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SECOND ORDER SPLITTING OF A CLASS OF FOURTH ORDER PDES WITH
POINT CONSTRAINTS

CHARLES M. ELLIOTT AND PHILIP J. HERBERT

ABSTRACT. We formulate a well-posedness and approximation theory for a class of generalised saddle point
problems with a specific form of constraints. In this way we develop an approach to a class of fourth
order elliptic partial differential equations with point constraints using the idea of splitting into coupled
second order equations. An approach is formulated using a penalty method to impose the constraints. Our
main motivation is to treat certain fourth order equations involving the biharmonic operator and point
Dirichlet constraints for example arising in the modelling of biomembranes on curved and flat surfaces but
the approach may be applied more generally. The theory for well-posedness and approximation is presented
in an abstract setting. Several examples are described together with some numerical experiments.

1. INTRODUCTION

We study the well-posedness and approximation of a saddle point problem posed in reflexive Banach
spaces with a constraint in a Hilbert space. Let X, Y be reflexive Banach spaces, Xo C X be a linear
subspace and S a Hilbert space with T: X — S being a given linear map. The problem we are interested in
is:-

Given (f,g,8) € X* xY* x S find (u,w) € X x Y such that

c(u,n) +b(n,w) = (f,n) Vn € Xo,
(11) b(u,&)—m(w,&) = <ga§> VSGK
(Tu,z)s = (s,2)s Vz €S,

where c¢(+,-), b(-,-) and m(-,-) are bilinear forms and precise assumptions will be given in Section

We approximate (ILI]) by penalising the condition (T'u — s, z)s = 0, rather than imposing it. This results
in the problem:-

Given (f,g,s) € X* xY* x S and € > 0, find (uf,w®) € X x Y such that

c(u,n) + %(TuiTn)s +0(n, w) = {f,n) + %(8, Tn)s Vn € X,
b(ueag) - m(we7§) = <97§> VEey.

Our abstract formulation is motivated by applications of this theory to fourth order boundary value
problems arising in the modelling of biomembranes posed on a flat domain, sphere or torus, with a spe-
cific example focusing on the sphere for ease of exposition. The problems are derived in [12|[T4}[5[18] as
approximations of minimisers of the Helfrich energy [I9] with point constraints. In this context these arise
as Dirichlet constraints on the membrane deformation modelling the attachment of point particles to the
membrane at fixed locations. In the work of [6], the authors consider an optimisation problem associated
with bilaplace equation with point Dirichlet conditions on a flat domain, 2.

We have in mind the following setting. Let I' be a curved or flat C? two dimensional hypersurface with
or without a boundary, for co > ¢ > 2 > p > 1, set

X:{newl»%r);/rnzo}, Y:{geW“’(F):/Ff:O}, L=L*T)
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and S = RY, with bilinear forms, c: WH4(I') x WH4(T') — R, b: WH4(T) x WHP(T') — R and m: L*(T) x
L?(T') — R. In particular we have in mind an example of the form

C(“=’7):/F(CWFU'VNHCW?), b(n,€)=/FVrn-Vr§+n§, m(n,€)=/rn€

where ¢g, ¢; are bounded but ¢(+,-) is not coercive and a linear map 7: W14(T') — R defined by (T'n), :=
n(X;),j=1,..,Nwith X; el,j=1,..,N.

1.1. Background. The study of saddle point problems is well documented, [4.[16], with many applications,
for example in fluid mechanics, [I7], or in linear elasticity, [2]. Note that in many of the cases in which
m # 0, the authors require some strong assumptions on ¢, at least positive semi definite, see [4,[9,2I]. The
system (LT)) is an extension to that considered in [13]. The extended system is posed over an affine subspace
of X x Y, rather than over the whole space. If in ([IT]), we were to seach for a solution in Xy x Y, the first
equation were to be considered with test functions in Xy and the third equation to be dropped, this recovers
the abstract system studied in [13]. We will use the assumptions made in [I3] together with an additional
assumption to handle the constraint. The assumptions will be given in Section 2}

In [7], the authors consider the approximation of Stokes flow by penalising the incompressibility condition.
In particular, they show that the penalty terms approximate the pressure. We also consider an abstract
problem with penalty and show that, in our setting, the penalty terms converge to the Lagrange multiplier
associated to the constraints. Further to this, we show estimates between the solution to the problem
with penalised constraint and the solution to the problem with enforced constraint. An abstract finite
element theory with error bounds is presented. The results of this paper extend those of [I3] where for
example, in [I3, Section 6 and 7] it is shown that the well posedness theory in that paper may be applied
to a problem with penalised point constraints without consideration of the convergence with respect to the
penalty parameter.

The motivation for the abstract setting is to handle second order splitting for a class of fourth order
surface PDEs with point Dirichlet constraints arising in the modelling of biomembranes, [12]. The setting
of [13] may be directly applied to the penalty approximation for fixed penalty parameter but does not handle
the hard constraint case. Here we show that the abstract setting is applicable and that the results apply to a
surface finite element approximation using H' conforming surface finite elements. We also provide numerical
experiments for this point constraint problem, considering both the grid refinements and refinements in
penalty.

1.2. Outline of paper. In Section [2] we define the abstract saddle point system with constraint and with
penalty, consisting of the bilinear forms ¢, b, m and the inner product on the space of constraints. Well-
posedness for the penalty problem trivially follows from the results of [I3]. Well-posedness for the constrained
problem requires additional conditions, which are natural to the standard saddle point formulation. We
then show that under a set of assumptions which guarentee the problems are well posed, one obtains strong
convergence with error estimates depending on the penalty parameter in the natural spaces. An abstract
finite element method is then discussed in Section [Bl The explicit setting for the finite element method we
will choose to model the application is given in Section[Bl We conclude in Section [[ with some experimental
examples which verify the proved convergence rates both in terms of the grid size and penalty parameter.

2. ABSTRACT PROBLEM

2.1. Setting and problem formulation. We first define the spaces and functionals used along with the
required assumptions. Throughout X, Y are reflexive Banach spaces, L is a Hilbert space with Y C L
continuously embedded and S is a separable Hilbert space with inner product (-, -)gs.

Definition 2.1. Define the following
c: X x X = R, bounded and bilinear,
b: X xY — R, bounded and bilinear,
m: L x L — R, bounded, bilinear, symmetric and coercive,
T: X — S, bounded, surjective and linear.
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Let s € S, define,
Xs={reX:Tax=s}.

It is clear that X is non-empty by surjectivity of 7. With this general setting in mind, we formulate a
Lagrange multiplier problem and associated approximating penalised problem that we wish to consider.

Problem 2.1. Given f € X*, g€ Y* and s € S, find (u,w,\) € X XY X S such that

c(u,n) +b(n, w) + (T'n, N)s = (f,n) Vi€ X,
b(u, &) —m(w,§) = (9,¢) ey,
(Tu,z)s = (s,2)s Vz € S.
Problem 2.2. Given f € X*, g€ Y*, s€ S and e > 0, find (u,w) € X XY such that
ol ) + = (Tu Tl +b(m,0%) = (Fn) + =(s. Tn)s v e X,
b(us, &) — m(w*, &) = (g,¢) VEeY.

Remark 2.1. Observe that Problem [2] is equivalent to:- Given f € X*, g € Y* and s € S, find (u,w) €
X XY such that

C(Uaﬁ) +b(777w) = <f7 77> vn € Xo,
b(u,{) - m(w,{) = <97§> VéEey.

We note that the assumptions we will make for the well-posedness of these two abstract problems differ.
The following assumption is required for both the Lagrange multiplier problem and the problem with penalty.

Assumption 2.1. There is C > 0 and €y > 0 such that for all (u,w) € X xY
1

(2.1) bu, &) =m(w,§) VE €Y = Cllw|f < e(u,u) + —(Tu, Tu)s + m(w, w).
0

2.2. Well posedness of Lagrange multiplier problem.
Assumption 2.2. There is { > 0 such that for any (u,w) € Xog X Y,

(2.2) C(lullx + |wlly) < sup c(u,n) + b(n,w) 4+ b(u, &) —m(w,§)
(n.EXoxY Inllx + 1€lly

The assumption in ([2.2]) arises naturally from the standard saddle point problem:-
Find x € X XY and p € S such that

a(z,y) +d(y,p) = (f,y) vy € X x Y
d(z,z) = (s,z) Vz € S,
where & = (x1,22) with 21 € X, z3 € Y, a(z,y) = c(z1,y1) + b(y1, x2) + b(z1,y2) — m(z2,y2), (f,y) =
(f,v1) + (9,y2) and d(z, z) :== (Tx1, 2)g, which is an equivalent formulation of Problem 211

Theorem 2.1. Given Assumptions[21] and[2.2 hold, there a is unique solution to Problem[21l. Furthermore,
it holds that there is C > 0 such that,

l[ullx + lwlly + [[Als < CUFllx- + llgl

v+ [Islls)-
Proof. The existence and uniqueness of Problem [2.1]is a simple consequence of Assumption and surjec-
tivity of T, using a standard theorem on saddle point problems, see [16] for example. O
2.3. Well posedness of penalty approximation. We will require the following assumptions on b, X and
Y, as in [12].
Assumption 2.3. There exist v, 3 > 0 such that

b(n, & b(n, &
(23) Blall < sup SHE v € X and el < sup S

€

y l€lly nex lInllx
3

VéeY.



In addition to the above, we also require there to be sufficiently well behaved approximating spaces. This
allows for a Galerkin approximation. We will see that we may pick finite element spaces satisfying the
conditions.

Assumption 2.4. There are finite dimensional approximating spaces X,, C X andY,, C Y, that is, ¥(n,§) €
X XY there are (N, &n) € Xn X Yy, with ||n — nnl|lx + 1§ — &nlly — 0. We additionally assume discrete
inf-sup conditions. That is there are 8,7 > 0, independent of n, such that

> b nsySn ~ b mySn
(2.4) Blmallx < sup &) v e x and flleally < sup Zntn)

s sn) Ve, € Y.
tncvn l&nlly mmexXn lmallx " 77"

We also assume that there is an interpolation map I,: Y — Y, for each n such that
b(ﬁn,fnf) = b(ﬁmf) V(nnaf) € X, xY,
1€ — In€]lL

sup ————— — 0 as n — oo.
cev gy

We now quote two results which will be useful to refer to throughout the work, they may be found
in [I3l Lemma 2.1 and 2.2].

Lemma 2.1. Let Assumptions [21] and [2-4) hold. There is a linear map G,: Y* — X,, such that for any
ey
Lemma 2.2. Let Assumptions[Z1 and[Z.7) hold. There is C, N > 0 such that for alln > N and any v, € Yy,
1
(2.5) CHUnH% < co(Gn(m(vn, ), Gn(m(vn,-))) + %(T(Gn(m(vm M) T(Gr(m(vn,))))s + m(vn, vy).
Now we have the required assumptions, we assert the well-posedness of Problem

Theorem 2.2. Given Assumptions[2.1), (2.3 and[24} there is a unique solution to Problem[2.2 Furthermore
it holds that

lullx + llwlly <C(L+e) (Ifllx-+ L+ llg]

ye e lslls)

Proof. The existence and uniqueness follows from [I3, Theorem 2.2], with the estimate following from car-
rying through the e terms. O

Recall that we are interested in the case ¢ — 0, clearly in the above estimate, the bound diverges. For
numerics, one might like to take € to be a function of the grid size, as such, the bounds diverging in € means
one must be restrictive in the relationship between grid size and e. To show uniform bounds, we make use
of the solution to Problem 2.1

2.4. Convergence of penalty approximation. In this subsection we assume Assumptions 2.1} 2.2 2.3]
and [2.4] to hold.

Proposition 2.1. Let (u,w,\) solve Problem [21] and (u¢, w®) solve Problem[222 Then it holds that there
is C' > 0, independent of € such that

Jw = welly + llu — wllx + A — 1T — w)|5 < CVEIALs.
Proof. From (2.3]), it holds,

b(u - ue7§) = sup m(w B w67§)

< Cllw —wlz,
1€lly cev €y

Bllu — ufl[x < sup
1324
where we have used the second equations of the systems. Now by taking differences of the first equations of
the systems,
1
c(u —u,n) +b(n,w —w) + =(T(u —u),Tn)s = (A, Tn)sVn € X.

€
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By letting n = v — u in the above and from (21I), one has,
Cllw — we||3 + G - %) (7 (u—u)||E <c(u —u,u —u) +m(w" —w,w —w) + %(T(u —u),T(u—u))s
=(AT(u —u))s < ClA|[s|T(u® = u)lls
SOSINIE + 5T — w)l
this has shown
1

(2.6) lw —wz +[lu —ux + NG

IT(u—u)lls < CVelAlls,

which shows the result for the ||u — u¢||x.
Due to Assumption [2.2], one has,

oy < sup QA H bl —w) 60,8 —mlw —w, Q)
R Tl +Telly

One then calculates
c(u® —u,n) +b(n,w* —w) =0 Vn € X,

hence
c(u —u,n) — m(w —we, §)

Ellw—wflly < sup
(m,€)EXo XY mllx + €]y

this proves the result for |[w — w®||y when making use of (Z6]). Finally, from surjectivity of T', one has

A—e 1T (uf — T
oA = 1w ) < sup AT Z ) T
nex lImllx

< C(J|luf = ullx + flw —wr)

)

where again one calculates
A — e T (uf —u), Tn)s = c(u® —u,n) + b(n, w —w) ¥n € X,
thus
a|A—e'T(u —u)|g < CIAsVe.
O
Indeed it is possible to use an Aubin-Nitsche type argument to give a higher rate of convergence for
Jlu— wellx and [l — we|.

Proposition 2.2. Let (u,w,\) solve Problem [21], let (u¢,w®) solve Problem[Z2. Then there is a C > 0
independent of € such that
lu —u[x + [lw —w|L < Ce.

Proof. Let (¢,¢,x) € X xY x S satisfy

c(n,¥) +b(n,¢) + (x, Tn)s =0 vn € X,
(2.7) b, &) —m(9, &) = (w—w", &)L V€Y,
(T,z) =0 Vz e 8.

This exists and is unique by Theorem [2.I] and it holds that there is some C' > 0 with
[¥llx + [[6lly +[Ixlls < Cllw = w .
Now test (Z7) with (v — u®, w — w®, T (u — uf)) and sum the first two equations,
lw — w7 =c(u —u,9) +blu —u, ) + (x, T(u — u))s + b(eh, w — w) —m(w — w*, )
=06 T (u—u))s.

Where one has b(u — u€, ¢) = m(w — w*, ¢) and c(u —u, ) = —b(yh, w — w) with the second following from
(T, \)s = e YT (u —u), T¢)s = 0. Hence from the estimates for | T(u — u°)||s shown in Proposition 2.1]
with |Ju — uf||x < Clw —we||r and ||x||s < Cllw — w||, the result. O

We may now use Proposition [2.1] to give uniform bounds on u¢ and w*.
5



Corollary 2.1. Given e > 0 sufficiently small, let (u,w®) € X xY solve Problem[Z2. Then there is C > 0
with

€ € 1 €
lullx + [lwflly + = 1T (" = w)lls < O fllx- + gl

v+ [lsls)-

3. ABSTRACT FINITE ELEMENT METHOD

We now formulate and analyse an abstract finite element method to approximate the solutions to Problems
and Problem 211 We formulate the method in the sense of an external approximation, this is motivated
by our wish to apply the formulation to surface finite elements.

Definition 3.1. For h > 0, let X}, Y}, and Sy, be finite dimensional normed vector spaces with lift operators
XX, =X, 1Y, =Y, 17: 8, =S,

which are bounded, linear and injective and define X} := ;X(Xp), YL == 1Y (Y2), S, :== 17 (Sh).
Let ¢y, bp, my denote bilinear forms such that

Ch: Xh XXh—>R, bh: Xh XYh—)R, mp: Yh XYh—>R,
with my, symmetric and let (-,-)s, be an inner product on Sy. Further, let fr, € X}, gn € V)" and sp € Sp.

The spaces X,ll, Y,i and SfL may be identified as the spaces X,,, Y;, and S,, in Section 2l For this section,
we assume that the following approximations hold.

Assumption 3.1. We assume that there is C > 0 and k € N such that

le(1h: €4) — en(nms )| <CRE |l x 1€ x  V(nn, €n) € Xn X X,
160> €4) = b (1, &) SCR* |y | x1I€R Iy Y (nm, &n) € X x Vi,
(M, €)= mn (mns )] SCRE bl L€l Y (nm, &n) € Ya X Vi,
(24, Tnit)s — (2 Tun) s, | <CR* sl xllzills Y(nm, 2n) € Xn X S,
[(Fomi) = (Fuomn) | SCR®(|Fllx-Nmkllx Vom € X,
(g, €h) — (gn, En)|l <CR*|iglly-lIELlly  Vén € Ya,

|(s,21,)s — (S, 2n)s,| <Ch"||s||s|lzhlls  Vzn € Sh.

Y o*

The finite element approximations can now be formulated.

3.1. Finite element method for the Lagrange multiplier problem. For this subsection, we suppose
Assumptions 2.1 221 2.4l and the following Assumption hold true.

Assumption 3.2. There is ¢ > 0 independent of h such that for any (wn, xn) € Y X Sh,

s + luhly) < sup  Pthrt) & (Db o)y bl )
T ()X XY sl x + 1l 1y

Problem 3.1. Find (up,wp, Ap) € Xp X Yy, X Sy such that

ch(Why M) + bn (ks wn) + (An, Thnin) s, = (frsmn) - Vi € X,
br(un, &) — ma(wn, &) = (gn,&n) V€ € Ya
(Thun, 2n)s, = (Sn,2n)s, Vzn € Sh.
Theorem 3.1. For sufficiently small h, there exists a solution to Problem[3 1l Furthermore there is C > 0
independent of h such that

lu = upllx + llw = whlly + A = Nylls < C© o nf (e =il x + llw = &L lly + A = xills)
hsSh>Xh
eXhXYhXSh

+CR* (|| fllx- + llgl

v+ [slls)-



Proof. The argument follows along the lines of [I3, Theorem 3.1]. For existence and uniqueness, it is
sufficient to show uniqueness for the homogeneous case, fr, = g, = sp, = 0, as the system is linear and finite
dimensional. In this case, we see that
(31) ch(uh, uh) + mh(wh, wh) =0 and (Thuh, Thuh)gh’ =0.
We write G} : Y* — X to be, for each y € Y*, G'y is the unique element such that

b(Ghy. &) = (v,6h) V&), € Y,

as considered in Lemma 2.1 Now notice that in this homogeneous case,

b(uéz — G%m(’wé, ')7 gllz)

Bllul, — Ghm(w}, )| x < sup

€nEY, 1165 1ly

< sup b(u},, &1,) = b (un, &) + mu(wn, &) — m(wj,, &)
€nEYR [F3X1P%

<Ch*||wh|L,

where the final line follows from Assumption Bl and that |ul ||x < C|lw}||L, which is a consquence of the
second equation of the system with the discrete inf-sup (2.4)).It follows from (Z3]),

1
Cllwpl <e(Ghm(wy,, -), Gym(wy,, ) +m(wj, wy) + a(TGZm(UJZ, ), TGlm(wh,,))s
1 1
=c(uly, ub) +m(wh, wh) + a(Tuﬁl, Tul)s — cn(un, un) — mp(wy, wy) — ;(Thum Trhun)s,
1 l 1 1 1o, 1 1 l 1 1 1 1 l
+ c(Gpm(wy, ), Gym(wy, ) — c(up, up) + %(TGhm(whv ), TGym(wy,-))s — g(TUm Tuy)s

<CR*||wh |7,
where we have made use of the above bound, ||u}, —G,m(w!,-)||x < Ch*|w! ||1., along with the approximation
assumptions on the discrete bilinear forms, Assumption Bl Thus for sufficiently small A, wﬁl =0, it follows
that A\, = wp = up = 0, where up, = 0 comes from the second equation and \;, = 0 follows from the first

equation and Assumption 3.2
We have for any 1, € X, and &, € Yy,

N b(ul —nt vl
Bl — sl < sup 2= Thovh)
vy €YY ||Uh||Y
<C (llu=mpllx + llw = & lly + llwh, — & llL) + Ch* (lupllx + llglly- + [lwhllz) ,

where we have made use of

b(uﬁl - nﬁw U%L) :b(u - 77517 U%L) + b(ugw U%L) - bh(uhv Uh) + <gh7 Uh> - <g= 'U51>

+ mh(wha vh) - m(wﬁuvé) + m(wz - gﬁw 1}2) - m(w - 5;”’02)

In a similar fashion, for any x; € Sp, one obtains from Assumption 3.2]

. b(ah, wh — &) + (N — Xj T@})s + m(w), — &, v3)
R(lwh, = & lly + 11X, = xhlls) < sup —h b R B
(@h,vn) X X Vi ][ x + [lonlly

<C (llu—=mhllx + llw = &,y + 11X = Xhlls + luh, — 14 1x)
+CR* (lupllx + llwhlly + £l + 1N, 1)
7



where we have made use of

b(ah,, wj, — &) + (N}, = Xh, Txh,)s =b(ah, w — &) + (A = X, Tx),)s + b(ah,, wj,) — (f,2},)
+ c(u, ) + (M, Txh)s + (i n) — (An, Than) s,
— bn(wn, wn) — cp(un, vn)
<Ol llx (lw = & llv + 1A = x4 lls)
+ CRMl|z | x (lwhlly + [ fllxe + lglly- + [ ls)

+ el — 1, @) — c(uf, — njy, @) + e(ul, @) = cn(un, zn),

and also
I el 0y el Loy —p l
m(wy, — &, ) =m(w — &, vp,) + m(wy, vy,) — b(u, vy,)
+ (g, v},) — mu (wn, vi) + bu(un, vr) = (g, vn)-
Combining these two inequalities gives

l l l l l l l l l l l
llun, = mhllx + llwn = &ully + 1A, = Xalls <C (lu = myllx + llw = & lly + 1A = Xhlls + [lwy, — &,r)

(3.2)
+ChP (lugllx + llwilly + AL ls + 1 f [+ llglly-) -

All that is remaining, is to bound the L-norm which appears on the right hand side. We again use Lemma
to obtain,

! l l T ! ! T l
Cllwy, — fh”% <le(up, =y, up, — np,) +mlwy, — &, wy, — &)
—cp(un — Mh, un — mn) — mp(wp — En, wp — &)

(3.3) + [en(un — nn, un — nn) +mup(wn — En, wn — &)
+[c (Ghm(wh §hv s hm(wh §hv ) — e(uy, : nhvuh 77h)]
+ 2 (T((Ghmlh — €. ). T(Ghm(uh ~ €. ).

The first and third terms are dealt with in [13] (the first term is dealt with in their (3.5) and the third term
immediately following), giving

le(uf, — nb, ub, —nh) +m(wl, — &, wh — &) —cn(un — nn, un — 1) — mp(wp, — Epywn — &)
< ChF(B? + Bllwj, — &l + lwh, — &4113),

this is a consequence of Assumption 3.1l and
le(Glm(w), = &,,-), Gym(wy, = &) = e(ug, — 1, up, —ny)| < C(B2 + Bllwy, — &, 11),
which follows from the discrete inf-sup, Assumption 24] and the definition of G} . Where

B i=|lu—mnjlx + lw =&y + 1A = xills
+h" (gl + 1Fllx- + lIslls + llupllx + lwhlly + X s + 1ok llx + €A1y + 1Ixhls) -

The fourth term of (B3] may be dealt with in the same way as the third and first part of the same equation.
For the remaining term of (B3]), we calculate,

cn(un = My un — Mp)+mp(wp — &y wn — &n)
=[en(un — nnyun — nn) + bp(un — 0h, wh — &r) + (A — Xn, Th(un — 18))s,]
— [ba(un — nny wn — &p) — mp(wn — Ep, wn — &n)]

— (An — xh, Tn(un — 1m1))s), -
8
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We now split up the calculation of [4). For the second term of ([B.4),
b (un — 1n, W — &p)—mn(wh — &y wa — &n)
=b(u =y, wy, — &) —m(w = &) = (g, wj, = &) + (g, wn — &)

+ b, wy, — &) — m(&h, wh, — &) — b (nn, wi, — &x) + mi(En, wi, — &n)
<Cllwy, = &lly (lu = nhllx + lw = &lly +B* (lglly- + Ikl x + 1€, 11v))
<C(B® + B|wj, — &, )-

With the first term of (34 resulting in,
cn(un = Ny un = 1n) + bn(un = 1r, wh = &) + (A = Xhs Th(un —10))s,,
=c(u — njy, wp, — 1) + b(uf, =y w = &) + (A = x4, T(uh, = 15))s
— (fyuh = mh) + (s wn = mn) + c(nfy, wg, — 1) + blu, = nj,, &)
+ (ks T, = 1))s = cn (s un = 1) = br(un = 0wy €n) = (Xn, Th(un = ma))s,
<Cllug, = mpllx (lw = millx + llw = & lly + 1A = x4 ls)
+ CR* g, = millx (Il x + €Iy + Ixhlls + I1f11x-)
<C(B® + Bllwj, — &,]|1)-
Finally, from the third term of (B84, one has
(Th(un = 1m), A = xn)s, =(T(w—13), A = Xh)s + (T, Xy, = Xh)s — (5, X, = Xh)s
= (Thnn, An = Xn)si + (Sny An = Xa)s,
<C|IN, = Xlls(lw = nyllx + B (lslls + 73 ]lx))
<C(B® + Bllwj, — &, 1)-
Thus for sufficiently small h, we have
lwh, = €417 < C(B% + Bllwy, — &,1L),
which after an application of Young’s inequality, gives us the desired control on ||w! — & ||,. When putting
this into (B:2)) gives,
(3.5) llub, = 1l x + llwh, = &lly + 11X, = x4lls < OB.
By choice of np, = &, = x» = 0, one has
lui | x + lwply + X lls <O (lullx + [wlly + [Alls)
+CRE (I fllx + llglly- + lIslls + llubllx + llwhlly + X5 ]ls) -
which for sufficiently small h, and the estimates shown in Theorem 2], gives
lubllx + llwhlly + A lls < C (1 fllx= + llglly= + lIslls) -
Using this and the triangle inequality gives
=l lx + llw = whlly + 1A = Xylls <C (lu—mhllx + 1w — €4y + 1A= xhlls)
+CR* (llglly~ + I1fllx- + llslls + b llx + €41y + Ix3ls) -
We are left to remove the isolated 77517 52 and xﬁl terms on the right hand side, this can be done by
Ik llx + €Ly + IxGlls < lu—=nhllx + lw = & lly + 1A = xhlls + [lullx + l[wlly + [Alls-
Thus for sufficiently small h, it holds
llu = upllx + lw = whlly + 1A= Nlls < Clllu = mpllx + lw = &lly + A = X3l
AR ([ fllx- + llglly- + llslls) ]-

Taking the infimum over (np, &, xn) € Xp X Yy, X Sy, gives the result. O
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In applications one may have interpolation operators which allow an error bound of the form of Ch® for
some 0 < a < k. The magnitude of a will depend on the regularity of the solution.

Corollary 3.1. Suppose there are Banach spaces X,Y, S continuously embedded in X, Y, S respectively
with (u,w,\) € X xY x S. Additionally assume there is C,« > 0 independent of h such that

inf u—nt +lw—Ely + 1IN = < Ch¥(lull & + |lwlls + [\ 5).
e (u bl o+ o= gl + 1A= xls) < OR(lul s + ol + 7]

Then for sufficiently small h, there is C > 0 such that
lu = upllx + lw = whlly + A = Nlls < CR™B (Jlul| 5 + [lwlly + [Alls + 1 l|x- + lglly- + lIsls).

Proposition 3.1. Under the assumptions of the above, further suppose there are Hilbert spaces H, J, K
continuously embedded into X, Y, S respectively. Let (¢, p,w) € X XY x S be the unique solution to

e, ) +b(n,¢) + (Tn,w)s = (u—uj,n)u Vi € X,
b(¢7§)_m(¢7§) = (w_wimg)J vé-EYu
(T, 2)s = (A=A, 2) VzeS.

Assume there are Banach spaces X, Y, S continuously embedded in X, Y, S respectively, with (¢, ¢,w) €
X xY x S and there is C, 8 > 0 such that

inf —nbllx + o —Elly + [lw—x4lls) < ChP o+ llolls + llwllg)-
(W%Xh)exhthxsh(||¢ Mhllx + 116 = &lly + lw = x3ls) (Il % +lelly + llwlls)

Finally assume the regularity result of
191l % + 19l + Ilwllg < Clllu =gl + llw = wills + 1A = Ay 1 x)-
Then for sufficiently small h, there is C > 0 independent of h such that
lu = up |l + llw = whlls + 1A = Nyl < CR™COFER (¢ + Jlwlly + A5 + 1 Fllx + lglly- + lIs]ls)-

Proof. Let (1, ¢,w) be as above, then by testing the system with (u—ul, w—w!, A=A} ) and adding together,
one has,

(u—u%,u—uZ)H—i—(w—wﬁl,w—wé)J+()\—)\l,)\—)\Z)K

= c(u —uj, =)+ b(u — u, ¢ — &) + (T(u—uj),w = X3)s
+b(t) = 1y w — wh) = m(d = &y w —wh) + (T(% = 1}), A = M)
+{(f,h) + (9,640 + (5, Xh)s
— c(ufy, ) = bup,, &) — (Tuly, xh)s — bk, wh) +m(&h,wh) — (Trh, A)s
= (frymn) = (9ghs&n) — (ShyXn)s),
+ cn(un,mn) + bn(un, &) + (Thun, Xn)s, + bn(n wn) — mp(En,wn) + (Thnn, An)s, -

we see that the first two lines may be bounded by

(1 = mllx +1l¢ = &lly + llw = xills)(lu = whllx + w = whlly + 112 = X lls),

and the final four lines may be bounded by the approximation properties of the discrete operators. One then
obtains

(u—uz,u — UZ)H + (w— wz,w - wﬁl)(] + (A= AL — )\l)K
<C (Il = millx + 116 = & lly + llw = xhlls) (lu = ubllx + [lw — whlly + [|A = Ay lls)
+ B (I1fllx- + lglly= + lIslls) (1 —nhllx + ¢ = Elly + llw — xhlls + 1l x + 18lly + [wlls)] -

By taking infimum over (nn,&n, Xn) € Xp X Yy X Sy, one has the result by use of Young’s inequality. |
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3.2. Finite element method for the penalty problem.

Problem 3.2. Given € > 0, find (u§,ws,) € X x Y}, solving the problem

1 1
cn (U, mn) + b(nn, wy,) + E(ThufmThnh)Sh = (fu,nn) + E(ShaThnh)Sh vy € X,
br(uf,, &n) — mu(wh, &n) = (gn:En) VEéL € Yy,

We now prove well-posedness of this problem and give error estimates. For the error estimate, there are
two obvious ways to proceed, first of all, one might wish to consider proceeding as though this is a problem
independent of the hard constraint problem. An alternate approach is to use that the hard constraint
problem is well approximated by the penalty problem and show a similar bound for the discrete problems,
then use the error estimates for the hard constraint problem. We start by showing the existence of a solution
to Problem We suppose that Assumptions 211 2.2 2.3] 2.4 and hold true for the remainder of this
subsection.

Theorem 3.2. For sufficiently small h and sufficiently small €, there exists a unique solution to Problem

Z2

Proof. Existence and uniqueness follows from the homogeneous case fr, = gn = s, = 0 as the system is linear
and finite dimensional. In this homogenous case we have that, by testing the first equation of the system
with uj, and the second equation of the system with wj and taking differences,

(3.6) cn(uj,, up,) + %(Thu;,Thu;)sh + mp (wy, wy,) = 0.
It follows from Lemma [2.7] that
Cll(wi)' 7 <e(GhmA(wp)', ), Gm((wp)', )
+ %(T(Gém((wi)la N, T(Glm((wp)',))s +m((wh)', (wh))
<e((uf)', (up)") +m((w)', (wi)") = en(uf, uf) — m (wh, wp)
+e(Gm((wy)', ), Gim((w;)', ) — e((u)' (uf)")
+ = (T(Ghm{(wi)! ) T(Ghm{(wh)' D)s = (T, T,
<CR*| (wp)'II7
as in the proof of Theorem [B.I] where we have inequality, rather than equality for
enls 05) + mah, w3) + = (v, T )s, < 0
Hence for sufficiently small h, it holds that w! = ul = 0. Thus there is a unique solution. 0

We now wish to show a discrete version of Proposition 2.1l so that we may use the approximation theory
from Theorem [B.1] to obtain uniform estimates on the solution to Problem

Lemma 3.1. Let (uj,w;,) solve Problem[3.2 and let (up,wn, A\r) solve Problem [3l Then for sufficiently
small € > 0, there is C' > 0 independent of € and h such that,

g, = (i)' x + llwy, = (i) Iy + [N, = €T ((uf)! —up) || < ClIN s Ve.
Proof. As previously shown in the proof of Theorem B.1]
IGhm((wf)" = wh, ) = ((uf)' —up) x < OB (|fuj, — (uf)' [l x + Jwh, — (wf)'[[2),
where we also know for h sufficiently small,

g, = () llx < Cllwh = (wi)' | ..
11



Adding (e7' — g M) T((uf)! — u})||%, to the statement of Lemma 22}, with the above, yields,
Cllwy, = (wi)' 1 7+(e™" = eg IT((up)" — )%
<c(Ghm((w})! — wh, ), Ghm((wh)! = wh, )+ m((w§)! — wh, (wh)! - w})
T — ), T((wg) — ul))s
<el(uf)! — ul, (uh)! — ) + m((wh)! — wy, () — )
T () — ), T((uh)! — uh))s + CRE(wf)! — wh 13-
For sufficiently small h, we may smuggle the h* terms into the left hand side, giving,
Cllwp, = (wi)'I7 + (™" = eg DT ()" — uh)[%
<e((uf)! — ub, (u)! — 1) + m((wf)! — wh, ()] — )
+e (T ((uf)' = uh), T((uf)" = up))s

<cp(uf, — up, uf, — up) + mp(wi, — wp,wj, —wy) + € (Th(uf, — un), Th(uf, — un))s,

l

+e((uf) = g, (uf)" = ui) — en(uf, — un, uf, — up)
+m((wf)' = wj, (wf)'
+ e (T ()" = up), T((up)' = wp))s — € (Tn(uh, = un), Th(uf, — un))s,,

where the final three lines may be bounded by Ch¥ (|Jw}, — (w§,) |3 + € *|T((u5)" — ul)||%), which follows
from the approximations in Assumption 3.l Thus for A sufficiently small, one has

—w},) — ma(wf, — wp, w, — wy)

C (Jlwh, = (wi)' 12 + (€7 = g T ((uf)' = up) %) <en(up, —un,ufy, — un) +mp(wf, — wp, wh, —w)
+ ¢ (T luf, — un), Th(uf, —up))s,
=N, Tu(uf, = un))s, < CollNyllslIT(uf, — un)lls
1 €
<Cep| 13 + 17, — un) .
where the equality follows from the discrete equations and the final line is Young’s inequality. Thus choosing
p sufficiently big (independent of ¢€) gives
ol — ()3 + €T () = ul)I13 < CellX, 2.
We now make use of Assumption [3.2]
Rllwp—(wi) ly + 1A, — € T ((uf)" = ug)lls)
o POk = D)) (T N ()~ wh))s +mlu, — (uh) €))
B (Mh,€R)EX R XYy ||77§1||X + ||§%z||y

It is clear in the above that the m term is bounded as we would like. We then have
b1, wh,—(wf)') + (Tjys Ny — € 1T ((uf)' — ui))s
=bn(nns wh, = wp) 4 (Twtins An — € M Th(uf, — un))s,, + b(nh, wh, — (w,)') = bu(nn, wh, — w,)
+ (T, Ny — € T ((uf) = ug))s — (Thmn, An — € To(uf, — un))s,
=cp(un — ufy, 1) + by, wj, — (w})") = bu(nn, wf, — wn)
+ (T Ay — € T ((uf)' = ub))s — (Tutns An — € T (uf, = un))s,
<en(un —ufy,m) + CBF |l | x (lwy, — (W) ly + X, — e T((uf)! = up)lls) -
Thus, for h sufficiently small
l[wh, = (i) ly + I = € " T((ug)! = up)lls < Clluh, = (uf)'[|x,
which completes the result. 0

This results in the following Theorem.
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Theorem 3.3. Let (uf,ws,) be the solution to Problem [32, let (u®, w®) be the solution to Problem and
let (u,w,\) be the solution to problem [2l. Then there is C > 0 independent of h and € such that

€ e\l € e\l : l l
u —\u =+ |lw" — (w < C 1nf u — —+ [lw —
H ( h) ”X ” ( h) HY = (MhsEn) € Xn X Y (” nhHX H thY)

+ O + V) (Ifx- + lglly~ + llslls) -
Proof. We start by considering u¢ — (uf)! = (u¢ —u) + (v — u}) + (ul, — (u§)!) and similarly for w terms.
From Proposition 2.J] and Lemma [B1], it holds
Jlu = (uf) llx + [lw = (i)' by < CVE(IMs + 1N l1s) + lu = whllx + llw = wh ]y,

which combined with Theorem B.1] gives the result. a

If (u€, w®) were to be sufficiently more regular than (u,w, \), one may wish to use this extra regularity to
pay for the € cost and obtain higher order convergence than would be attained from Proposition 3.1l

4. SURFACE CALCLUS AND FINITE ELEMENTS

We recall some definitions and results from surface PDE and surface finite element methods, for full
details, the reader is referred to [10].

4.1. Surface calculus. Let I' be a closed C* hypersurface in R? where k is as large as needed but at most
4 and at least 2. There is a bounded domain U C R? such that U = I'. The unit normal v to I' that points
out of this domain U is called the outwards unit normal. We write Pr := I —v® v on I to be, at each point
on I', the projection onto the tangent space of I' at that particular point, where we are writing I to be the
3 x 3 identity matrix. For a differentiable function f on I' we define the surface gradient by

va = Pf‘vfu

where f is a differentiable extension of f to an open neighbourhood of I'. Here V denotes the standard
gradient in R3. This given definition of the surface gradient depends only on the values of f on T, this is
shown in [10, Lemma 2.4]. For a twice differentiable function, the Laplace-Beltrami operator is defined by,

Arpf:=Vr-Vrf.

For convenience we use the following inner product
(u,v) g2y = / ArulArv + Vru - Veou + uv.
r

Note that this is not the standard inner product on H?(I') which contains mixed derivatives. On closed
surfaces however, this is seen to be an equivalent norm, see [I0] for details.

4.2. Surface finite elements. We assume that the surface I" is approximated by a polyhedral hypersurface

= J K,

TeTh

where 7T}, is a set of two-dimensional simplices in R® which form an admissible triangulation. For K € Ty,
the diameter of K is h(K) and the radius of the largest (2-dimensional) ball contained in T is p(K). Set
h = maxger, h(T) and assume the ratio between h and p(K) is bounded independently of h. We assume
that 'y, is contained within a narrow strip Ns of width § > 0 around I" on which the decomposition

r=p+dx)v(p), pel

is unique for all z € Ns. Here, d(z) denotes the oriented distance function to I', see [10, Section 2.3]. This
defines a map z — p(z) from N5 to I'. We assume that the restriction p|r, of this map on the polyhedral
surface is a bijection between I';, and I'. In addition the vertices of K € T, should lie on T'.

The piecewise affine Lagrange finite element space on I', is

Sn={x€C(Th) : x|k € PHK)VK € Tp},
13



where P1(K) is the set of polynomials of degree 1 or less on K. The Lagrange basis functions ¢; of this
space are uniquely determined by their values at the so-called Lagrange nodes ¢;, that is ¢;(¢;) = d;;. The
associated Lagrange interpolation for a continuous function f on I'j, is defined by

Inf = Zf(qm.

We now introduce the lifted discrete spaces. We use the standard lift operator as constructed in [10, Section
4.1]. The lift f! of a continuous function f: I';, — R onto I is defined by

fi@) = (foplp))(z)

for all # € I'. The inverse map g~ for a continuous function g: I' — R onto I', is given by g~
lifted finite element space is

L:=gop. The

Shi=1{x'|x € Su}.
With the lifted Lagrange interpolation I} : C(I') — S! given by I (f) := (I f~!)!. The lifted discrete spaces
satisfy the conditions in Assumption 2:4] when X} = Y}f = S}l, or specifically, for a sequence of triangulated
surfaces (I'y,, )Jnen with b, — 0 as n — oo we have X, := X,lln = S}l and Y, := Y,fn = S}l.

5. PDE EXAMPLES

5.1. A near-spherical biomembrane. We now discuss the second order splitting associated to a fourth
order linear PDE which arises in the modelling of biomembranes on near spherical domains, in particular,
we now set I' = §%(0, R) for some fixed R > 0. The model is based on the deformations of the membrane
due to small external forcing. A full derivation may be found in [12], see also [15]. Here we are considering
that the only contributing deformation is due to N point constraints or point penalties.

We now fix N € N and distinct X; € ' for i = 1,..., N, with S := RY. We set x > 0 and ¢ > 0. First
we define the energies and then give the hard constraint (Lagrange) problem and a soft constraint (penalty)
problem.

5.1.1. Fourth order formulation.
Definition 5.1. We define a: H*(T') x H*(T') — R by

2K

a(u,v) = / KAPuArv + (U - ﬁ) Vru - Vv — %
r

UV,
T: C(T) — RN by

Tu= (U(Xi))ijilv
and for any € > 0, ac.: H*(T) x H*(T) — R by

ac(u,v) = a(u,v) + 1(Tu, Tv)pn.
€

We notice that over H2(T') that neither a. nor a are necessarily coercive, however, in [12] it is seen
that they are coercive over {1,v1, 10,13}, where v = % is the unit normal to I' and L is meant in the
sense of H2(T"). This is a consequence of the fact that 1,1, 9,3 are eigenfunction of —Ar. Furthermore,
under suitable conditions on the location of the points {X;}¥; we show in the following proposition that
both a and a. are coercive over {1}+. We use the following notation, U := {v € H*(T') : [Lv = 0} and

Up:={veU:Tv=0}.
Proposition 5.1. Suppose N > 4 and {X;}., do not lie in the same plane. Then there is ¢ > 0 and
C > 0 such that for any € < €

af(n777) 20”77”5,2 VT] € U7

a(n,n) =C||nl3. ¥n € Us.
14



Proof. We notice that for u € Uy, it holds that ae(u,u) = a(u,u), thus we need only show the first result.

In [20, Proposition 4.4.2], it is shown that a. is coercive over (Sp{l, vi,V9, V31 N Ker(T))L N U. Thus it is
sufficient to show that (Sp{l,v1, 12,3} NKer(T)) = {0}. Let v € Sp{1,v1,v2,v3} NKer(T), one has that

3
v=aqp+ E Qjvj.
Jj=1

By making note that v;(x) = % we see that v is an affine function. The condition v € Ker(T') gives that the

X; are in the zero level set of the affine function v. Thus the points must lie in the same plane or v =0. 0O

From now on, we assume that {X;}X¥, do not lie in the same plane. Notice that for f = 0, the following
problems are the membrane problems in [12][15].

Problem 5.1. Given f € (H*(T))*, find u € U minimising sa(u,u) — (f,u) subject to u(X;) = Z; for
i=1,...,N. This has the variational formulation of finding u € U such that u(X;) = Z; fori=1,...,N and

a(u,n) = (f,n) vn € .
Problem 5.2. Given f € (H?(T))*, find u € U minimising fa(u,u) + o |Tu® — Z|* — (f,u). This has
the variational formulation of finding u¢ € U such that
1
ac(u®,n) = (2, Tn)r~ + (f,n) ¥n € U.
Theorem 5.1. There are unique solutions to both Problems[51 and [5.2.

Proof. This is an application of Lax-Milgram with the coercivity of the bilinear forms shown in Proposition

591} O

In order to write down the PDE associated to these problems we need to extend the variational formulation
to be posed over the whole of H?(T"). Standard arguments yield that the solution of Problem [.1] solves

a(u, 1) + (L Tn)gw -+ / n={f.n) Vi € BX(T).

and
a(u,n) + (X Tn)ey = (f,n) Vn € U.
Thus by considering smooth test functions, this gives the distributional PDE

N
2 2
/@A%u— <a— —H) Aru — R—Zu—kﬁ—l—Z)\ﬁXi =finT,
i=1

/u =0, u(X;)=Z; fori=1,...,N.
r

It is useful to to note the following.

Proposition 5.2. The unique solution of Problem [51, u, satisfies u € W3P(T'), p € (1,2) and is given by
U =us+ sz¢k
k=1
where
o Fork=1,...,N, the unique ¢, € U ¢p(X;) = dj forj=1,..,N and
a(pr,m) =0V e Uy

and the unique uy € Ug such that

a(ug,n) = (f,n) Vn € Up.
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e Foreachk=1,..,.N,
N

Mo = (f, on) — aluy, or) Z a(¢;, br)

and

p=(f0) —alug, do) — sza b, bo)

where ¢o uniquely satisfies ¢o(X;) =0 for j =1, ...,N, Jrdo=1,

a(¢o,n) =0 Vn € Uo.
Proof. The formulae for the solution are easily verified. Since p, A are bounded in terms of the data, regularity

for this fourth order equation on the sphere yields u € W3?(T'), p € (1,2), following the arguments for fourth
order equations in the flat case [8/20]. O

Remark 5.1. For the variational problem with penalty, the variational formulation over the whole domain
follows similarly, yielding the distributional PDE,

HA% 6—(0 ;IZ)AFU Zu—l—_é—k ZuE(SX =f+- ZZ5X on T,

11
/uezo.
T

5.1.2. Second order splitting. For certain boundary value problems, splitting a fourth order equation into
two second order equations is a natural approach, c.f. [I1]. Here it is convenient to use an auxiliary variable
w = —Aru + u leading to the following coupled system holding on I"

o 2 2 _

(5.1)
—Apu +u=w.

Taking u € W3P(T') as the solution of Problem [5.I] because of the Dirac measures on the right hand side
we pose the first equation weakly in the dual of W14(T") with ¢ € (2,00) and u € W4(T) with % + % =1
The second equation is posed in the dual of WP(T). It is clear by testing (5.I) by € X and £ € Y that
the PDE system may be posed as in ([I]) using Definition

Definition 5.2. Let oo > ¢ > 2 > p > 1, then we define the spaces

x={wewtm: [g=o}.
—{§€W“HU:A€—0}

L= L*T) and S = RN, with the bilinear forms,
c: WhH(T) x WhH(T) —
b: WH(T) x WhP(T') —
m: L*(T) x L*(T") = R,

R,
R
given by
bn.€) = [ Ven- Veé -+ g
r

mm®=A%
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and the linear operator T : X — S by
T = (n(X1),n(X2),..n(Xn)), n € X.

5.1.3. Verification of Assumptions[2.1), [2.3, and[Z.2. We begin with the following three results which are
shown in [I3], Section 5].

Lemma 5.1. Let 1 < p <2 < g < oo with p,q conjugate. There is B,v > 0 such that

b(n, b(n,
Blinlha< s 20 o ewlar) and Al < sup 208
geW () ||§||17p neWwba(T) ||77||1,q

Ve € WhP(T).

Lemma 5.2. Let 1 <1 < co. Then there is a bounded (independently of h) linear map
Oy, : WhT(T) — 8! given by

(I, vp,) = b(¢,v3,) Vo, € S,

It also holds that
[ = Iptllo,2
sup #————=

—0 as h—0.
vewir@y Yl

Lemma 5.3. Let 1 < p <2 < g < oo with p,q conjugate. There is B,:y > 0 such that

o b 77l 7§l ~ b 77l 7§l
Bllnhll1,q < sup O0h, €1) Vo, €84 and  F|&]lp < sup uURLA)

veh € Sk
erest 111 nest e

In order to prove well-posedness of the problem with penalty, we are left to show Assumptions 2.3] 2.4]
and 2.1] in the appropriate spaces. We make use of Fortin’s criteria with the projection to mean-value-free
functions and Lemmas [5.1] and 5.3 The following Proposition gives Assumptions [2.3] and 2.4]

Proposition 5.3. Assumptions and [24] hold true.

Proof. This follows from an application of Fortin’s criterion [16] Lemma 4.19] to Lemmas [5.1] and with
the projection map P: u — u — I_Il“\ Jru. O

The final condition we need to check is the coercivity like condition, Assumption 211
Lemma 5.4. Let € > 0 sufficiently small and assume (u,w) € X XY satisfy
b(u, &) = m(w,&) VE €Y.
Then there is C' > 0 such that
C’||w||32 < e(u,u) + m(w,w) + i(Tu, Tu)gn.

Proof. The condition b(u,£) = m(w, &) V€ € Y with (u,w) € X X Y implies that b(u, &) = m(w,§) V€ €
WLP(T'). Elliptic regularity gives —Aru € W1P(I') and —Aru + v = w. Making use of this relation in
c(u,u) + m(w,w) gives

1 2 1
c(u,u) + m(w,w) + — (Tu, Tu)pny = / ((Apu)2 + (% - —) |Vrul? — _Uuz) + ;(TU,TU)RN,
r

K€

which is bounded below by C'||ul|3 5, as shown in Proposition 51l Elliptic regularity applied to the condition
b(u, &) = m(w, &) V& € WHP(T) gives ||w|jo2 < C|lul|2,2 to complete the proof. O

Lemma 5.5. There is a > 0 such that for any (u,w) € Xo X Y it holds that

a(ullig + wlliy) < sup c(u,n) + b(n,w) + b(u, &) — m(w,§)

(n.E)EXoxY 11ll1.q + 11€llp
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Proof. Tt is sufficient [16] to show for any (o, 8, Z, f,§) € R x R x RN x Wh4(T')* x W2(I')*, the following
system has a unique solution

n) VneX,
§) VEeY,

c(u,n) +b(n,w) + (A, Tn)rny
b(u,§) —m(w, )

(5:2) / _
I

We are able to find unique u; € H*(T') with Tu; = Z, Jru=caand a(ui,v) = (f,v) for all v € H%(T") with
fr v =0 and Tv = 0. In particular, as discussed in Subsection [5.1]

@ km

={/,
{9,

Il
Nz

a(uy,v) + (A1, Tv)rn —l—}’)l/rv = (f,v) Yo e H*(T).

From this formulation, it then follows that —Aru; € W1P(T') as in Proposition[5.2l Defining wy := —Aru; +
uy + Bmo‘ € WLP(T), we see that we have a solution to the problem
C(uhn) + b(nu ’U}l) + ()\laTn)RN = <.f7 77> Vn € Xu
b(’LLl,g)_m(’LUl,g):O ngY,
T’U,l = Z,

(5.3)
/Ful = q,
/Fw1 = B.

We still require an inhomogeneity for the second equation. For G: (W1P(I'))* — W14(T') such that
b(Gg, &) = (g,&) V&€ € WHP(T'), we may find (@, w, \) such that

c(ii, ) + b(n,w) + (T, A) = (f.n) — c(Gg,n) Vn€ X,
b(ii, €) — m(w,€) =0 VE €Y,
Ta=Z — TG,

[roo o
Aw:@

by defining u := @ 4+ G§ we have (u,w, \) uniquely satisfies (5.2]), which completes the result. O

5.1.4. Well posedness. We are now able to prove well-posedness of the following problems which represent a
generalisation of Problems [5.1] and by the inclusion of g in the right hand side of the second equation.

Problem 5.3. Given f € (WL4(T))* and g € (WLP(T))*, find (u,w,\) € X x Y x RY such that

c(u,n) +b(n,w) + (I'n, e~ = (f,n) Vne X,
b(’u,,f) - m(wvg) = <97€> V§ S Y,
Tu= Z.

Problem 5.4. Given f € (WL4(I))*, g € (WHP(T))* and € > 0, find (u¢,w®) € X x Y such that

o{um) + b, w) + = (T, Tl = (fm) + = (7, Ta)a Ve X,
(ueag) ( 675):<ga€> VéEeY.
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Remark 5.2. If one were to suppose that Problems 51l and 5.2 have right hand side forcing F € (H2 (l"))*,
where ' = f — Arg + g. Then, formally, the splitting w := —Aru + u — g gives rise to Problems[5.3 and
[54 This may be interpreted as a decomposition of the data F' into "smooth” and ”singular” components.

Theorem 5.2. There is a unique solution to Problem [5.4)

Proof. The proof is an application of Theorem as we have shown Assumptions 2] and 24 in
Propositions [5.1] and (.3 O

We now wish to show the appropriate assumptions for the well-posedness of the following problem.

Theorem 5.3. There is unique solution to Problem [5.3.

Proof. This follows directly from Lemma as this proves that Assumption holds true. a

From Propositions 2]l and 2.2, we have the following result.
Corollary 5.1. Let (u,w,\) solve Problem [5:3 and (uf,w®) solve Problem [5]. Then there is C > 0 such
that

lu—ullx + llw = wllp + Velw = wly + Velle (Tu = Z) = Mlex < Ce||Allrx-

5.2. A near flat biomembrane. We give a flavour of how this same theory may be applied to the case of
the Monge-Gauge. The Monge-Gauge is studied in [I4] and it is noted that it is a geometric linearisation of
the Canham-Helfrich energy or indeed, formally, the limit as R — oo in the a given in Definition 5.1l Let Q
be a smooth bounded domain in R?, and fix & > 0 and ¢ > 0. Fix N € N and distinct X; € Qfori=1,...,N
so that S =R and T is the evaluation map at these N points.

For this flat problem, we consider the Monge-Gauge energy [14]. The numerical analysis for this has been

considered in [I8] for finite size particles with constraints on closed curves using a penalty method. The
authors make use of higher order H? conforming finite elements so do not need to split the equation.

5.2.1. Fourth order formulation.
Definition 5.3. Define a: H*(Q2) x H?(Q) — R by
a(u,v) = / KAuAv + oVu - Vo,
Q
T:C(Q) = RN by

Tu = (WX,
and for any € > 0, a.: H*(Q) x H*(Q) = R by

(Tu, Tv)gn.

1
ae(u,v) := a(u,v) + —
€

It may be seen [I4] that a is coercive over V := H?(Q) N Hg(£2), which corresponds to so called Navier

boundary conditions, which we consider here.

Problem 5.5. Given f € (H%*(Q))*, find w € V minimising a(u,u) — (f,u) subject to uw(X;) = Z; for
t=1,...,N. This has variational formulation to find w € V such that u(X;) = Z; fori=1,..,N and

alu,n) = (f,n) YneV :Tn=0.

Problem 5.6. Given f € (H*(Q))*, find u® € V minimising ga(u,u®) + o=|Tu — Z|* — (f,u). This has
variational formulation to find u¢ € V such that

1
ac(u,n) = —(Z, Tn)e~ + (fim) YneV.

Theorem 5.4. There are unique solutions to both Problems and [2.0]

Proof. This is shown in [I4] by making use of the Lax-Milgram theorem with the coercivity of a over V. O
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For f = 0, these are the membrane problem studied in [I4}[I8]. In very much the same way as the
preceding subsection, one may see that the point constraint problem can be written as the following PDE
in distribution

N
kAZu — o Au + Z Aidx, = f in Q,
i=1
’U,(Xl) = Zl for 1 = 1, ...,N,
uloa = Aulan = 0.

With the penalty problem having the distributional PDE,
) 1 1
kA*u® — o Aut + E;uE(;Xi =f+ E;ZiaXi in
u|an = Aulaq = 0.
5.2.2. Second order splitting applied to this fourth order problem.

Definition 5.4. Let co > ¢ > 2 > p > 1, then we define X = Wy'%(Q), Y = WyP(Q), L = L*(Q) and
S =RYN, with the operators

c: X x X =R,
b: X xY =R,
m: L xL—R,

given by

c(u,n) :/Q (2—2) Vu - Vn—un,

R

b, €) :/Q Vi VE 4,
m(n,€) = /Q e,

This definition allows us to pose the problems for this flat case. Note the generalisation of Problems
and by the inclusion of ¢ in the right hand side of the second equations.

Problem 5.7. Given f € (W14(Q))*, g € (WLP(Q))*, find (u,w,\) € X x Y x RN such that

C(Uﬂ?) + b(na w) + (Tnv )‘)RN = <fa 77> vn e X,
b(u,{) - m(wag) = <ga€> Ve ey,
Tu=Z.

Problem 5.8. Given f € (W14(Q))*, g € (WLP(Q))*, find (uf,w®) € X XY such that
c{u,m) + bl w) + = (Tu, Tl = (f.1) + = (2, Ta)a Ve X,
b(u, &) —m(w*, &) = (g.¢) VEeY.
Checking the required assumptions, Asssumptions 211 23] 2.4 and hold almost identically as in
Subsection [5.1] and gives the following theorem and corollary.
Theorem 5.5. There are unique solutions to Problems and [5.7
Corollary 5.2. Let (u,w,\) solve Problem [5.7 and (u®,w®) solve Problem [5.8. Then there is C > 0 such
that

lu—wllx + lw = wp + Vellw = wly + Vele (Tu = Z) = Mgy < Cl[Are.
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6. FINITE ELEMENT APPROXIMATION OF THE MEMBRANE PROBLEMS WITH POINT CONSTRAINTS
6.1. A near spherical biomembrane.

Definition 6.1. Define the following bilinear forms on the discrete function space

o 2 20
cn(un,mn) —/Fh <E —-2- ﬁ> Vr,un - Vr,mn — <1 + W) URTh s

b (s &n) :/F Vrunin - Vr, &+ nnén,
h

mn Ny, &) =/ M,

Tn
with Tyny == Ty}, We take fn, gn € (S},)* to satisfy (fn.nn) = (f,m)s (gn:&n) = (9:&},)-
We now verify Assumption
Proposition 6.1. There is C > 0 such that

b(nt,wh) + (A\n, Tnk) + m(wt, €
Ol 1+ Al < sup ) O, T ) + ko, 8)
(L £L)E(SLNX) x(SLAY)) 111 + 1651110
Proof. Well-posedness of Problem [5.3 gives that for any (u,w,\) € X x Y x R¥ there is C' > 0 such that
C(’LL, 77) + b(nv ’LU) + (Tna A) + b(uv 5) B m(wv 5) + (T’LL, X)]RN

Cllullig + llwlig + M[ev) < sup

(1:6.X) [mll1.q + 1€l + Ixllry
EX XY xRN
By applying this with (0,3}, xn) € X x Y NS}, x RY,
b(n,yt )+ (T, xn) +m(yl,
||y§LH1p+ HX}-LH]RN SO sup (77 yh) ( X ) (yh 5)
(nE)EXXY 7M1, + €110
—C sup b(thu yé) + (Tnnu Xh) + (T(T] - th)7 Xh) + m(yézu Phg)
(ME)EX XY 7ll1,q + 1€ll1,p
b(II ! TII L P
<C  sup (Inn, y3,) + (THpn, xa) + m(yg,, Paé) + C/h1—2/q| log ()|l xnlr~ -
(nE)EX XY 1k nll1,q + [[Péll1,p

Where Py, is the L?(T') projection, the log term appears from || — Inllo.0.o < C|log(h)||ln — Ik nllo.co 221,

the h'=2/9 follows from interpolation inequalities and P, is a bounded operator from WP(T') to itself [5].
Thus for sufficiently small h, this completes the proof.

Problem 6.1. Find (up,wp, A\n) € Sp X Sp X RN such that th up, = 0 and

cn(Un, M) + bn(ns wa) + (Thnn, An)ry = (fa,nn)  Vin € Sh - / np =0,
Fh

bu(un, &n) — mu(wn,nn) = (gn,n)  YEn € Sh,
Thuh =Z.

Theorem 6.1. There is unique solution to Problem [6.1l. Moreover, for g € L*(T) it holds that
lu = uhllz + llw = wj o < CRI(|fll-1.p + llgllo.2 + | Z][rn)-

One might hope that estimate follows from Theorem 3.1l Corollary 3.1l and Proposition B.Jl However,
it is possible to see that due to our choice of 7' the maximum regularity one might expect is X = H?(T),
X =wW3»(I),Y =Y = WH(I'), and § = S = S, which would give & = 8 = 0 in the context of Proposition
B As such we require a different method, the idea is to, in the proof of Proposition Bl pick &5, to be IT,w
which gives that the term which would depend on ||¢ — &! ||y vanishes. We also address the fact that the
typical lift map from the discrete surface to the continuous surface will not, in general, preserve the integral
of functions.
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Proof. The existence follows from Theorem Bl For the estimate, consider (v, ¢,x) € X x WLP(T') x RY
such that

c(n, ) +b(n,¢) + (Tn,x) = (u—up, Marry Vn€ X,
b(wag) - m(¢7 5) = (w - w;mf)[ﬁ(l“) Vf € Wl’p(r)a
T = A= An.
This has unique solution with [|¢|2,2 + [|¢]l1,p + I Xller < C(lu—ub |12+ ||w—w |02+ A= Anllg~). Testing
this system with (u — u!, + [ul],w — w}, A — \p,), where [v] := \Tl| Jr-v is the average value of v, gives
llu = uplIf 2 + (u =y, [ug]) o oy +llw = whIg 2 + A = Anllzn
=c(u—uj, + [up], ) + (W), w —wp) + (T, A = An)ew
+b(u = uj, + [up], ¢) — m(w — wj,, @) + (T(u — uj,), -

The final term here is 0 when A is sufficiently small that Thu, = Tuﬁl = Tu = Z, and it holds that
I[ul]| < Ch2|[ul,|lo,2. We consider

b(u — ujy, ¢) — m(w — wy,, ¢) =(g,¢ — Wn) + (g, ne) — (gn, Mnep™")
+ m(wy,, ¢ = M) + bp (un, ™) — b(uj,, Mng)
+ m(wh, Tg) — ma(wn, o™
<C[(llgllo.2 + lwhllo.2) [l — T llo,
+02 (llgllo,z + lupllig + lwhllo2) 16]l1.]
<C [h2/q(||9||o,2 + [[whllo.2) + B (llgllo,2 + 1ubllng + [[whllo2) | 16]11,-
For the remaining terms,
c(u —uk, ) +b(h,w — wh) + (TP, \ — A\p)rw
=(f, ) — c(up, b — Tip) = b(ep — Tih, wi,) — (T(¢ — Ijb), An)r
— c(up, I) = b(Iyw, wy) = (TIy, An)ex = (frs Into = [Tnt)])
+ cn(un, Inth — [In¥]) + bn(In — [In¥], wn) + (Th(Inth — [In¥]), An)rw
<SC[UF =10 + llunll1q + lwhllp + IAnllza) 19 = Lol
+ B2l gl g + gl + 1w lley + [1F1-10)
+ Int) (g ll1,g + llwhllp + [y + 1 11-1)]
<C[R(f =10 + Nhllg + lwhlle + [Anles) 92,2
+ P2l (bl + [kl + A ley + 1F11-1,0)
+ [In ) (lub g + lwhllue + I lley + 1 11-1,)]
where we may see that [I,1] < Ch?||¢||22, and we have used
o T8 — (s Tn) < ORI 1 gl T,

which follows from the estimates on m and mj; and using density. Hence we have, after using Young’s
inequality on the additional left hand side term,

llu = |} o+ llw = will§ 2 + A = Anllgn
<CR4(llglloz + 1 |-1.0 + lullng + l1whllrp + IXellew) (10122 + [1]1.0),

which after using ||ul, |14 + |0} |15 + | Aellzy < Clgllo2 + |1 fll=1.p + [|Z]lr~), and the regularity estimates
assumed for |[¢]|2,2 + ||¢]l1,p, gives the result. O

We now wish to improve this estimates to the spaces which are natural to the problem.
22



Corollary 6.1. Under the assumptions of the above theorem, it holds that
lu = uillig < CR*9(lgllo2 + 1 1-1p + [ Z][e)-
Proof. The inf-sup condition in Lemma [B.1] gives,

b ool
Bllu— g sup L tt)
cewrrm  |€llp

where we see
b(u =y, €) =m(w, & = T€) + (g, — Tag) + m(w — wj,, T1)
+ m(wh, TTr€) = b(uh, TT€) + (g, Tn)
= mu(wp, (1) ™) + ba(un, (ITh€) ") — (gn, (1) ")
<Ch*(|lwllo,2 + lgllo2)lI€ll1p + Cllw = whllo,2 1€ )1,
The estimate shown for ||w — wl |02 in Theorem [6.1] completes the result.
Corollary 6.2. In addition to the assumptions of the above, assume f € C(I')*, it then holds,
Jw — w15 < CRPRE/P=12/9 g ()| (| flloqry- + lgllo2 + |2 ).
Proof. The inf-sup condition from Proposition gives,
b(n, w — wj, — [w] + [w},]) b(n, w — w},)

Fllw = w), = [w] + [w)]1p < sup = sup
nex 71,4 nex  nllig

Thus we calculate
b(n, w —wy,) =(f,n — ) — ¢(u,n = Tpn) — (A, T(n = Tnn))w
+ (f, ) + e(up, =, Tpn) + (An = X, THRn)gs — (A, THa1)ga
— c(uj,, yn) — b(Iyn, w),)
+ e (un, 1" m) =+ bn (T, ', wa) + (i, TaIly 'man — (f, 11, ').

For our particular choice of ¢, it holds that c(u,n) < Clull2,2||nllo,2. For f € C(I')* it holds (f,n)
Il fllcy=lInllo,co- Furthermore, we have that TuIT 'y = Ty by definition. From [22] || — 410,00

C|log(h)||n — I nllo,c0- Together, this gives
b(n,w —wj,) < Cllnlvg[hlull2z + og(h) =2 1[N e~ + | fllor)-)

+llu =z + A = Anlley + B2 fllewy + lubllig + lwhllp)]-

Using the estimate in Theorem 611 for ||u — ul ||1.2 + [|X — An|[gy completes the proof.

VANRVAN

O

Notice that for p = 4/3, this results in almost ht convergence. We now look at the problem with penalty,

which follows as in Theorem
Problem 6.2. Find (u§,w) € S, x S such that fr, ug, =0 and

1 1
cn(ufy, nn) + bn(nn, wy,) + E(TthLaTnh)RN = (fn.mn) + ;(Z, Tnn)rw Vi, € Sp / nn =0,
Fh

bn(up, §n) — m(wh, &n) = (gh, En) V& € Sh.

Theorem 6.2. There is a unique solution to Problem [62. Moreover, for g € L*(T'), it holds for f €

Wl’q(l—‘)*,
[uf = (u) 1,2 + [l = (w) o2 < CBY T+ V(| fll-1p + l9lloz + 1 Z]lz)
In particular,
lue = (uf) 1,6 < CE T+ VO f-10 + llgllo2 + 1 Z]]z)
and if f € C(I)*, then for any 1 < p < 2 < ¢ < oo with p,q conjugate

Jw® = (wf,)!|1,p < C(R™EP=12/D Nog(R)| + Ve) (|| flley- + lgllo2 + | Z][aw).
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Proof. The results follow from the same argument as Theorem [B.3] where we have the results of Theorem
and Corollaries and to give the h estimates and we may see from Corollary 2.1l and Lemma [3.1]
the € approximation. O

6.2. A flat biomembrane. We here outline the existence results and estimates as in the preceeding subsec-
tion for the case of the nearly flat membrane problem discussed in Subsection We make the simplifying
assumption that 2 is convex and polygonal.

Definition 6.2. Let T;, be a triangulation of Q with Q = Uker, K and K° N (K')° = 0 VK, K' € Ty, for
K # K'. Define
Sp={xeC) : x|x € P/(K) VK € Tp,}.

Where P1(K) is the polynomials of degree 1 or less on K. The Lagrange basis functions ¢; of this space are
uniquely determined by their values at the so-called Lagrange nodes q;. The associated Lagrange interpolation
I : C(Q) = Sy, is given by Inf =", f(q;)¢i. We again take the linear functionals as in Definition[5.4] and

assume that Ty, is a reqular triangulation.
Problem 6.3. Find (up,wn, \) € Sy, x Sp x RN such that
c(un,Mn) + b(h, wa) + (Tn, Ap)rsy =(fh, M) Vin € Sh

b(un,&n) — m(wn, &) =(9,&n) Yén € S
Tuh =Z.

Problem 6.4. Find (uj,w;) € Sy x Sy, such that

1 1
c(ug, nn) + b(w, wy,) + ;(Tui, Tnn)en =(f,nn) + ;(Z, Tnn)rn Vin € Sp
b(un, &n) — m(wn, &n) =(g,&h) VY, € Sh

Theorem 6.3. There is a unique solution to Problem [6.3. Moreover for g € L?(Q) and any q > 2, it holds
for [ e (Whi(Q))*

lu = unll1q + 0 = willoz < CAH I fll-15 + lgllo + | Z]rx)
Furthermore, if f € (C(Q))*, with % + % =1,

lw = wp 1 < CR™MEP=L2D log(B)]) (1 flle)- + lglloz + 1 Z]rw).

Theorem 6.4. There is a unique solution to Problem[6.4} Moreover for g € L*(2) and any q > 2, it holds
for f € (Wha(Q))*

[ue = ufllq + [0 = willoz < O+ VeI fll-1p + lglloz + 1 Z][r~)
Furthermore, if f € (C())*, with % + % =1,

lw® = wh |1 < CR™MEP=L2D Nog(R)] + Ve (I flleqy + lglloz + 1 Z]|aw).

These results follow from a slight variation of the arguments presented in Subsection [G.11

7. NUMERICAL EXPERIMENTS

We conclude with some numerical examples. All of the numerical examples are done for the biomembrane
problem as outlined in Section Bl When we discuss the error at level h, we will be referring to the relative
error, where we define the relative error between u and u! in norm || - [|w to be given by Ew (h) :=
lu — ul|lw/l|ullw. The EOC (experimental order of convergence) between levels hy and hs is given by
EOCw (hi, ha) :=log(Ew (h1)/Ew (h2))/log(h1/hs). In the experiments, we will take the EOC to be at the
current level and the previous refinement.

All the experiments have been implemented under the Distributed and Unified Numerics Environment
(DUNE) [1L13].
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7.1. Flat case experiment. The first example is for a flat domain. Let  be the unit disc in R? centred at
the origin and P := {(0,0), (0.5, 0), (—0.5,0), (0,0.5), (0, —=0.5) } be 5 distinct points in 2. The PDE boundary
value problem is
A’y =0in Q\ P
such that
uw(X;) = g(X;) VX; € P, ufoa = Aulosa =0,

where g(z) :=1— |z|* + @ log(|x|?). It has the solution

2 7P 2
u(@) =1 = |z|” + =~ log(|z]").
This can be viewed as a flat biomembrane problem with k = 1 and ¢ = 0. The coupled second order

system is
20u —u—Aw+w=01in Q\ P,
—Au+u—w=01in ),

ulan = wlan = 0,
u(X;) = g(X;) VX; € P.

As in Subsection [5.2] we see that for the first equation, this is not posed on the domain €2, but away from
the points being constrained.
The bilinear forms become

Since the problem is posed with homogeneous Navier boundary conditions on the unit disc, we may pose
the discrete problem on a polygonal domain 2 which approximates the unit disc from within and extend
the finite element spaces to be 0 in the skin Q\ £2;,. We only calculate the error on the discrete domain, it is
clear that the error due to the skin will be sufficiently small that it should not interfere with the calculated
interior error. Errors are displayed in the Tables [[l 2 and Bl The errors of ||w — wp||o,2, [Jw — wh||17% and
[l — up||1,2 behave as expected from the theory provided in Section [l whereas the errors ||u — up|lo,2 and
[IA = An|lgrs converge at a higher rate.

h EL- Em EOC: | EOCimi
0.420334 | 0.0347383 | 0.132332 | — -

0.221925 | 0.010496 0.0724977 | 1.87385 | 0.943152
0.113732 | 0.00293398 | 0.0377392 | 1.90671 | 0.976601
0.0575358 | 0.000787479 | 0.0191858 | 1.93016 | 0.992797
0.0289325 | 0.000206736 | 0.00965453 | 1.94547 | 0.998988

TABLE 1. Errors and experimental orders of convergence for u — uj, in the flat case experi-
ment, Subsection [T.1]

h Ep E_.i |EOC[EOC, .,
0.420334 | 0.0242845 | 0.435937 | — -

0.221925 | 0.0114147 | 0.316908 | 1.18197 | 0.499267
0.113732 | 0.0057894 | 0.228215 | 1.01552 | 0.491137
0.0575358 | 0.00292883 | 0.162944 | 0.99999 | 0.494371
0.0289325 | 0.00147189 | 0.115812 | 1.0009 | 0.496675

TABLE 2. Errors and experimental orders of convergence for w — wy, in the flat case exper-
iment, Subsection [.1l
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h Ep2 EOCy:
0.420334 | 0.00621158 | —
0.221925 | 0.00492358 | 0.363827
0.113732 | 0.00218382 | 1.2161
0.0575358 | 0.000763246 | 1.5427
0.0289325 | 0.000235913 | 1.70795
TABLE 3. Errors and experimental order of convergence for A — A in the flat case experi-
ment, Subsection [Tl

7.2. Surface numerical experiment. The second numerical example is for the surface of the unit sphere,
I':=S(0,1). The point constraints are fixed at the six distinct points P := {(%1,0,0), (0, £1,0), (0,0, +1)}.
We consider the problem of Kk = 0 = R =1 in the forms defined in Definition corresponding to, is to the
PDE boundary value problem, find (u, p) such that
Aiu+Aru—2u+p=f—Arg+ginT\ P,
U(XJ) = Zj VX] e P,

/uzO,
r

1
f=923log(1 — x3) + 923 — 2log(1 — x3) + 5(5 +3log(4)), Z, =U(X;) j=1,2,..,6,

where

g = —3xslog(l — x3) — 3z5 — %(1og(4) +1)
and )
U=(1-ux3)log(l —xa3)— 5(10g(4) —1).

We recall that p arises as the Lagrange multiplier associated to the constraint fF u = 0, as in Subsection 5.1
The solution to this problem is u = U, p = 0. The second order splitting system is taken to be

3Aru—3u—Arw+w+p=finIT'\ P,
—Arut+u—w+qg=gin T,
j :Zj VXjEP,

u(X;)
/Fu: w0

where ¢ is the Lagrange multiplier due to the constraint on the mean value of w.
Thus the forms of Definition with k = 0 = R = 1 are given by

b(u,n) = /FVFu -Vrn+un, c(u,n) =—=3b(u,n), mw,§) = /ng

The well-posedness of the problem follows from Section Bl and has solution v = U, w = log(1 — x3).

In these numerical computations, implementation of the point constraints is achieved via penalty with
e = 1078, a value chosen sufficiently small as to play no role in the investigation of the order of convergence
with respect to h. The errors are displayed in Tables[d and Bl They behave similarly to that of the flat case
experiment and are consistent with the theory provided in Section

7.3. Penalty experiment. We now fix h to be sufficiently small that it should contribute little error and
take a sequence of € which will tend to 0. For simplicity, we consider the same experiment as in Subsection
Where previously the quantities £ and EOC have been functions of h, they will now be functions
of € in the expected way. The grid is fixed to be the smallest grid used in the previous experiment with
h = 0.0196703. In Tables [0l [ and []] we see that the errors are consistent with the results of Corollary B.1],
Theorem 6.1l and Theorem
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h EL- Em EOC: | EOC
0.311152 | 0.012565 0.0841661 | — -

0.156914 | 0.00356525 | 0.042819 | 1.84007 | 0.987187
0.0786276 | 0.000990194 | 0.0215476 | 1.85403 | 0.993838
0.0393352 | 0.000276744 | 0.0107968 | 1.84061 | 0.997706
0.0196703 | 7.88541e-05 | 0.00540193 | 1.81165 | 0.999252

TABLE 4. Errors and experimental orders of convergence for u — u!, in the surface numerical
experiment, Subsection

h ELs E_ . EOCy: [ EOC,
0.311152 | 0.0486308 | 0.236187 | — =

0.156914 | 0.0212111 | 0.165895 | 1.21203 | 0.516039
0.0786276 | 0.0098867 | 0.118446 | 1.10472 | 0.487569
0.0393352 | 0.00478169 | 0.0845555 | 1.04879 | 0.486638
0.0196703 | 0.00235552 | 0.0602071 | 1.02167 | 0.49006

TABLE 5. Errors and experimental orders of convergence for w —wﬁL in the surface numerical
experiment, Subsection

€ EL2 EHI EOCL2 EOCHl
0.2 0.178146 | 0.173119 -

0.1 0.09091 0.0910002 | 0.970551 | 0.970551
0.05 0.0462214 | 0.0477307 | 0.975878 | 0.930951
0.025 | 0.0233842 | 0.025107 | 0.983028 | 0.926831
0.0125 | 0.0117769 | 0.013647 | 0.989572 | 0.879506

TABLE 6. Errors and experimental orders of convergence for v — (uf,)" in the numerical

experiment, Subsection

€ EL2 E 1.4 EOCL2 EOC 1.4
0.2 0.337878 | 0.441999 | - -

0.1 0.191338 | 0.29658 0.820381 | 0.575622

0.05 0.107691 | 0.19941 0.829231 | 0.572684

0.025 | 0.0592661 | 0.134285 | 0.861611 | 0.570441

0.0125 | 0.0316392 | 0.0952299 | 0.905497 | 0.495808

TABLE 7. Errors and experimental orders of convergence for w — (w;)l in the numerical
experiment, Subsection [7.3l

7.4. Surface numerical and penalty experiment. We now couple € and h, we take ¢ ~ Ch?. The same
experiment as in Subsections and is used. The E and FEOC' are calculated in terms of the grid size
h. In Tables [@ and [I0] we see that the errors are consistent with the results of of Corollary 5.1l Theorem
and Theorem
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€ EZZ EOCg2
0.2 0.568092 | —

0.1 0.421624 | 0.430169
0.05 0.287481 | 0.552491
0.025 | 0.177819 | 0.693052
0.0125 | 0.101217 | 0.81296

Thup,—Tu

TABLE 8. Errors and experimental order of convergence for A — in the numerical

experiment, Subsection [7.3l

h € EL2 EHI EOCL2 EOCHI
0.311152 | 0.2 0.182674 0.193639 - -
0.156914 | 0.05 0.0471203 0.063719 1.97931 | 1.62364
0.0786276 | 0.0125 0.0118776 0.0248031 | 1.99435 | 1.36548
0.0393352 | 0.003125 0.00296094 | 0.0112296 | 2.00569 | 1.14411
0.0196703 | 0.00078125 | 0.000776274 | 0.00546128 | 1.9318 | 1.0402

TABLE 9. Errors and experimental orders of convergence for u — (u$)' in the numerical
experiment, Subsection [7.4]

h € ELZ EHI EOCLZ EOCW1%
0.311152 | 0.2 0.337009 0.488743 - -
0.156914 | 0.05 0.104921 0.253073 1.70455 | 0.961402
0.0786276 | 0.0125 0.0310131 | 0.140968 1.76387 | 0.846845
0.0393352 | 0.003125 0.00893405 | 0.0271549 | 1.79691 | 0.667151
0.0196703 | 0.00078125 | 0.00300472 | 0.00677873 | 1.57239 | 0.54459

TABLE 10. Errors and experimental orders of convergence for w — (wf)! in the numerical
experiment, Subsection [7.4
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