch |V<I>|2 Ch
_ VLo 1| VLe VI, 9| . VI, i d
Ve 2 |v1h<1>| ve| T ve] ™M

where |cp|, |dn| < ch? proving (2.21). O
We introduce pp, : I'y, = R via do(p(x)) = pp(x) dop(x). It is well known (see
Proposition 2.1 in [15], (3.37) in [34]) that

(2.23) |1 — pun| < ch®  onTy.

Using the properties of Fj, together with the coarea formula and (2.9),(2.10),
(2.11), (2.23) one can prove the following result on the equivalence of certain norms.

LEMMA 2.2. There exist constants c1,co > 0 which are independent of h, such
that for all z € HY(T)

e 2Nea e,y < l2llpeqry < C2Hz 2,y »

Cl\/— |2 ||L2(Dh) = HZHL2 @ = 02\/— [12¢ HLz(Dh)J

c IV2llar,) S IVrzllpemy < 2 V2o, s
1 1
a7 IVZ©llL2p,y < IVe2lla(ry < 2 V2l 12D,y -
If in addition z € H*(T) then

1 e
/s 1022 12,y < I2laa oy

2.3. Variational form of elliptic equation and Strang’s second lemma.
It is well known [1] that for every f € L?(I") there exists a unique solution u € H?*(T')
of (1.1) which satisfies

(2-24) HUHH2(F) <c ||fHL2(1“) :
Let us write (1.1) in weak form:
(2.25) a(u,p) =1(p) for all o € HY(T),

where
a(w,gp)z/(vrw Vrgo—i—w(p /fgpda

Next, suppose that V}, is a finite-dimensional space and V¢ := {v®|v € H}(T')}.
Assume that ap, @ (V3 + V) x (V) + V¢) — R is a symmetric, positive semidefinite
bilinear form which is, in addition, positive definite on V} x Vj. Furthermore, let
I : Vi, = R be linear. Then the approximate problem

(2.26) ap(un,vn) = lp(vn) for all v, € V3,
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has a unique solution u, € V4. Introducing
lvll, :== Van(v,v), veVy,+ Ve

we have by Strang’s second lemma

¢ én) 1
(227) ”ue o uhHh <2 inf Hue _ UhHh + sup |ah(u 7¢h) h(¢h>|
v EVR drheVH ||¢h||h

3. Sharp interface method (SIF).

3.1. Setting up the method. Let us begin by observing that if T' € .7, satisfies
(T NTy) > 0, then the following two cases can occur: (1) 'y Nint(7") # 0, in
which case (0T NTy) =0; (2) TNTy, =0T NI}, in which case T NT, is the face
between two elements. We may now define a unique subset .7,/ C 7}, by taking all
elements satisfying case 1 and in case 2 taking just one of the two elements T'. The
numerical method does not depend on which element is chosen. We may therefore
conclude that there exists N C I'y, with #"(N) = 0 and a subset .7,/ C .7, such that
every # € I';, \ N belongs to exactly one T' € Z;!. We then define

ui= U 1

Teg]!
Clearly Uf C Uy if h is small enough. We define the finite element space V,/ by
Vil = {¢n € C°(UL) | ¢nyr € Pi(T) for each T € F'}.

Note that V¢y, is defined on I', \ N in view of the definition of .7;/. In particular the
unit normal vy to 'y is given by
VI, ®

1 = I'n \ N
(3.1) vy, V1,0 on Ty \ N,

and we use (3.1) in order to extend vy, to U!. Let us next turn to the approximation
error for the space V,/. Note that for a function z € H?(I') we have 2¢ € C°(Us) so
that Iy, 2¢ is well-defined.

LEMMA 3.1. Let z € H*(T'). Then

(3.2) ¢ — IhZeHm(rh) +h[[V(2° = IhZG)HL2(Fh) < ch® ||Z||H2(F) :
Proof. We first observe that Theorem 3.7 in [34] yields
(3.3) [ IhZ€HL2(F,L) + 1 ||Vr, (2° - Ihze)HL2(Fh) < ch? ||Z||H2(F) :

Hence, it remains to bound ||V (2¢ —I32°)-vp| r2(r,)- To do so, we start by considering
an element 7' € ;. Then we see that

/ |V(Z€ — Ihze) . I/h|2 doh
TNy
< 2/ [Vz¢- 1/h|2 doy, + 2/ |V (Iz°) - 1/h|2 doy,
NIy, NIy,

< 2/ V2 - (v, — )| doy, + ch(T)—l/ IV (I52%) - vp|? dz =: I) + I,
NIy, T
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in view of (2.8) and the fact that s#"(T NT}) < ch(T)~ 1"+ Y(T). Note that by
(3.1) and (2.15)

Vo VI,

o YhT h(T
Vo| VI, eh(T)

(3.4) v = vnll oo () = H
Leo(T)

so that
I < chQ/ |Vz|* doy.
TNy
Furthermore, recalling (2.14) and using again (3.4)
I < ch(T)™t / (V2 (vn = V) + [V(z° = 1nz) ) dz < ch||2°] 3 ) -
T

We use the bounds for I1, I; and sum over all elements T € .7/, then apply Lemma 2.2
to see

e1h) =

/F IV (2° = Inz®) - wnl* don < ch®(|[ V2932 r,y + B 12 32,y < B2 12052y
h

since T C Dy, for all T € T, in view of (2.16). O
3.2. The method. Let us write (1.3) in the form find u;, € V! such that

(3.5) an(un, ¢n) = ln(¢n)  for all ¢, € V!,

where

an(wn, dn) = / (Vwn - Vo +wpon) don, n(on) = [ fCondon.

Fh Fh

In order to verify that the symmetric bilinear form aj is positive definite on
VI x VI we note that aj,(¢n, ¢5) = 0 implies that

/ (IVonl” +¢3)doy =0 forall T € F!.
I'yNT

Since (T NTy) >0 for T € 9,11 we infer that V¢, = 0 and hence ¢, is constant
on these elements. Using again that ™ (T' NI";) > 0 we deduce that ¢;, = 0 on each
T € ;! so that ¢, =0 in V}!. Hence (3.5) has a unique solution u;, € V;! and

1
(3.6) [unll, = (Hvuh||2L2(Fh) + H“h|‘i2(rh)) ’ < 0Hf6||L2(Fh) < CHfHL2(r) :
3.3. Error analysis. The following error bounds hold.

THEOREM 3.2. Let u be the solution of (1.1) and uy the solution of the finite
element scheme (3.5). Then

(3.7) [u® = unll g2,y + R IV (U = wn)ll g2,y < B 1 fll L2y -
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Proof. In view of the definition of |-||,, (2.27), and Lemma 3.1 we have for
en = u® —up
2 2 3
(3.8) (leallzz,y + IVenllzar,)) ?
e e2 e e\ |12 1
< 2(”” — Ihu ||L2(Fh) +[[V(u® = Ihu )HL?(Fh)) :
|lan(u®, én) — ln(dn)|

+ sup

onevi Ionlln
© —1
< chlullgzry + sup |an(u, én) — tn(én)|
SneV)! [ onlln

In order to estimate the second term we choose ¢, € V), then for ¢, := ¢y, o F L

an(u®, én) = n(dn) = (an(u®, én) — a(u,on)) + (Uen) = ln(on)) =1+ 11.

Using the transformation rule and (2.11) we obtain

/F(VFU - Vren + upn) do = /F ((Vru)op- (Vren) o p+ (uop) (n op))pndon

(3.9) = / (I+®A)"'Vus - (I 4+ QA) 'V + u® @) pn doy.
Tn

Since o (z) = @n(p(2)) = 6n(F (p(a))) we derive

DF, (p(2))] T Von(F, (p(x)))
= [Dp(@)]" [DFW(F,  (p(2))] " Vén(F, ' (p(x)))-

We infer from (2.22) that

<
S
>0
&

Il
>
=
-
3

1

(3.10) (DE,) T =1- 9]

Vin @v+ By,  with |By| < ch?,

where 7, = I;,® — ®. Tt follows from (2.19) that F, '(p(z)) = x,z € T, which
together with (2.9) implies

Vo, =I—-vov) <I Vi ® V) Von+aqn onTh, |qnl < ch2|V¢)h|.

1
V|
Taking into account that Vu® - v = 0 we therefore have

1
Vu® - Vi =Vu® - Vo, — W(Vue Vo) (Vop -v) +Vu®-q, onTy.

Inserting this relation into (3.9) and recalling the definition of aj, we find that

|| < / (‘Vue Von — pn(I+DA) T (I +PA) " 'Vus - Vgoi| + [(pn — Ducef|) doy,
I'n

SChzl\uellh||¢>h||h+ch||ue|\h/ [(Von - v)| don,

Iy
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where we used (2.15), (2.23), and the fact that ¢§ = ¢p, on I',. Similarly,
11 = < [ =1 lonl o
F

/ fondo — / < n do
I Ty h
< c® ¥l gy, 6l < b [l o nll

Combining these estimates with (2.24) we have

(3.11)  lan(u®, én) — ln(dn)| < h®|| fllL2r) 6 ll, JrchllfllLZ(m/F |Véy - v| dop,
h

for all ¢y, € V}!, which inserted into (3.8) yields
(3.12) lenll L2,y T 1IVenll L2,y < ch lfllpzry -

In order to improve the L?-error bound we employ the usual Aubin-Nitsche argument.
Denote by w € H%(T) the solution of the dual problem

a(cp,w):/Ehgpda forall p € HY(I') with &, =ep o F, ",
r

which satisfies
(3.13) lwll grzry < cllénllpzry -
We have in view of (1.3)

||gh||iz(F) = a(en, w) = (a(en, w) — an(en, w®))
(3.14) + ap(ep, w® — Ihw®) + (ah(ue, Ihyw®) — lh(Ihwe))
=1+11+111.

Similarly as above we deduce with the help of (3.12) and Lemma 2.2
111 < chlleally e, < b2 1]l o ol o -
Next, Lemma 3.1 and (3.12) imply
1] < lenlly, 1w = Tnw® I, < eh® 1]l oy lwll o ey -

Finally, (3.11), the fact that Vw® - v = 0, and Lemma 3.1 yield

T2 < gy My + W gy [ 19 =) -] dr
h
< || fll ooy ol gz ry -
Inserting the above estimates into (3.14) and recalling (3.13) we obtain

18nllL2ry < h® 1 Fllpaery »

which together with Lemma 2.2 completes the proof since €}, = ej on I'j,. a
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4. Narrow band method (NBM).
4.1. Setting up the method. Recalling the definition of Dy, (2.17), we consider

FP={T € Z,| A" (TNDy) >0} and UP= (J T
Te TP

We define the finite element space VhB on the triangulation yhB by
VP ={¢n € CO(UL) | énir € Pi(T) for each T € F}.
Let us first examine the approximation error for the space VhB .
LEMMA 4.1. We have for each function z € H*(T') that Iz¢ € VB satisfies
(4.1) % 12° = Inz|l 2,y + VRV (2" - 102 12 (pyy < ch? 120l g2 () -
Proof. We infer from (2.14) and Lemma 2.2 that

1 e e e e
EHZ — 2|2,y + RV = 1nz) |22,

1. . e e e
< 5 (B 0 ey HIC 1 e
TNDy#D

< ch? Z 12°0 2 (1) < Ch3|\26||§{2(13(1+61)h) < ch|2l| 32y,
TNDy#0

since T' C D(14¢,)p, for all T'N Dy, # 0 in view of (2.16). 0
4.2. The method. Let us write (1.5) in the form find u;, € V;” such that

(4.2) an(wn, én) = ln(dn)  for all ¢, € VB,
where

1

an(wn, dn) = %/ (th -Von + wh¢h) |VI,®| dx,
Dy,
1
(on) = 57 feon VI, | da.
2h Jp,

Note that the factors % in each of the above terms are there to aid the notation
for the error analysis. In a similar way as for SIF one can verify that aj is positive
definite on V;? x V;B. Hence, the finite element scheme (4.2) has a unique solution
up, € VP which satisfies

1
2

1
43l = (55 [ (V@) 9n01a0) " <l

Dy,

4.3. Error analysis. Before we prove our main error bound we formulate a
technical lemma which will be helpful in the error analysis.
LEMMA 4.2. Suppose that u € H*(T') is a solution of (1.1). Then,

VI,
Vo

an(u, $) = %/D fedo B [V dx+i/D (V- Vi) (Vo -v) dz+ (S, 6)

2h Jp,
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for all € HY(Dy,), where np, = [,® — ® and

(S, &) < CP? |lull g2y 16, -

Proof. To begin, we derive from (2.12) and (1.1) that

(4.4) —ﬁv -(IV®|Vus) +u® = f*+ R in Uy,
where
n+1 n+1
(45)  R(x)=-0() | Y bu(=)D,Dyulp(x) + > cx(z) Dyu(p())
k,l=1 k=1

We multiply (4.4) by ¢ o F},'|V®|,¢ € H'(Dy), and integrate over D". Since

%—f =0 on D" we obtain after integration by parts

- Vu® V(o F, 1)V da:+/]y u® o F, ' |VP| d

(4.6) '
:/ feqSth_1|V<I>|dx+/ R¢o F; 1|V da.

Dh Dh

Observing that V(o Fy, ') = [(DF),) T o F; '[V¢o F, !, the transformation rule and
Lemma 2.1 imply that

I:= | Vu*V(poF; V| dx= [ Vu‘oF,(DF,) 'V¢|V®oF,| |det DF}| da.
Dh Dy,

Recalling (2.7) and (2.18) we have

(4.7) 2°(z) = 2(p(x)) = z(p(Fh(z)) = 2°(Fu(2)),
from which we deduce by differentiation

(4.8) Vz¢o Fj, = (DF,)"TVvze,

so that

1:/ (DF) "V - (DF) TV [V® o Fy| |det DFy| da.
Dy,

Recalling (3.10), we find with the help of Vu® - v = 0 that

1

(DF,)"TVu® = Vu® + BpVu®, (DF,) V¢ =V — oa

(V¢ -v)Vnn + BrV o,

where |Bj| < ch?. Furthermore, Lemma 2.1 implies that
|V® o Fy| |det DFy,| = VI ®| + 75,  where || < ch?,

so that in conclusion

dz + (R}, ¢),

I,
I= | Vu V¢ |V, da:—/ (vu@~vnh)(v¢~y)|v n®|
Dn Dn V|
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where
‘<R}1m¢>‘ < ch® ||VUG||L2(Dh) ||V¢|‘L2(Dh) < ch? ||UHH2(F) ol -
in view of Lemma 2.2 and the definition of ||-||,. Similarly, (4.7) and (2.21) yield

/u@¢oF,;1|v<1>| dx:/ ue |VI,®| do + (R, ¢)
Dh Dh

with [(R?,¢)| < ch? [ull 2 ry 4]l - Inserting the above identities into (4.6) and
dividing by 2h we derive

(4.9)
1 1
ap(u®, @) = — fepoF VY| dx—|——/ Rd)th_l|V<I>| dz
2h Dh 2h Dh
1 . |th@| 9

In order to rewrite the integral over D" we note that F'(-,s) maps I' onto I'y = {® = s}
and that dos = (1 4+ O(s))do,, where dog, do, are the surface elements of I'y, T’
respectively. The coarea formula then yields for integrable g : D" — R

/ x)da = / / |VCI> das ds = / / p,s)do, ds

(4.10)  where Cls|, |s| <h,peTl.

0.9~ m\

Hence,

/ Rpo F, V| dz
Dh

h
:/ /RoF¢oF,:10F|V<I>oF|,udapds
—nJr

h h
:/ /ROF¢OF,;10Fdapds+/ /FqsoF,;loFdapds
—hJ1T —h JT

ETl +T27

where 7(p, s) = R(F(p, s))(u(p,s) [V®(F(p,s))| — 1). In order to treat 71 we deduce
from (4.5) and the fact that ®(F(p, s)) = s that

n+1 n+1
R(F(p, s| D b(F(p,5)DDyulp) + Y cu(F(p, s)Dyu(p)
k=1 k=1

Since ffh sds = 0, the first term in 7 can be written as

n+1
]S DD P, 9) 0 F ) — b0 )} o,

k=1

Treating the second term in Tj in the same way and observing that p = F(p,0) we
deduce with the help of the fundamental theorem of calculus that

1
5 12 12 2
T3] < e flul o ey (/Dh(\wsth Ut oo B )daz) < o ull gy 161
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Next, we infer from (4.5) and (4.10) that

[7(p, s)| < cs*(IVru(p)| + | DRu(p)|),

so that

1
5 12 2
|T2| S Ch2 Hu||H2(F) (/Dh |¢O Fh 1| dﬁv) S Ch3 HUHHQ(F) ||¢||h .

The result now follows from (4.9) together with the bounds on R} and R3. d
THEOREM 4.3. Let u be the solution of (1.1) and uy the solution of the finite
element scheme (4.2). Then

1

2
1) =l + (g [ 190 =@ (950] d) < 0 1
h

Proof. Let us write ep, := u® — up. We infer from (2.27) and Lemma 4.1 that

lan(u®, ¢n) — ln(Pn)l
(4.12) lenlly, < chllull gz + sup :
preV,B ||¢h||h

The second term on the right-hand side can be estimated with the help of Lemma 4.2.
The transformation rule together with (4.7) yields

i/ féon o Fy H|VO| do = i/ f¢o Fy ¢y |[V® o Fl| |det DFy| da,
2h Dh 2h Dh

so that we deduce from Lemma 4.2

V1,9

an(u6n) = u(on) =5 [ (Fut- V) (Fon- 1) S

2h Jp,

1
+ = f@¢h(|v<1>th| \det DFy| — |v1h<1>|) dz + (S, én).
oh I,

Using (2.21), (2.15), (2.24), and Lemmas 2.1 and 2.2 we infer that for ¢, € V,?

1
2

lan(u®, én) = In(dn)| < e[|Vl 12, (/D Ve - v)* da:)

(1.13) e 5 g o) 10nl pacoyy + e oy Il
1
1 2
<l (35 [ 1900 vPde) +d2 1l lonl
h

so that (4.12) implies the following intermediate result:

1

1 2
(414) H€h||h = (% ‘/D (|V€h|2 + 6}21)|th@| dﬁv) S Ch ||fHL2(F) .

In order to improve the L?-error bound we define €}, := ey, o F L as well as

h
Bo(p) = i/ en(F(p,s))ds, peT),
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with F' as above. We denote by w € H?(T") the unique solution of
—Arw+w = Eh on I,
which satisfies

(4.15) loll s oy < | B

L2(r)
Similarly to (4.4) the extension w® solves

1 e € Ne D 3
—WV- (IV®|Vue) +w® = Ej, + R in Uy,
where R is obtained from (4.5) by replacing v by w. Using the transformation rule
together with (4.10) we obtain

|

2 1

h h
- 1 ~
L2(F):_h[h/r\E‘hehodeo'pdsz%‘/,h/FEhOFehOF|VQ)OF|MdUpdS

I P
—|——/ /EhehoF(1—|V<I>oF|u)dcrpds
2h J . Jr

1 ~ _
:%/DhEhehthHv@ dz

[ L P
—|——/ /EhehoF(1—|V<I>oF|u)dcrpds.
2h J_p Jr

The first term can be rewritten with the help of Lemma 4.2 (applied to w instead of
u) to give

~ 12 - 1 VI,
E’ = an(w®,en) — (S en) — — [ (Vw® - Vi)(Vep - d
8] gy =m0 00 = 5. e0) = g [ (9w T (e ) G e
1o .
—|—% h/FEhehoF(l—|V@0F|u)dopdsz;lk.
In view of Lemma 4.1, (4.13), the fact that Vw® - v = 0, and (4.14) we have
1]+ |T2| < Jan (w® = Inw®, en)| + lan(u®, Tnw®) = b(Tw®)| + (S, en))]
< ch lwl oy lenlln + ch2 1l agr 1Tl
1 e e 2
el (57 [ 190000 = w) - vde) " +ch? ol ey lenl
2h p,

< ch? || £ll ey lwll o oy -

Furthermore, (2.15), (4.10), and (4.14) imply

1] < -+ B

L2<r>) ’

oy ) 18l < 1 ey (ol + [ B
so that we obtain together with (4.15)

|

2
o) < ch”|[fll 2 -
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Next, since F(p,0) = p we may write for p € T’

_ h s
Bnp) ) = 5 [ [ VaEw) G drds,

and hence we obtain with the help of (4.14)

~ 2
|Bn =,  <evh < / [Ven|? dx) < ch|Venlly < ch® |l ) -
Lz(F) Dh
In conclusion we deduce that

< ch? ||fHL2(F)

B , . <
L2(T)

lenllpzr,y < cllénllpzry < HEh _thm(r) + ‘

and the theorem is proved. d
5. A hybrid method for equations on evolving surfaces.

5.1. The setting. The aim of this section is to combine ideas employed in
sections 3 and 4 for the stationary problem in order to develop a finite element method
for an advection—diffusion equation on an evolving hypersurface in which there is an
underlying conservation law with a diffusive flux, [18]. More precisely, let (I'(t)):c[o,7]
be a family of compact, connected smooth hypersurfaces embedded in R**! for n =
1,2. We suppose that

I'(t)={z e N(t)|®(x,t) =0}, where VO(z,t) # 0,2 € N(¢),

and N (t) is an open neighborhood of I'(t). We assume that N (¢) is chosen so small
that we can construct the function p(-,t) as in section 2.1. Given a velocity field
v(-,t) : I'(t) — R™! not necessarily in the normal direction, we then consider the
following initial value problem

(5.1a) 0°u+uVp-v—Aru=f on U T(t) x {t},
te(0,T)
(5.1b) u(-,0) =uo on I'(0).

Here, 9°n denotes the material derivative of a function 1 : U,c(o 1) I'(t) x {t} — R
which is given by /

O°n=0m+wv-Vn

if 7 is extended into a neighborhood of ;¢ o ) I'(t) x {t}.

5.2. The method. In order to discretize the above problem we choose a parti-
tion 0 =ty < t;1 < --- <ty =T of [O,T] with 7, := tim41 — b, m = 0,....,N—1,
and T 1= mMaX;=0,.. N—1Tm. Also, let 7, be an unfitted regular triangulation with
mesh size h of a region containing N (¢),t € [0,T]. For m =0,1,..., N we set

T ={xeN(tn) | In®(x,t,) =0} and D) ={zeN(tnm)| |[In®(x,tm)| < h},
as well as

Tt ={T € | A" (TNDy") >0} and U= |J T
TeFm
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Here we assume that 0 < h < hg, where hg is chosen so small that there exists
co,c1 > 0 such that

co < |VIn®(z,t)| < i, (wt)e | N@) x{t}.
t€(0,T)
Finally, we introduce

Vit ={o¢n € CO(U,T) | on|7 € Pi(T) for each T € T, }.

In what follows we shall frequently use the abbreviation z™(z) := z(z, t,,).
In order to motivate our method we fix m € {0,1,..., N — 1} and let ¥ be the
solution of

Uy (z,t) + DY (z,t)v(z,t) =0, Y(z,tmy1) =2,

where v¢(x,t) := v(p(z,t),t). For a sufficiently smooth function ¢ : N (1) — R
we define n(z,t) := (¥ (z,t)). Clearly, n(-,tm+1) = ¢ and a short calculation shows
that 9°n = 0. Assuming that u is a solution of (5.1a) we obtain with the help of the
Leibniz formula and integration by parts

d
pr / undoj—y, ., = / (0°(un) + unVr - v) do
T'(t) T(tm+1)
z/ @(8'u+qu -v) do
(tm+1)

:/ (pAru+ ¢f)do
T(tm+1)

:—/ Vru-Vrcpd0+/ fepdo.
T(tm1) C(tm+1)

Since U(-, t,+1) = id, a Taylor expansion shows that

U(z,ty) = V(2 tnt1 — Tm) & — T Vi (2, tig1)

=2+ T DY (2t )0 (2) = 2 4+ 700 ™ (2).

Thus we may approximate the left-hand side of the above relation by

d 1
o / un doji=y,, ., ¥ — / u"odo — / U+ T do b
I'(t) Tm T(tmy1) C(tm)

The above calculations motivate the following scheme, in which we use the narrow
band approach in order to discretize the elliptic part. Givenu}® € V", m=1,...,N—
1, find uZLH € th+1 such that

/ ) up gy, doy, — / up o (- + Tt doy,
(5.2) e w
+ = Vu"t Ve, [VI,0™ ! de = Tm/ . femtle, doy,
o

m+1
2h Dh h

for all ¢y, € V,Z”H. Here, u) = I,u’. Existence and uniqueness of u?f“ follows in a
similar way as for NBM in the elliptic case.



2156 K. DECKELNICK, C. M. ELLIOTT, AND T. RANNER

5.3. Mass conservation. An important property of solutions of (5.1a) is con-
servation of mass in the case that fF(t) f(,t)de = 0. The following lemma shows
that our numerical scheme preserves this property under some mild constraints on
the discretization parameters. In fact this discrete conservation law is a remarkable
property of the scheme and relies on the use of both a sharp interface and a narrow
band approach.

LEMMA 5.1. Let u} € Vi, m =1,...,N, be the solutions of (5.2) in the case

fr;n+1 femtlde, =0, m=0,..., N—1. Then provided that 0 < h < hy and T < yVh

(5.3) / up' dop, = / uy doy,.
oy ry
Proof. Let us first observe that

(5.4) {4+ 1o (2) |2 €T} C UMY, m=0,...,N -1,

provided that h, 7 are sufficiently small. To see this, let z € I'}* and choose an element
T € 9, such that © € T. Then,

" (2 + 7,00 (7)) = O™ (2) + 1, VO™ () - 0O T (@) + T @i (w0, tn) + R (2),
where | R, (z)| < c72,. Observing that &, +V®-v =0 on Useo,r) L) x {t} we write

VO™ (z) - 0™ (2) + Oy (2, 1)
= VO (z) - v (p™ T (2)) + @i (@, t)
= (V8" (&) = VO (7" (1)) - 0" " (@)
+ q)t(xv tm) - (I)t(perl (33), tm—i—l),
so that

874 @+ 70" (@) < 07 @) + e 2 — 5" (a)| + 7

<™ ()| + cTim ‘q)mﬂ(x)‘ + CTEn < c(h2 + T,Qn),
in view of (2.5) and since |®™(x)| = |®™(z) — [,®™(z)| < ch?. As a result,
|(In @™ ) (@ + 10 (@) | < ([, @7 — @™ | 4 e(hP+7,) < c(BP+77,) < h

provided that 0 < h < hy and 7 < yvh. Hence, = + 7,,0>™+ () € D" ¢ U+

proving (5.4). The result of the lemma follows from inserting ¢, = 1 € th+1 into

(5.2) and using (5.4) together with our assumption that [m+1 &+ doy = 0. 0
h

6. Numerical experiments.

6.1. Notes on implementation. The methods were implemented using the
Distributed and Unified Numerics Environment (DUNE) [6, 7, 13]. Assembly of the
matrices is nonstandard in that the method requires integration over partial elements.
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To do so we subdivide the integration areas into simplices using the Triangle [39, 40]
and Tetgen [41] packages. In each case, the linear system is solved with the conjugate
gradient method until the residual is reduced by a factor of 10~8 in comparison to its
initial value in the £? norm. Due to the lack of shape regularity of I', and Dy, the
matrix systems are ill conditioned [37] and so we used a Jacobi preconditioner in order
to speed up the convergence of our iterative solver. In practice, we will take U}, to be
a subset of a cube shaped domain. The triangulation .7, will be computed adaptively
refining only those elements which intersect the computational domain, either I';, or
Dy,. Given errors F; and F;_1 at two different mesh sizes h; and h;_1, we calculate

the experimental order of convergence by (eoc), = %

6.2. Poisson equation. To test our methods, we present two numerical exam-

ples. The first is on a torus and is taken from [34] and the second is on a potato-like
surface from [17]. We define the torus through the signed distance function

I'={z e R?|d(z) = 0}, d(x)z\/(\/x%+x§—R>2+x§—r

for R =1,r = 0.6. For this example, (2.4) can be calculated analytically. To compute
our exact solution, we parameterize the torus by

21 = (R4 rcosl)cosp, x2=(R+rcosl)sing, x3=rsinfd for 0 ¢c (—m, )
and take the exact solution
u(0, ) = cos(3p) sin(30 + ¢).
For our second example, we set I' = {x € R? | ®(x) = 0}, where @ is given by
O(z) = (v1 — 23)* + 23 + 235 — 1.
vo

From &, we calculate the normal v = Nl and the mean curvature by

3
Vo 1 D, D,
H=V — = —— Sip — —2—E | &y
Vo |vq>|j;1<f" |v<1>|2> s

As an exact solution, we take u(x) = zix2 and calculate the right-hand side f =
—Aru +u as

f(x) = 2v (x)ve(x) + H(z)(xov1(2) + 2112(2)), = €T.

For this example, (2.4) cannot be calculated exactly so we approximate using a
gradient-descent-like iteration from [36] originally for the closest point operator. The
errors ||u — ”h||L2(Fh) and the Dirichlet seminorm used in the inner product for SIF
and NBM are shown in Tables 1 and 2. The numerical results confirm the theoretical
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TABLE 1
Error tables of SIF and NBM for the first test problem. These calculations took successively
38,69, 128, 240, 359, 641 conjugate gradient iterations for SIF and 33,54,97,182, 392,634 conjugate
gradient iterations for NBM.

e_ . SIF e, NBM
h ‘ u® — uy ’ L2y (eoc) ’ u® — up) ’ L2y (eoc)

2-1/3 1.67739 — 1.61943 —

272\/3 7.10825 - 10~ 1 1.238650 7.07220 - 10~ 1 1.195260

2733 1.90004 - 10~ 1 1.903470 2.32053 - 101 1.607700

2743 4.73865 - 10~2 2.003480 7.17605 - 102 1.693190

2753 1.19721 - 102 1.984800 1.97350 - 102 1.862430

2763 3.01376 - 10—3 1.990040 5.08158 - 103 1.957410

2 3
T e (I APy, ) o
2-1/3 1.13951 - 10+1 — 1.14682 - 1011 —
2723 7.95596 0.518299 8.83655 0.376084
2733 4.07793 0.964199 5.13567 0.782931
2743 2.04879 0.993065 2.59979 0.982155
2-5\/3 1.03454 0.985780 1.30732 0.991779
2-6y/3 5.17692 - 10~1 0.998826 6.54845 - 10~1 0.997393
TABLE 2

Error tables of SIF and NBM for the second test problem. These calculations took successively
25,53,103, 196, 298, 585, 1151 conjugate gradient iterations for SIF and 37,68, 116, 153,297, 580, 1137
conjugate gradient iterations for NBM.

h ‘ ut =y L2(T) (coc) ‘ ut “*]LVBM‘ L2(Ty) (coc)

2-1/3 3.31237-101 — 2.31128 - 10~ 1 —

2723 9.97842 - 102 1.730980 9.06054 - 10—2 1.351020

2733 2.57329 - 102 1.955200 2.57213 - 102 1.816630

2743 6.59538 - 10~3 1.964090 7.43214 - 1073 1.791110

2753 1.64586 - 10~ 3 2.002610 1.94710-1073 1.932450

2763 4.10269 - 10— 4 2.004200 4.99422 - 10— 4 1.962990

2773 1.02735 - 104 1.997640 1.26086 - 104 1.985850

e, SIF 1 e, NBM)|? 3
h HV (u ~Yn )’ L2(Ty) (eoc) (ﬁ HV (u Yk )’ L2(Dh)) (coc)

2-1/3 1.15310 — 1.22526 —
2723 6.46853 - 10~1 0.834010 7.78185 - 101 0.654906
2733 3.41718 - 101 0.920634 4.31069 - 10~1 0.852196
2743 1.71480 - 10— 1 0.994768 2.33518 - 101 0.884384
2753 8.55564 - 102 1.003090 1.21377 - 1071 0.944044
2-6/3 4.28811 - 102 0.996532 6.17478 - 10~ 2 0.975030
2773 2.14321 -10~2 1.000570 3.10965 - 10~2 0.989635

bounds from Theorems 3.2 and 4.3. To compare with other methods, we also include
a plot of the error in the L2-norm (Figure 2) and number of conjugate gradient itera-
tions (Figure 3) against number of degrees of freedom for SIF and NBM along with
the unfitted finite element methods of [34, 12], as well as the surface finite element
method (sfem) [17]. The plot shows that the error on I'j, is almost the same for each
of the four methods considered. The errors from the method using full gradients are
slightly higher than using projected gradients. However, the computations take fewer
conjugate gradient iterations which indicates that the matrices are better conditioned.



UNFITTED FINITE ELEMENT METHODS FOR SURFACE PDES 2159
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FIG. 2. Plot of the L?-error of various methods.
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F1G. 3. Plot of the number of conjugate gradient iterations required to solve various methods.

Finally, we give a plot of the computation domain and solution for the second problem
in Figure 4. Further numerical examples are available in [35].

6.3. Parabolic equation on an evolving curve. For an example of an evolv-
ing curve we take I'(t) = {z € R? | ®(x,t) = 0} for

2

O(x,t) = +97 -1

€T
1+  sin(2nt)

for ¢ € [0, 3]. We calculate a right-hand side f so that the exact solution is u(z,t) =
exp(—4t)riz2. Here we take 7 = 2h2, so that the expected order of temporal and
spatial errors coincide. Indeed the scheme demonstrates second order convergence
in the L?(I'")-norm; see Table 3. Since the chosen time step satisfies the sufficient
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FIG. 4. Plots of the computation domain (left) and solution (right) with h = 2=6/3 for the
second problem.

TABLE 3
Results of the hybrid scheme for a parabolic equation on an evolving curve.

h maxm, [[u(t™) — uznllewhm) (eoc)
2-1/2 1.15457 - 10~ 1 —
272,/2 3.25344 - 10~2 1.82732
2732 8.64172 - 10~ 3 1.91258
2742 2.13241 1073 2.01883
2752 5.42960 - 10~ 4 1.97357

constraint on the time step of Lemma 5.1, mass is conserved to the tolerance of the
linear solver, as proven for the exact solution of the scheme.

Acknowledgment. The authors wish to thank Prof A. Reusken for pointing out
an error in an early version of this paper.
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