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Abstract

We present a parametric finite element approximation of a fluidic membrane,
whose evolution is governed by a surface Navier—Stokes equation coupled to bulk
Navier—Stokes equations. The elastic properties of the membrane are modelled with
the help of curvature energies of Willmore and Helfrich type. Forces stemming from
these energies act on the surface fluid, together with a forcing from the bulk fluid.
Using ideas from PDE constrained optimization, a weak formulation is derived,
which allows for a stable semi-discretization. An important new feature of the
present work is that we are able to also deal with spontaneous curvature and an
area difference elasticity contribution in the curvature energy. This allows for the
modelling of asymmetric membranes, which compared to the symmetric case lead
to quite different shapes. This is demonstrated in the numerical computations
presented.
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1 Introduction

Biomembranes and vesicles typically consist of lipid bilayers, which have elastic properties
that can be modelled with the help of curvature energies. Already in equilibrium one
observes a variety of shapes, and we refer to the overview by Seifert (1997) for a detailed
account of the arising forms. The membranes typically are in a fluidic state, and they
are locally incompressible. Hence the incompressible surface Navier—Stokes equations
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describe the flow on the membrane. These surface Navier—Stokes equations have to be
coupled to bulk Navier—-Stokes equations, which model the evolution of the surrounding
bulk fluid. Stresses resulting from the bulk fluid act on the membrane, as well as forces
stemming from the first variation of the curvature energy. The underlying elastic energy
is a generalization of the Willmore energy, see Willmore (1993), which is proportional to
the integral of the squared mean curvature. Due to the bilayer structure of the membrane,
often a top-down asymmetry arises, which makes it necessary to generalize the Willmore
curvature model. One example of such a generalized model is the spontaneous curvature
model, in which the Willmore energy % fr »? is replaced by % fr(% — %)% where s is the
mean curvature and 3 is a given constant. This model goes back to Helfrich (1973) and
Canham (1970), and it is by now widely used. We refer to Martens and McMahon (2008)
and Kamal et al. (2009) for recent discussions and experiments related to this model.

A typical phenomenon is that the two layers of the membrane bilayer have a differ-
ent number of molecules. Since the distance d between the two layers is small, one can
approximate the area difference between the two layers by d fr ». Based on this, Miao
et al. (1994) introduced a curvature model which still assumes that the mid-plane be-
tween the two layers is incompressible. However, the two layers themselves can slightly
compress or expand under stress. The area difference between the two layers then leads
to the fact that a certain value for [}, s is energetically favorable. In the area difference
elasticity (ADE) model of Miao et al. (1994), see also Seifert (1997), a contribution which
is proportional to ( fr s — My)?, where My is the relaxed area difference, is added to the
elastic curvature energy. For more details on this curvature elasticity model we refer to
the excellent overview by Seifert (1997), and for more information on fluid vesicles and
membranes in fluids, we refer to the recent work of Abreu et al. (2014).

The overall dynamical model studied in this paper is given by the coupled bulk and
surface Navier-Stokes equations, as discussed above, while taking a forcing from the cur-
vature elasticity energy into account. Without the ADE-contribution this model goes back
to Arroyo and DeSimone (2009), and a first numerical analysis of a discrete approximation
of this model, in the absence of spontaneous curvature effects, has recently been given
by the authors in Barrett et al. (2016). A mathematical analysis, also considering well-
posedness issues of variants of this model, has been performed by Kéhne and Lengeler
(2015) and Lengeler (2015). The dynamics of lipid membranes and vesicles have been
studied numerically by many authors. We only refer to the work of Aland et al. (2014);
Arroyo and DeSimone (2009); Barrett et al. (2008, 2016); Bonito et al. (2010, 2011); Du
et al. (2004); Elliott and Stinner (2010); Franke et al. (2011); Hu et al. (2014); Kriiger et al.
(2013); Laadhari et al. (2014); McWhirter et al. (2009); Mercker et al. (2013); Rahimi
and Arroyo (2012); Rodrigues et al. (2015); Salac and Miksis (2012); Shi et al. (2014).
The above mentioned papers used different evolution laws (L*-gradient flow, simplified
fluid models, phase field evolutions, particle-based hydrodynamic evolutions, etc.), and
often simplified curvature elasticity models, or substituted the curvature contributions by
a spring type model.

Due to the complexity of the model, results on the numerical analysis of this type
of problem is limited. In a numerical method, fluid flow with an interface has to be



addressed, as well as the curvature energy. In addition, these two contributions have to
be coupled appropriately. For numerical aspects of fluid flow with a free boundary we refer
the reader to the book of Grofl and Reusken (2011) and to Bénsch (2001). An important
contribution to the numerical approximation of evolution problems involving curvature
energies of Willmore type is due to Dziuk (2008), who introduced a semi-discretization
of the L?>-gradient flow of the Willmore energy, for which he was able to show a stability
result. We stress that the stability result in Barrett et al. (2016) is the only analysis
available in the literature for a numerical method approximating a dynamical model
of fluidic biomembranes. Extending this analysis to a model that also includes energy
contributions arising from the asymmetry of the membrane, i.e. spontaneous curvature
and /or area difference elasticity contributions, is the goal of this paper.

The remainder of the paper is organized as follows. In Section 2 we present the
mathematical model that we wish to study in detail. Using ideas from PDE constrained
optimization, we are able to derive a weak formulation in Section 3, which then allows
for a semi-discretization (continuous in time, discrete in space), for which we can show
a stability bound, see Section 4. The discretization is based on a parametric method
for the interface, which is then coupled in an unfitted way to the bulk equations. The
velocity and pressure in the bulk are discretized with the help of standard Taylor—Hood
type elements. In Section 5 we introduce the fully discrete and fully coupled discrete
system, for which we show unique solvability under appropriate assumptions. After a
discussion of possible solution methods for the resulting linear systems in Section 6, we
present several numerical computations demonstrating the practicability of the method
and the effect of the asymmetry in the membrane in Section 7.

2 Governing equations

Let Q C R? be a given domain, where d = 2 or d = 3. We seek a time dependent
interface (I'(t))¢co,r, I'(t) C €2, which for all ¢ € [0, 7] separates  into a domain Q. (t),
occupied by the outer phase, and a domain Q_(t) := Q\ €, (¢), which is occupied by the
inner phase, see Figure 1 for an illustration. For later use, we assume that (I'(£))cjo,r7 is
a sufficiently smooth evolving hypersurface without boundary that is parameterized by
Z(-,t) : T — R where T C R? is a given reference manifold, i.e. I'(t) = Z(Y,¢). Then

—

V() = 7(Gt) Y Z=2{1 eTl() (2.1)

defines the velocity of I'(¢), and V := V.7 is the normal velocity of the evolving hypersur-
face I'(t), where /(t) is the unit normal on I'(¢) pointing into €2, (t). Moreover, we define
the space-time surface Gr := ;o I'() x {t}.

Let p(t) = py Xo, @ + p— Xo_@, with pr € Ry, denote the fluid densities, where
here and throughout X4 defines the characteristic function for a set A. Denoting by
@:Qx[0,T] — R? the fluid velocity, by g : © x [0, 7] — R**? the stress tensor, and by

f : 2 x [0,T] — R? a possible volume force, the incompressible Navier-Stokes equations
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Figure 1: The domain € in the case d = 2.

in the two phases are given by

p(ﬁtJr(ﬁ.V)ﬁ)—V.g:pf in Q4 (t), (2.2a)
V.i=0 in Qu(t), (2.2b)

U=g on 0,€2, (2.2¢)

ol = 0 on 02, (2.2d)

where 90 = 0;Q U 0,9, with 0,2 N 32 = 0, denotes the boundary of Q with outer unit
normal . Hence (2.2c) prescribes a possibly inhomogeneous Dirichlet condition for the
velocity on 92, which collapses to the standard no-slip condition when § = 0, while
(2.2d) prescribes a stress-free condition on ). Throughout this paper we assume that
HILH91Q) > 0. We will also assume w.l.o.g. that § is extended so that §: Q — R% In
addition, the stress tensor in (2.2a) is defined by

o=p(Vi+ (Va)")—pld=2pD(@) - pld, (2:3)

where Id € R™“ denotes the identity matrix and D(a@) := 5 (V@ + (V1)) is the rate-of-

deformation tensor, with Vo = (0%. Ui)jjz

and pu(t) = pq Xo, @) + p— Xo_@), with pi € Ry, denotes the dynamic viscosities in the
two phases. On the free surface I'(), the following conditions need to hold:

|- Moreover, p: Q X [0,7] — R is the pressure

[@* =0 on I(t), (2.4a)
prdfi—V,.or =)t +afr  onD(t), (2.4b)
V,.i—=0 on T(t), (2.4¢)
V.ii=a.v on T'(t), (2.4d)

where pr € R> denotes the surface material density, a € R is the bending rigidity and

the source term fr := fr v/, arising from the curvature energy of I'(¢), will be defined in
(2.11b), below. In addition, V. denotes the surface divergence on I'(¢), and the surface
stress tensor is given by

ar =2pr Dy(@) —pr Pr on I'(t), (2.5)
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where pur € Ry is the interfacial shear viscosity and pr denotes the surface pressure,
which acts as a Lagrange multiplier for the incompressibility condition (2.4c). Here

Pr=Id-0v®v onl(t) (2.6a)

and
Dy(@t) =+ Pr (Vs + (V,@)")Pr onT(t), (2.6b)
where Vi = PrV = (0,,...,0,,) denotes the surface gradient on I'(t), and V4 =

Jr

(95, ui)jjzl. Moreover, as usual, [d]* := @, — - and [oV]" := g U — g/ denote the

jumps in velocity and normal stress across the interface I'(¢). Here and throughout, we
employ the shorthand notation by := b |q ¢ for a function b : Q x [0,7] — R?% and

similarly for scalar and matrix-valued functions. In addition,
fC=¢+ud. V¢ V(e H(Gr) (2.7)

denotes the material time derivative of ( on I'(t). We compute 9f ¢ with the help of an
extension of ¢ to a neighborhood of Gr. Here we stress that the derivative in (2.7) is
well-defined, and depends only on the values of ( on Gr, even though (; and V ¢ do not
make sense separately for a function defined on Gr; see e.g. Dziuk and Elliott (2013, p.
324). The system (2.2a-d), (2.3), (2.4a-d), (2.5) is closed with the initial conditions

ro)y="=y, pu-,0)=pty inQ, pru(-,0)=priy only, (2.8)

where I'y € Q and @y : Q — R? are given initial data satisfying pV ., = 0 in €,
pr Vs.idy =0 on I'yg and py iy = py g on 0,£2. Of course, in the case p_- = py = pr =0
the initial data i is not needed. Similarly, in the case p_ = p, = 0 and pr > 0 the initial
data 1 is only needed on I'y. However, for ease of exposition, and in view of the unfitted
nature of our numerical method, we will always assume that ), if required, is given on

all of Q.

It is not difficult to show that the conditions (2.2b) enforce volume preservation for
the phases, while (2.4c) leads to the conservation of the total surface area H41(T'(t)), see
(3.6) and (3.7) in Section 3 below for the relevant proofs. As an immediate consequence
we obtain that a sphere I'(t) remain a sphere, and that a sphere I'(f) with a zero bulk
velocity is a stationary solution. In addition, in the case d = 2 the condition (2.4c)
immediately implies that D,(u@) = 0 on I'(¢), which means that in two space dimensions
the problem is independent of the value of jp.

Furthermore, we note that
Vi.or =2ur V. Dy(@) — Vs . [pr Pr] =2 ur V,. Dy(1) — Vipr — s¢prv.

Here s denotes the so-called mean curvature of I'(¢), i.e. the sum of the principal curva-
tures s, i = 1,...,d — 1, of I'(t), where we have adopted the sign convention that s is
negative where Q_(t) is locally convex. In particular, it holds that

Ajid=xi=% onl(t),



where A; = V.V, is the Laplace-Beltrami operator on I'(t).

The Willmore energy of I'(¢) is given by
E@@):;/ %d%dﬁzé/ |72* dH, (2.9)
I'(@) L)

see e.g. Willmore (1993) for details. Realistic models for biological cell membranes lead to
energies more general than (2.9). In the original derivation of Helfrich (1973) a possible
asymmetry in the membrane, originating e.g. from a different chemical environment, was
taken into account. This led Helfrich to the energy

E%(F(t)):%/ (5 — 7)? d?—[dlzé/ 1% — 32 )? dHO,
I'(t) I'(t)

where 3¢ € R is the given so-called spontaneous curvature. Biological membranes consist
of two layers of lipids. The number of lipid molecules is conserved and there are osmotic
pressure effects, arising from the chemistry around the lipid. These both lead to con-
straints on the possible membrane configurations. Most models for bilayer membranes
take hard constraints on the total area and the enclosed volume of the membrane into
account. The fact that it is difficult to exchange molecules between the two layers imply
that the total number of lipids in each layer is conserved and hence an area difference
between the two layers will appear. The actual area difference can, to leading order, be
described with the help of the total integrated mean curvature, see Seifert (1997). Now
one can either incorporate this area difference by a hard constraint on the integrated
mean curvature or one can penalize deviations from an optimal area difference. In the
latter case, we obtain the energy

B p(D(1)) = Ex(T(1)) + & (M(D(t) — Mo)? (2.100)

with
M(T(t)) = s dHI = 7. U dH! 2.10b
(1) / . / . (2.100)

and given constants 5 € Rsg, My € R. Models employing the energy (2.10a) are often
called area difference elasticity (ADE) models, see Seifert (1997).

Now the source term fp = fr 7 in (2.4b) is given by the first variation of the energy
(2.10a), i.c.

d — —
ST =— [ fovanit= _/ oV dmiL, (2.11a)
a o o

where

fr=—Ng—(3—=%) |V, 7P+ 3 (36=30)% s+ B (M(T(t)) — Mo) (|Vs 7> —5°) on D(t).

(2.11b)
A short derivation of (2.11a,b) can be found in Barrett et al. (2008). We note that
in the case d = 2, on account of the GauBi~Bonnet theorem, it holds that M(I'(t)) =
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27 m(I'(t)), where m(I'(t)) € {£1} denotes the turning number of I'(t), which is invariant
for (I'(t) )scjo,7)- Hence fris independent of 5, which can also be seen directly from (2.11b)

on recalling that |V, 7> = 327! »2. Moreover,
Ezo(L(t)) = %/ W43 dH — = M(D(t)) = %/ P+ 32 dH — 2w zm(T()).
(1) r(t)

As the total surface length is preserved, due to the condition (2.4c), the forcing fr is also
independent of the spontaneous curvature in the case d = 2. Hence it only makes sense
to consider nonzero values of 3¢ and [ in the case d = 3. Here we note that for g > 0,
as surface area is preserved, the energy (2.10a), up to a constant, is equivalent to (2.10a)
with ¢ replaced by zero and M, replaced by M, +3 Z. Hence it is natural to assume that
x=0if 8 > 0.

It does not appear possible to derive a stable discretization of the system (2.2a-d),
(2.3), (2.4a-d), (2.5) based on the formulation (2.11b). In particular, for the schemes
in Barrett et al. (2008), which are based on the formulation (2.11b), no stability results
are available. Hence in the recent paper Barrett et al. (2016), for the case 32 = 3 = 0,
the authors made use of the stable approximation of Willmore flow introduced in Dziuk
(2008), which is based on the identity

[N

d - —
T % e <fr, >F(t) : (2.12a)
where

P _ = v = v 41
(F1oX) = (V2 VD + (V-2 Ve X + (27 VA W Y)

~2((WAT D) (VT) VX E [H T (2120)

Here (-, -)r( denotes the L*~inner product on I'(t). We note that the approaches in Dziuk
(2008); Barrett et al. (2016) rely on an approximation of the curvature vector s, and so
they cannot easily consider nonzero 3¢ or nonzero 3. It is the aim of the present paper, on
combining the techniques in Barrett et al. (2016) and Barrett et al. (2012), to introduce
a stable numerical approximation of fluidic biomembranes in the presence of spontaneous
curvature and ADE. In particular, based on the techniques in Dziuk (2008), and using
ideas from the formal calculus of PDE constrained optimization, it is possible to extend
the formulation (2.12b) to include nonzero 3z and .

3 Weak formulations

Before introducing our finite element approximation, we will derive an appropriate weak
formulation. Here the main ingredient is to find a suitable formulation of (2.11a,b), which
has the property that the source term fr can be written as the derivative of a suitable
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discrete energy. Once such a formulation is obtained, it can then be combined with the
weak formulation from Barrett et al. (2016) for the coupled Navier—Stokes bulk/surface
equations.

We remark that in our weak formulation, and hence also in our discretizations, the
interface will be advected with the help of the fluid velocity in both the normal and
tangential directions, i.e. (2.4d) will be strengthened to V = @, and we refer to this as the
fluidic approach. In other fluid flow problems with a free boundary this typically leads
to distortions of the parametric surface mesh, see e.g. the discussions in Bénsch (2001);
Barrett et al. (2015a). However, in our case the local surface area conservation enforced
by (2.4c) and V = @ will lead to the surface mesh quality remaining good during the
evolution, see (4.17) below, and Remark 4.1 in Barrett et al. (2016).

3.1 Fluidic weak formulation for ¢ = 3 =10

We begin by recalling the weak formulation of (2.2a-d), (2.3), (2.4a-d), (2.5) from Barrett
et al. (2016). To this end, we introduce the following function spaces for a given b €
(H ()

-, —.

[HY Q) : F=b on 0,2}, V(b):= L*0,T;U(b)) N H'(0,T;[L*(Q)]9),
V(b) : @lor€ [H'(Gr)]"}- (3.1a)

In addition, we let P := L*(2) and define

3.1b
P if H71(0,0) > 0. (3.1b)

5. {{n €P: [LndLd =0} if HE1(0,0) =0,
Here and throughout, H%! denotes the (d — 1)-dimensional Hausdorff measure in R?,
while £¢ denotes the Lebesgue measure in RY. Moreover, we let (-, -) and (-, -)s,q denote
the L?*-inner products on Q and 9,().

Similarly to (2.7) we define the following time derivative that follows the parameteri-
zation Z(-,t) of ['(¢), rather than «. In particular, we let

#C=¢+V.V( V(e H'(Gr); (3.2)

where we stress once again that this definition is well-defined, even though (; and V ¢ do
not make sense separately for a function ¢ € H'(Gr). On recalling (2.7) we obtain that
0y = 0p if V = on I'(t). Moreover, for later use we note that

d

dt <X7C>I‘(t) = (9 X, C>r(t) + (X, 9/ C>r(t) + <XC7 Vs. fj>f‘(t) Vx.Ce Hl(gT)a (3.3)

see Dziuk and Elliott (2013, Lem. 5.2).



The weak formulation of (2.2a-d), (2.3), (2.4a-d), (2.5) from Barrett et al. (2016)
is then given as follows. Find I'(t) = Z(Y,t) for t € [0,7] with V € [L2(G7)]? and
V(- t) € [H(T(t)]" for almost all ¢ € (0,T), and functions @ € Vr(g), p € L*(0,T;P),
pr € LA(Gy), % € [HY(G7)]? and fi- € [L2(Gr)]® such that the initial conditions (2.8) hold
and such that for almost all ¢ € (0,7) it holds that

A n 8+ (8.8~ (.8 + (0@ V)06~ (@) .0+ p, (100.6) ]

+2(n D), DE) ~ (0. V&) +pr (0.6 +20 (Da(). D(E)),

(. Vef) = 0RO Talid) - VET), (3.42)
(V.i,p)=0 VepebP, (3.4b)
(Vi) =0 Ve LATW), (3.4c)
(V-ux),, =0 vielrw) (3.4d)
(% e +(Vid Vi) =0 Ve [H'T@), (3.4¢)
< ;"X)>F(t) - <vs , Vs X)F(t) + <Vs-%> Vs X)F(t) +3 <|%|2 ld v X> (t)

~2((VA" D) (VDY) X [HTW), (340

where in (3.4d) we have recalled (2.1). It is our aim to replace (3.4e,f) with a suitable

reformulation of (2.12b), where the curvature energy is replaced by (2.10a,b), recall also
(2.11a,b).

For the case § = 0, it was shown in Barrett et al. (2016) that choosing g: u e Vr(ﬁ)
n (3.4a), o = p(-,t) € Pin (3.4b) and n = pp(-,t) € L*(T'(¢)) in (3.4c) yields that

25 (0¥ a3 + pr (@ ) +2 1 D@ + 2 {Da(8), D),
+ 5oy (i i), = (o f, U)+a<fr, >m)’ (3.5)

which, on combining with ¥ = fr in (3.4d), ¥ = V in (3.4f) and (2.12a,b), gives
p

d 1, S . 1 .
5 o2 @ll§ + pr (@, @)y + o (32, 2) gy ) + 21102 D@ + 2 pr (Ds(@), Ds()),,,
dt (t) (t) ()

+%p+ <ﬁ-ﬁa‘ﬁ‘2>329 ( f:ﬁ)

Moreover, we recall from Barrett et al. (2016) that it follows from (3.3) and (3.4c,d) that
daa d _ N
GHC) = e = (LY V) =0V =0, (36)

while Deckelnick et al. (2005, Lemma 2.1) and (3.4b,d) imply that

d d -
Sl :<,*> = (&, D)y = adLt=0. .
dt£ (Q_(1)) V, U o (U, D)y Q_(t)v udL®=0 (3.7)



3.2 The first variation of Fx 3(I'(¢))

In this section we would like to derive a weak formulation for the first variation of
F55(T(t)) with respect to ['(t) = Z(T,t). To this end, for a given ¥ € [HY(I'(¢))]¢
and for € € (0,ep), where g9 € R.g, let ¥(+,¢) be a family of transformations such that

—

I.(t) :={U(Ze): Ze(t)}, where U(Z0)=Zand %—?(Z, 0)=x(2) VzZel(t).

Then the first variation of H4~1(I'(¢)) with respect to I'(¢) in the direction ¥ € [H*(I'(¢))]¢
is given by

[ A (D = 1) Lo
= lim (1) ~ W) = (Vid VX))  (39)

see e.g. the proof of Lemma 1 in Dziuk (2008). For later use we note that generalized
variants of (3.8) also hold. Namely, we have that

) d

3 0 D | (0 = 3 g o= (WL V), Yo e L¥T), (9

where w, € L>®(T'.(t)), for any w € L>(I'(t)), is defined by

-

w(B(Ze) =w(z) VFel(®), (3.10)
and similarly for w € [L°°(T'(¢))]®. This definition of w. yields that 0w = 0, where

d -

P w(z) = gwg(\lf(,?, €)) |e=o vV ZeT(t). (3.11)
Of course, (3.9) is the first variation analogue of (3.3) with w =t ¢ and 9°¢ = 3° ¢ = 0.
Similarly, it holds that

o L . . d . oL = . & A0
[5—F (i, um] () = g5 (0, P lemo= (@ 9) Vaid Vo) 400 Py,

Vi € [L¥(TE)], (3.12)

where 0°w = 0 and 7.(t) denotes the unit normal on T'.(t). In this regard, we note
the following result concerning the variation of 7/, with respect to I'(¢), in the direction

X € [HY(T(1)))"
Pi=—V,{"7 on T(t) = &i=-[V,J"F on I(t), (3.13)
(

see Schmidt and Schulz (2010, Lemma 9). Finally, we note that for 7 € [H*(T'(¢))]? it
holds that

U U B R P
[5_P <VS id, Vs 77>F(t):| ) = de <VS id, V n5>r (t) le=0= (V& 71, Vo - X)ry

€



where 92 77 = 0, see Lemma 2 and the proof of Lemma 3 in Dziuk (2008). We also refer to
the remark above the proof of Lemma 3 in Dziuk (2008), which implies that our definition
(2.6b) differs from Dziuk (2008, (3.14)) only by a factor of two. In addition, we observe
that our notation is such that Vi x = (Vr )7, with Vr X = (0, Xj)(z‘i,jzl defined as in
Dziuk (2008). It follows from (3.14) that

% <VS id, v, ﬁ>m) - <v5 V. 17> + <VS 7.V, 17>F

I(t) ®)

—2((VA)" DO (V)T) Vi {Ee H' G o€ =T} (315)

We now consider the first variation of (2.10a) subject to the side constraint
(i + (Vid Vo) =0 Ve [H' ()" (316)
To this end, we define the Lagrangian

L(L(t), #,9) =

N[

2

(3 — R0, 5 — 7y + (<;f, P - M0>
- _’7 - VS 'aa VS _)> )
(s ?j’)r(t) < 1 Y e

where % € [HY(T'(t))]¢, with ¥ € [HY(T'(t))]? being a Lagrange multiplier for (3.16).
In order to compute the direction of steepest descent, fr, of Ex5(I'(t)), subject to the
constraint (3.16), we set the variations of L(I'(t), 2, %) with respect to 3 and ¥ to zero.

In particular, we obtain on using the formal calculus of PDE constrained optimization,
see e.g. Troltzsch (2010), that

1] @ =t 1007+ <6 - L. 2.9] 0.
2 1] = 00,27+ )~ L0, 27 =0,

where 3., 7. € [HY(T.(t))]? are defined as in (3.10). On recalling (3.9)—(3.14), this yields
that

ro— o — — _ — — —\ T’ — TNT
(F2:X) = (Vo8 = (96 Vi Dy + 2 (V)7 o) (V)T

F3 (12 -7~ 2 AV VX) = (54 =7) (5 (9 AT Py,

+BA((%.7)V,id,V, X I vy e [H (D), (3.17a)

- o o & _ - 1 d
<% ) §>F(t) ey <y,g b =0 VESHT), (3.17b)
(1M + (Veid, Vi) =0 Vije [H'(T(1)]", (3.17¢)
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where

A(t) = (%, ﬁ)m — M. (3.17d)

Clearly, (3.17b) implies that 5 + (8 A —32) UV = §. We note that (3.17a-d) collapses to
(3.4e,f) in the case 7z = = 0.

The following theorem shows that fr- is indeed the gradient of Ex 4(I'(t)) with respect
to ['(¢) subject to the constraint (3.16).

THEOREM. 3.1. Let (fr, %, 1) fulfill (3.17a~d). Then we have that

d d c i N7 : .V
& Bes(T(1) = [5 (15 =7, Dy + § (2 7e = M) } - <fr’v>m) |

(3.18)

Proof. Taking the time derivative of (3.17c), where we choose test functions with
07 17 = 0, and noting (3.3) and (3.15), we obtain

RN MIE(ER A ATRAYE ot (V.. V¥, .ﬁ>m) +{V.V.V, D
5

= 2(D.O) (Vid)" (V,)")  =0. (3.19)

()

Choosing X = V in (3.17a), 77 = 7 in (3.19) and combining yields, on noting (3.13), that
I L e o s = S,
<fp,V>F( +5(llx—%v]" =2y - BAD). 7 Vsld,VSV>F(t)+<(%.y) Vsld,VsV>

+(BA=32) (3,0, V)pyy + (0 % §)ppy = 0,

which implies that
+1 = =2 = = 3 \ 3 =\ /2 A0 7
<fp, > o T2 <[|% 72U+ 2B AV. %] V,id, V, V>F(t) +(BA—7%2) (5,0; V)

+(0f ’Z@r(t) =0. (3.20)

We note that, on recalling (3.17d), it holds that

r(t)

d o/, 2 Lo . o= = L o
L (<%, P — M0> — A [<(%. 7) V,id, V, v>m) {85 52, Py + (7,05 Dy
(3.21)

Hence, on noting

1R =3 = (—%0) (O #— 20 V) = (% —%0). 0y #—%. 0] U
and (3.17b), one can immediately deduce from (3.20) that

R cdo L sd o, 2

<fp, v>r F 3 (17 =70 gy + 5 o (<%, P - M0> —0. (3.22)

This is the desired result (3.18), on noting (2.10a,b). 0
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3.3 Fluidic weak formulation for general 7z € R and § € R

Combining (3.4a-d) and (3.17a-d) yields the following weak formulation of the system
(2 2a-d), (2.3), (2.4a-d), (2.5). Find ['(¢) = Z(T, ) for t € [0,T] with V € [L3(Gr)]* and
V(.,t) € [HY(T(t)]? for almost all ¢ € (0,T), and functions @ € Vp(7), p € L2(0,T;P),
pr € L2(Gr), #, 7 € [HY(Gr)]? and fr € [L2(Gr)]* such that the initial conditions (2.8)
hold and such that (3.4a-d) and (3.17a~d) hold.

Combining (3.5) with (3.18), (3.4d) and (3.17a), i.e. choosing ¥ = fr in (3.4d) and
X =V in (3.17a), yields that

d( 1. L 7] 2
b (U4 o 0.0+ (2= 0 1)+ 08 (G~ 20) )

+ 2|2 DD + 2 e (D), Do)y + 5 9 (BTN = (0 1) (3:23)

Of course, the conservation properties (3.6) and (3.7) still hold.

4 Semidiscrete finite element approximation

For simplicity we consider © to be a polyhedral domain. Then let 7" be a regular
partitioning of €2 into disjoint open simplices o;?, j=1,...,Jq. Associated with 7" are
the finite element spaces

St={xe€CQ):x|.e Prlo) YoeT"}cH(Q), keN,

where Pi(0) denotes the space of polynomials of degree k on 0. We also introduce S¥,
the space of piecewise constant functions on 7". Let {p} it % be the standard basis
functions for SP, k > 0. We introduce I : [C(Q)]? — [SF]?, k > 1, the standard

Th h h K¢
I 77)(1% j) = 77(27/”) for j=1,..., Ky; where {pk,j j=1
denotes the coordinates of the degrees of freedom of SP', k > 1. In addition we define the
standard projection operator I : L'(Q) — S», such that

interpolation operators, such that (I}

h _ 1 / d h
Iimlo= gy [ L YoeT".

Our approximation to the velocity and pressure on 7" will be based on standard finite
element spaces UM(g) c U(I} §), for some k > 2, and P*(t) C P, recall (3.1a,b). Here,
for the former we assume from now on that § € [C(Q)]?. We require also the space
@h(t) .= P"(t) N P. Here, in general, we will choose pairs of velocity/pressure finite
element spaces that satisfy the LBB inf-sup condition, see e.g. Girault and Raviart (1986,
p. 114). For example, we may choose the lowest order Taylor-Hood element P2-P1 for
d = 2 and d = 3, the P2-P0 element or the P2-(P1+P0) element for d = 2 on setting
U"(g) = [SH]e N U(IZ‘ G), and Ph = St Sh or Sh 4 Sk respectively.
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The parametric finite element spaces in order to approximate e.g.  and s are defined
as follows. Similarly to Barrett et al. (2008), we introduce the following discrete spaces,
based on the work of Dziuk (1991). Let I'*(¢t) C R? be a (d — 1)-dimensional polyhedral
surface, i.e. a union of non-degenerate (d — 1)-simplices with no hanging vertices (see
Deckelnick et al. (2005, p. 164) for d = 3), approximating the closed surface I'(t). In

particular, let ' (t) = Ujil ol (t), where {a?(t)}jrl is a family of mutually disjoint open

(d — 1)-simplices with vertices {q"(t)}+%,. Then let
V(1)) := {x € [C@T"(1))]*: )Z\o;l is linear V j =1,..., Jr}
= (W) < [H'(T"1)],

where W (T"(t)) € H*(T"(t)) is the space of scalar continuous piecewise linear functions
on I'(t), with {x?(-,t)}+L, denoting the standard basis of W (I'*(t)), i.e.

Xk(ql() >—5kl Vk,ZE{l,...,KF},tE[O,T]. (41)

For later purposes, we also introduce 7 () : C(I'*(t)) — W (I'"(¢)), the standard interpo-
lation operator at the nodes {g}(t)},r,, and similarly 7" (¢) : [C(T"(¢))]? — V(T"(t)).

For scalar and vector functions 1,( on I'*(t) we introduce the L?-inner product
(-, )rn( over the polyhedral surface I'"'(¢) as follows

(n, Qragy 12/ n.CAHT!.
0]

In order to derive a stable numerical method, it is crucial to consider numerical integration
in the discrete energy, see (4.9) below. Hence, for piecewise continuous functions v, w,

with possible jumps across the edges of {ah} ;L1, we introduce the mass lumped inner

product (-, >Fh() as
d
NI dZHd o) (- O
j=1 k=1

where {¢" }#_, are the vertices of ¢/, and where we define n((g})~) := hahIE n(p).
P4,

Following Dziuk and Elliott (2013, (5.23)), we define the discrete material velocity for
Ze Tht) by

Kr
. d
"zt = —qr HEAR 4.2
COEII PO PED (42)
Then, similarly to (3.2), we define
H"C=G+V". V(¢ V(CeHYG)), where Ghi= | (1) x {t}.

t€[0,T]
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For later use, we also introduce the finite element spaces
W(Gr) == {x € C(G7) : x(-,t) e W(I"(t)) Vte[0,T]},
Wr(G) = {x € W(Gp) : 07" x € C(G1)},
as well as

VE(§) = {d € H'(0,T;UMG)) : 3X € [Wr(GR)]% s.t. X(1t) = 7 [§|rngp) ¥ t € [0,T]}.

On differentiating (4.1) with respect to ¢, it immediately follows that
H"xh=0 Vke{l,.. . Kr}, (4.3)
see Dziuk and Elliott (2013, Lem. 5.5). It follows directly from (4.3) that

Kr d
O Clt) = DXk ) 7 Gult) on T
k=1

for {(-,t) = ZkK:F1 Ce(t) XI(-,t) € W(T"(t)), and hence 9;" id = V" on TH(2).

We recall from Dziuk and Elliott (2013, Lem. 5.6) that
d -
— CdHT! = HMCH+ ¢V, VAN V¢ e HYoMt)),je{1,...,Jr},
At Jon ol (1) !
which immediately implies that

d o . S
—(n, C)Fh(t) = (0, o 7, OFh(t) + (n, afh §>Fh(t) + (¢, Vs. Vh>Fh(t) LE/NQIS WT(Q%) .

dt
(4.4)
We recall from Barrett et al. (2015b, Lem. 3.1) that

d . . .
1 Oty = (07" 1, ey + (0, 07" Oy + 0 ¢ Ve Viagy V0, € Wr(Gp) . (4.5)

Given I'"(t), we let Q" (¢) denote the exterior of I'(¢) and let Q" (¢) denote the interior
of T"(t), so that T"(¢) = 90" (t) = Q" (t) N Q" (). We then partition the elements of the
bulk mesh 7" into interior, exterior and interfacial elements as follows. Let

Tht) :={oeT":0C Q" (1)},
Tht) ={oeT":0cC Q" (t)},
Th@t):={oeT":0NT"t) #0}.
Clearly T" = T"(t) U TI(t) U T{(t) is a disjoint partition. In addition, we define the

piecewise constant unit normal () to I'"*(¢) such that 7"(¢) points into Q" (). Moreover,
we introduce the discrete density p"(t) € S and the discrete viscosity p"(t) € SP as

p- o€ TM1), i o€ T,
P (t) o= 4 p+ o€ TMt), and p"(t)|o=q s o€ T,
s (- +pp) oeTh(t), s(u_+p) oeTh(t).
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Similarly to (2.6a,b), we introduce
Prw=1d— " @ " onI"(t), (4.6a)

and
D) =  Prn (Vo T+ (Ve P)T) Pra - on T(2), (4.6b)

where here V; = Prn V denotes the surface gradient on I'"(t). Moreover, we introduce
the vertex normal function &"(-,t) € V(I'*(t)) with

G (Gr(t),t) = HET(AE(D) Z HI (1)) ﬁh|a;(t)a (4.7)

where for k =1,..., K{' we define O := {j : g}(t) € 0”(t)} and set

Al(t) = Uje@go?(t) .
For later use we note that

(Zwd") g, = (Fwd, Y ZEVIND), we W), (4.8)

and so, in particular, <Z, ﬁh>f‘h(t) = <Z, 17h>?h(t) = <Z, Qh>1fih(t) for all 7€ V(T (t)).

In what follows we will introduce a finite element approximation for the free boundary
problem (2.2a-d), (2.3), (2.4a-d), (2.5), which is based on the weak formulation (3.4a-d),
(3.17a~d). The discretization of the former is the same as in Barrett et al. (2016). By
repeating on the discrete level the steps in §3.2, we will now derive a discrete analogue of
(3.17a-d).

Similarly to the continuous setting in (3.17a—c), we consider the first variation of the
discrete energy

2
Bl (T (6)) = 3 (JF" = 27", Dy + 5 (R 7Yy — Mo) (4.9)

subject to the side constraint
—, — h . — —
(@i + (VAL V) =0 Ve V). (4.10)

We define the Lagrangian

2 L.\ h
LA(TR(), 7 V) = S (IR =22 1) + & (R 7 )y — Mo ) — (R 97

- <vs id, v, Yh>rh(t),

where 7" € V(I''(t)), with Y € V(I"*(t)) being a Lagrange multiplier for (4.10). Similarly
o0 (3.17a—d), on recalling the formal calculus of PDE constrained optimization, we obtain
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the gradient F" € V(")) of E% 5(T"(t)) with respect to I'"'(t) subject to the side
— h —
constraint (4.10) by setting [52z L"](X) = — <FI’3, >Z> - for ¥ € V(I"(t)), [53 L"](£) =0
Th(t

for € € V(I'"(t)) and [5yh "(77) = 0 for 7 € V(I'"*(t)). On noting (4.8), as well as the
obvious discrete variants of (3.9)—(3.14), we then obtain that

o h - -
LX), = (Y)W VYY)
< DX/ by Ve X/ ony Ve X by

h
2 ((V, YT, D"(¥) (V.id)” LR — "2 —2(Y" . @) V,id, V, ¥
(7. ),:s(x)(Vsl)> + (IR =P -2 (P VLY,

rh (1)
h
ho 9 T h h
— (BA" —3) (R, [V, V] >Fh + B A <( 7" V,id, V, X>Fh(t) 0
VxeV(Tht), (4.11a)
h h
2h  — =h VPR h/=h & _ s R
<H 27 ,g‘}rh@ +BA <y ,§>Fh(t) 0 VEeVTh), (4.11b)
S AR .3 5 . 5 h
(i ’n>rh(t) + <VS id, V n>rh(t) =0 viieV(Ir(@), (4.11¢)
where
AM(t) = (R, ﬁh>rh(t) — M. (4.11d)

We note that (4.11b) and (4.8) imply that " = Y* — (3 A" — 32) G".

The following theorem establishes that F is indeed the gradient of EL 5(T"(t)) with

respect to I'(¢) subject to the side constraint (4.10). It is the direct discrete analogue of
Theorem 3.1.

THEOREM. 4.1. Let (Fl & Y e [V(T"(t)]? fulfill (4.11a-d). Then

2 S, .\ h
[ (IR" =5 0" L)y + 5 (<Eh7ﬁh>rh(t) N MO) ] T <F#’Vh> - @)

a0

Proof. Taking the time derivative of (4.11c), where we choose discrete test functions
ij such that 9" ij = 0, yields that

<a§" *h,ﬁ> o+ <( ) V,id, V, vh> <vs.17h,vs.ﬁ>rh(t) + <vs Vv, ﬁ>mt)

—2(DIV) (Vid)T, (V7)) =0, (4.13)

Th(t)

Th(t)

where we have noted (4.5) and the discrete version of (3.15). Choosing ¥ = V" in (4.11a),
77="Y" in (4.13) and combining yields, on noting the discrete variant of (3.13), that

h
Sho Vih 1 /=h _ h h =h h
<FF,V >Fh(t)+2<[|l-€ — =M= 2(Yh— AR IY) RNV, 1dVV>

h

TR ()

(B A" =) (R op" ) ()+<6§’hﬁh,}7h>;(t)+<(Eh.?h)Vsid,Vsﬁh>h ~0,

rh(t rh(t)
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which implies, on recalling (4.8) and (4.11b), that

2

<F#,Vh>rh(t) + 1 <[|,.;h %yh|2+26Ah —h —»h]v 1d V. Vh>

TR (t)

h h
b =\ [ =h ok —h oh gh gy h =\ h _
+ (BA" — %) </<; O U >Fh(t) + <8t K +(BA" =) U >Fh(t) 0. (4.14)

Similarly to (3.22), one can immediately deduce from (4.14) that the desired result (4.12)
holds, where, on recalling (4.11d) and (4.8), we have observed that

2 dt (<_)h qh>rh - MO) -

o S\ h h h
Ar [<(*h PYVid, V) (Rt (R0 ) } ,
o) v o)

similarly to (3.21). O

Overall, we then obtain the following semidiscrete continuous-in-time finite element
approximation, which is the semidiscrete analogue of the weak formulation (3.4a—d),

(3.17a-d). Given I"(0) and U"(-,0) € UM(g), find T"(t) such that id |npe V(I(t))
for ¢ € [0,7], and functions U € V. (), Ph e Ph= {p € LX0,T;P) : o(t) €
Ph(t) for ae. t € (0,T)}, Pt € W(Gh) and &', Y", F' € [W(Gh)]% such that for almost
all t € (0,7T) it holds that

L (09 + (4 00.8) - (08 g (0006
+2(u 2 D)+ (¢, 1T %) T~ (@) §.T") - (P, 9.€)
(O, o (B 21E)

- <p{z, v, (7 g)>m) = (0" 1".€) +a <F{%,§>;® v Ee H'(0,T;UMD)),

(4.15a)
(v ﬁh,<p> —0  VYeeP), (4.15b)
(Ve @ TN, =0 VaeWrm), (4.15¢)
N h o h
hY = (U" Y e 4.1
(V' X) g = (0" X),, XSV, (4.154)
<17h *>h +<v id, v *> BA" —z=) (& i, VFeV(ITh(t),  (4.15e)
7n Fh(t) S 9 877 Fh(t) - 777 Fh(t) 77 9
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<F}£L,>z>h :<vjh,vs>z> ()+<VS.17’L,VS.>Z>

0
= 2((V, V"), DA(R) (Vsid)" )
1 h h —=h\ =h 3 = h
—§<[|/@ — =P —2(Y"-BA V).K]Vsld,V5X>Fh(t)
—\ /- T —h\ P R
+(BA" =32 (R" [V X" 7" )y VX € V(TN(B), (4.15f)
AV = (R )y — Mo, R =Y" = (BA" —3)&", (4.15g)

a0

Ih(t)

where we recall (4.2). Here we have defined f"(-,t) := II' (-, t), where here and through-
out we assume that f € L2(0,T; [C(€2)]%). We note that in the special case 32 = 8 = 0, the
scheme (4.15a—g) collapses to the semidiscrete approximation (4.9a—f), with £ = 1, from
Barrett et al. (2016). In common with that scheme, we have used the mass lumped inner
product (-, >Fh() in (4.15d), which collapses to V' = 70" Irn()], for stability reasons,
see Theorem 4.2 below. As a consequence, we require mass lumping also on the terms
involving F* in (4.15a,f). We also note that (4.15e-g) is just a rewrite of (4.11a~d), which
is more suitable for the fully discrete approximation considered in Section 5.

In the following theorem we derive discrete analogues of (3.23) and (3.6) for the scheme
(4.15a-g).

THEOREM. 4.2. Let {(Fh,(jh,Ph,P{L,Eh,}?h,ﬁlﬁ)(t)}temﬂ be a solution to (4.15a-g).
Then, in the case § = 0, it holds that

d ik 1 =
+ 3 —a B ((# 7", Mo) +2|[4"]2 DO™)2
h(=h 77h h(=h 77h 1 Th = |17h|2 — h th 77h
P2 (DUE TN, D ON) g on (O [02) = (0 0" (416)

Moreover, it holds that

d
p” (X, 1>Fh(t) =0 Vke{l,...,Kr} (4.17)
and hence that q
&’H,d_l(l“h(t)) =0. (4.18)

Proof. Choosing c— U" in (4.15a , recall that § =0, ¢ = P" in (4.15b) and = P!
¥ n r
in (4.150) yields that
— l o N — N —
G P+ 2 DO + g (07" 2 TV T*) |+ Ly (0.5, |0V

5 5 5 5 S\ h
F2ur (DU DY), DU DY) = (PO e (RO (419)

2 dt 9202
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Moreover, we note that (4.5), (4.15d) and (4.15¢) with n = 7" [|U" lrn(y [?] imply that

Lo g (O =Lo (A TP, Lo (VTR IO)

— e <aoh =h [fh Uh>

TR ()

+1 pp< (7" ) \Uh\2>h

a0 a0

. <a° sk {h Uh> (4.20)

Th(t)

Choosing ¥ = F" in (4.15d), and combining with (4.12), yields that

Fh Uh> <Fh h>
< I Th(t) roV Ih(t)
d i L8 ((gh ?
- a4 <% <|"‘€ ’ 1>Fh 2 (<K’ v >Fh(t) - MO) : (4.21)

The desired result (4.16) now directly follows from combining (4.19), (4.20) and (4.21),
on recalling (4.5).

Similarly to (3.6), it immediately follows from (4.4) and (4.3), on choosing n = x? in
(4.15¢), and on recalling from (4.15d) that V" = 7 [Uh lrn(y], that

d, h 3k
E <Xk7 1>Fh(t) = <Xk;7 Vs Y >Fh(t) = O, (422)
which proves the desired result (4.17). Summing (4.17) for all k = 1,..., Kr then yields
the desired result (4.18). O

We note that on replacing the space of continuous piecewise linear finite elements
W (Th(t)) for the surface pressure functions P%, and for the test functions in (4.15c), with
the space of discontinuous piecewise constant functions, it is possible to obtain a scheme
that satisfies

%Hdl(o—;(t)) —0  vVje{l...J) (4.23)

in place of (4.22). However, the fully discrete variant of this modified (4.15a-g) for
d = 3 does not perform very well in practice, as the constraint (4.23) is too severe, see
Remark 4.1 in Barrett et al. (2016) for more details.

We observe that it does not appear possible to prove a discrete analogue of (3.7) for
the scheme (4.15a-g), even if the pressure space P"(t) is enriched by the characteristic
function of the inner phase, Xgn ;). But without a discrete volume conservation property,
numerical simulations show large increases of the enlosed volume in practice, see Section 7
below for an example. Hence it is desirable to adjust the scheme (4.15a-g) such that it
conserves the enclosed volume. This enrichment of P*(¢) with Xgn (1) corresponds to the
XFEMr approach introduced by the authors for the numerical approximation of two-phase
flow problems in Barrett et al. (2013, 2015a), and leads to enforcing

<(7h,z7h>rh(t) = (V0" &y ) = 0. (4.24)
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The reason why this is not effective here is that ¥ = " is not a valid test function in

(4.15d), and so a discrete analogue of the second equality in (3.7) cannot be obtained.
However, a procedure similar to the XFEMr approach from Barrett et al. (2013, 2015a)
ensures that a modified variant of (4.15a-g) conserves the enclosed volumes. The key idea
is to replace (4.24) with
<ﬁh,wh>h —0, (4.25a)
Th(t)

where we recall from (4.8) that

. h N h .
i *h> _ <Uh *h> _ <*h [ *h> . 4.95b
(0" @ ” P )i = FO o). 7)o (4.25b)

Combining (4.25a,b) with the valid test function ¥ = &" in (4.15d) then allows to prove
a discrete analogue of (3.7). As (4.25a) can no longer be interpreted in terms of enriching
P"(t), we enforce it separately with the help of a Lagrange multiplier, which we donote
by P! . We are now in a position to propose the following adaptation of (4.15a-g).

sing*

Given I"(0) and U"(-,0) € U"(g), find T"*(¢) such that id Irn€ V.(T"(t)) for t € [0,T7,
and functions U" € Vi.(9), P" € P}, Ph, € L*(0,T;R), P! € W(G}) and &", Yh Fh e

[(W(GR)]¢ such that for almost all ¢ € (0,7) it holds that

Ha (P09 + (408~ 08w (00
Ly (uhg(ﬁh),2(5)> 1 (ph’[((jh.v) 0" .&— K(jh.V)ﬂ.ﬁ’l) _ (ph’v.g)
— Ping <°3h’ %(t) o <at07h o, €>;(t)

(R @), = (P8 ra(BE) Ve HOTUND),

+2r (DA(F" U"), DA 6))

(V U™, <p> =0 Ve @h(t) and <(jh,ﬁh>;(t) =0 (4.26b)

and (4.15¢—g) hold. We now have the following result.
THEOREM. 4.3. Let {(Uh, U, Ph Ph Pt gh Y ﬁlﬁ)(t)}te[o,ﬂ be a solution to (4.26a,b),

sing?

(4.15¢-g). Then (4.16) holds if §= 0. In addition, (4.18) and
d
— LY (1) =0 (4.27)
dt

hold.

Proof. The proofs for (4.16) and (4.18) are analogous to the proofs in Theorem 4.2.
In order to prove (4.27) we choose ¥ = &" € V(I'*(¢)) in (4.15d) to yield that

%Ld(gh(t» - <ﬁh’ Ijh>[‘h(t) - <ﬁh’ ﬁh>llih(t) - <ﬁh’wh>};h(t) - <ﬁh’ﬁh>ih(t) =0,

where we have used Deckelnick et al. (2005, Lemma 2.1), (4.8) and (4.26b). O
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5 Fully discrete finite element approximation

We consider the partitioning ¢,, = m7, m = 0,..., M, of [0,7T] into uniform time steps
7 = T/M. The time discrete spatial discretizations then directly follow from the finite
element spaces introduced in Section 3, where in order to allow for adaptivity in space we
consider bulk finite element spaces that change in time.

For all m > 0, let 7™ be a regular partitioning of €2 into disjoint open simplices o,
Jj=1...,J5. Associated with 7™ are the finite element spaces S;* for k > 0. We
introduce also I™ : [C(Q)]* — [S™]%, k > 1, the standard interpolation operators, and
the standard projection operator IJ* : L'(Q) — Si.

Similarly, the parametric finite element spaces are given by
V(™) = {X € [CT™)]": X|op is linear V j = 1,..., Jp} = [W(I™))* C [H'(IT™)])",

form=0,...,M—1. Here I'" = U;]il W, where {07} }'121 is a family of mutually disjoint
open (d — 1)-simplices with vertices {g}"}1r,. We denote the standard basis of W (T'"™)
by {x7(-,t)}1L,. We also introduce 7™ : C(I'"™) — W(I'™), the standard interpolation
operator at the nodes {¢"}+r,, and similarly 7™ : [C(T™)]¢ — V(I'™). Throughout this
paper, we will parameterize the new closed surface I'*! over I'™, with the help of a
parameterization X™! € V(I'™), i.e. I = X™ (™). Given I'™, we let Q7 denote
the exterior of I'™ and let Q™ denote the interior of I'"™, so that I'™ = 9Q0™ = Q™ N Q7.
In addition, we define the piecewise constant unit normal 7™ to I'™ such that 7™ points
into €'. We then partition the elements of the bulk mesh 7™ into interior, exterior and

interfacial elements as before, and we introduce p™, u™ € Sg*, for m > 0, as

P— Om€7‘_m’ H— Om€7‘_m’
P lom= < py ome T, and p"|om= q ps ome T,
3 (- +ps) o™ €T, 3 (- +py) o™ e T,

We also introduce the L?>~inner product (-, -)pm over the current polyhedral surface '™,
as well as the the mass lumped inner product (-, -)%,.. Similarly to (4.6a,b), we introduce

Prm=Id-v"®7™ onI™,
and
an(ﬁ) = %Efm (vS ﬁ+ (VS ﬁ)T) E[‘m on Fm,

where here Vi = Prn V denotes the surface gradient on I'".

We introduce the following pushforward operator for the discrete interfaces I'™ and
™! form =0,..., M. Here we set ™! := T, Let II™_, : [C(I"™ V)] — V(') such
that

2@ =2q@", k=1,....Kr, Vzelc@m ), (5.1)



for m = 1,...,M, and set 1I°, := 7. Analogously to (5.1) we also introduce II™_, :
c(rmb — w(Tm).

Similarly to (4.7), we let
ZX;: Gr e V(Im,
where for k = 1,..., Kr we let O} := {j : ;" € 07"} and set

—m ~m 1 d-1(
A} = Ujeop ol and Wy = 2T ) Z H (o) U
jeop

For the approximation to the velocity and pressure on 7" we use the finite element
spaces U™ (g) and P, which are the direct time discrete analogues of U"(g) and P"(t,,),
as well as P C P. We also say that (U™(0), P™, W (™), ™) satisfy the discrete LBBp

inf-sup condition if there exists a constant Cy € R.y independent of 7™ and {am }]Fp
such that
— h —
(0. V. + (@) +(n V.G Elm))
_inf sup I — L > (),
(e AmePmxRxW (™) geymG) (|l¢llo + [l + lnllorm) (€]l + [|[Prm (7 € [rm) ||1,0m 1)

(5.2)

where [[1][3 pm = (0, m) o and [|771[3 oy = (7, Tpm + 2075 Jor Vs dH. Unfor-

tunately, it does not appear possible to prove that (5.2) holds for e.g. (U™(0),P™) =
([S5]¢ N U(0), S), because T™ and I'™ are totally independent. We recall also that in
the much simpler situation of the XFEMr approach from Barrett et al. (2013, 2015a),

which corresponds to setting n = 0 in (5.2) and replacing <w é> with < é>

the authors were unable to show that an LBB condition holds. In fact in this s1mpler
situation it is easily possible to construct a counterexample, e.g. when P = Si*. Then, if
Q™ is a union of bulk elements, i.e. ['™ happens to be a union of bulk faces, clearly (5.2)

ci@m
Ld(ﬂ) and A = —1 we

(0. V. O+ (7)) =0 vEeun(@).

Of course, in practice this situation never occurs, because the totally independent I'™
is never exactly aligned with the bulk mesh. Finally, we remark that the continuous
analogue of (5.2) is given by the condition

does not hold, as Xom € P™. Hence for the choice ¢ = (Xom —
obtain that

(0, V.6 + <n,Vs.£>“
inf sup — T >C>0. (5.3)
(emePxL2(C®) éeur,y @) (lello + nllore) (€l + I1Br Elre llre)

Here we have defined the space Ur(0) = {£ € V(D) : pr Irn€ HY(T'(t))}, and let
H?7H17F p = (.M + (Vs Vs p- In the case that the smooth hypersurface I'(¢) is
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not a sphere, then (5.3) is shown to hold if 9;Q2 = 99 is a smooth boundary in Lengeler
(2015, p. 15).

Our proposed fully discrete equivalent of (4.26a,b), (4.15¢—g) is then given as follows.
Let I, an approximation to I'(0), as well as 20, Y0 € V(FO) A% € R and U° € U%(g) be
given. Form =0,..., M—1, find U™+ € U™(g), P™' € P, P € R, PP e W(T™),

XM+l e y(Im), Y™+ e V(I'™) and F™ e V(I'™) such that

mﬁm—l—l_ Jm m—1 ]_"m (j‘m B ﬁm—l—l ]’m Um
l<p <0p )2 +(16npm 1) - 75)

2 T

+2 (" DO, DE) ) + 4 (o [ O 9) O] = (T 0. 9) €] O+
h

A h ﬁerl_f[m fmﬁm i .
.- o (L

rm T
2 (DO, D2 E )~ (B GR),

(f’”+1,§>+a<Fm“,§> -p+<ﬁm.ﬁ,ﬁm.§>a2ﬂ v e U (D),

(5.4a)

(v gmHL <p> —0 VeeP" and <ﬁm+l,wm>im ~0, (5.4b)

<vs (@Y, ”>pm —0  VYyewTm, (5.4¢)
h

<w)i> _ <U‘m+1’>z»>h V¥ evrm, (5.4d)
-

(7, ﬁ>hm (WXL = (BAT =) @ YTEVITT), (5de)
<

+ (9, (T, V), 9,.7)
0 (Vid)") (g Am =) (T, 77 [V y]Tﬁm>h
S rm m—1 9 S m
o N N h
(0 7 — a2 — 2 ([, V™ — g A™ ™) (™, 7™)] V,id, V, >z>r
V¢ e V(I (5.4f)
and set I+ = X™+1(I'™) Moreover, set
Rl =YmH — (BA™ —3) @™ e V(™) and  A™ = (R™TL o™y — My, (5.5)

Here we have defined f™*! := Ii" f(- t,,.1). We observe that (5.4a—f) is a linear scheme in
Pm+1 Pm+1

that it leads to a linear system of equations for the unknowns (J™+!, Pm+1, sing

Xml ymtl ﬁgb+1) at each time level.

In the absence of the LBBr condition (5.2) we need to consider the reduced system
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-, —,

(5.4a,d-f), where U™(0) in (5.4a) is replaced by Ug'(0). Here we define

-

Un(b) == {ﬁeUm(*):(v.ﬁ,@:o v¢e@m,<vs.(ﬁmﬁ),n>m:o Y€ W(I™)
and <(7,u7m>l;m:()},

for given data b € [C(Q)]4

In order to prove the existence of a unique solution to (5.4a—f) we make the following
very mild well-posedness assumption.

(A) We assume for m = 0,..., M — 1 that #*"'(o7") > 0 for all j = 1,..., Jp, and that
rmcq.

THEOREM. b5.1. Let the assumption (A) hold. If the LBBr condition (5.2) holds, then
there exists a unique solution (U™, pmtl pmtl pmtl ¥mtl ymtl pmtly ¢ [m(g) x

sing >

P™ x R x W (™) x [V(T™)]? to (5.4a—f). In all other cases, on assuming that Uy(g) is
nonempty, there exists a unique solution (U™, Xm+1 ym+l pmthy ¢ Um(g) x [V(I'™))?
to the reduced system (5.4a,d—f) with U™(0) replaced by Uy (0).

Proof. As the system (5.4a-f) is linear, existence follows from uniqueness. In order to
establish the latter, we consider the homogeneous system. Find (U, P, Psng, Pr, X,Y, Fr) €
U™(0) x P™ x R x W(I'™) x [V(I')]? such that

2 (7 + 150 0.€) 2 (0 D0), DE) — (P.V ) ~ Pang (57,6)

+3 (o (@ OV 0). €= (I 0. 9) €].T)

+%PF<U§> +2MF<Dm( U) o (7 m3>rm
< >Pm —a <Fp,§>im —0 VEeUum(d), (5.62)
( go) —0 VeeP" and <ﬁ,@m>};m —0, (5.6b)
<VS NGy ’7>Fm - Ve W™, (5.6¢)
(R~ veenr
<17,77 I’im + <vs X, V, ﬁ>rm —0  Vievam), (5.6¢)
<F}, >z>ﬁm - <VS Y.V, ;z>rm —0 VYyevIm (5.6f)
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(5.6¢) and ¥ = X in (5.6f) yields that
(0 + Iy o) 80) + 27 (4 D), D)) + e (0,5,

27 ur <Q;”(7?m ), D™ (7" (7)> +a<Y Y> —0. (5.7)

= = rm rm
It immediately follows from (5.7), Korn’s inequality and o > 0, that U=0¢ U™(0) and
Y = 0. (For the apphcatlon of Korn’s mequahty we recall that H41(9,Q) > 0.) Hence
(5.6d f) yleld that X = 0 and Fy = 0, respectively. Finally, if (5.2) holds then (5.6a)
with U = 0 and Fp =0 implies that P = 0 € IP’m Pgng = 0 and Pr = 0 € W(I'™).

This shows existence and uniqueness of (U™ +!, Pm+1 , Pt Pt X+l ymtl oty ¢

Um™(g) x P x R x W (™) x [V(T'™)]? to (5.4a—f). The proof for the reduced system is
very similar. The homogeneous system to consider is (5.6a,d—f) with Um(O) replaced by
U (0). As before, we infer that (5.7) holds, which yields that U = 0 € U?(0), Y = 0,
and hence X = 0 and Fp =0.0

We note that in practice we are always able to find discrete solutions to (5.4a—f). Even
though the discrete LBBr is unlikely to hold, see Remark 4.2 in Barrett et al. (2016), the
space U™ (g) will in general be nonempty, see Remark 5.1 in Barrett et al. (2016).

6 Solution methods

Using the notation introduced in Barrett et al. (2016), the linear system (5.4a—f) can be
written as

Bo C 0 0 —aMpg\ [ U™
cr 0 o 0 0 pmtl
(Mro)™ 0 0 —1Myp 0 ym+l
0 0 My Ar 0 sXmH!
0 0 —Ar 0 My EFrtt
= (b,0,0,—Ar X" + (BA™ —32) Mr@™, Z0 Y™ + A g X — o), (6.1)

where in addition to the matrices, and b, from Barrett et al. (2016) we define
S . h
A gha = =4 ([ 7" = 27" PV Voxit) | 1d
- . . h
([ ¥ = g Am ™) ([T B VX, Vo) | 1d.

(Ml = (X X & @™
for k,1=1,..., Kr, as well as ¢ € (RY)XT with

. <% _BA™ ([T R T ™) ﬁm>h
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As the linear operator on the left hand side of (6.1) is exactly the same as in Barrett et al.
(2016), the system (6.1) can be solved with the Schur complement approach introduced
in Barrett et al. (2016).

7 Numerical results

We implemented the scheme (5.4a—f) with the help of the finite element toolbox AL-
BERTA, see Schmidt and Siebert (2005). In what follows we present numerical simulations
for the scheme (5.4a—f) in the case d = 3. We recall that, on account of the GauBB—~Bonnet
theorem, in two space dimensions the fluidic biomembrane problem (3.4a-d), (3.17a-d)
is independent of the values of 3¢ and 3. Hence for the case d = 2 we can refer to our
numerical simulations in Barrett et al. (2016) for the case 32 = § = 0.

For the bulk mesh adaptation in our numerical computations we use the strategy from

Barrett et al. (2015a), which results in a fine mesh size hy around I'"™ and a coarse mesh
Zminjvljl,Hg} and hc _ 2 min{H;,H>}
two integer numbers Ny > N,, where we assume from now on that the convex hull of €
is given by x?_,(—H;, H;). Unless otherwise stated, we use Ny = 32 and N, = 1, and

choose uniform time steps 7 = 0.01.

size h. further away from it. Here hy = are given by

Given the initial triangulation I'°, the initial data YO e vV (%), A € Rand 8° € V(T')
are always computed as

VO=fR+ (BA° -3, A°= (R, "), — My,

where £ € V(T'?) is the solution to
G 7}>F0 < id, v, n> =0 Vi e V(I

In addition, in all computations we set (U™(0),P™) = ([S7"]* N U(0), S*), i.e. the lowest
order Taylor-Hood element P2-P1, and let U0 = _fg tp. Unless stated otherwise we fix
nQ =09, §=0and @ = 0. The volume force is always set to f = 0. Moreover, unless
otherwise stated, we set the physical parameters to p+ = s+ = ur = a =1 and pr = 0.
Similarly, we set 3¢ = = 0 unless stated otherwise.

At times we will discuss the discrete energy of the numerical solutions. On recalling
Theorem 4.1 and (5.5) the discrete energy is defined by

5h(rm’{/’m+1) — &igm( i Um+1) 41 Lo [<|m+1 %ﬂm|2’1>?‘m +/8(Am)2] ’
where

Ji 7 — — h
(T, 7, T741) o= § 71 T3 4 3 e (D01, 501

m
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Figure 2: Flow for an elongated tube of dimensions 4 x 1 x 1 for the scheme (5.4a—f). The
triangulations of I at times t = 0, 1, 3, 5. The lower row shows plots of the discrete
energy and the discrete kinetic energy. We note that H?*(T'?) = 12.5 and £3(Q°) = 2.84.

Figure 3: Same as Figure 2, but with 3¢ = —2.

represents the kinetic part of the discrete energy. For the simulation of vesicles the reduced
volume is often mentioned as a characteristic number. In the case d = 3, and for the initial
discrete interface I'°, this is defined as

3L(Q0) 6w L3(Q0)
4 (N (A0

4

Uy =

Y

see e.g. Wintz et al. (1996).

We consider evolutions for an initially elongated tube of total dimensions 4 x 1 x 1.
The initial shape, with (K, Jr) = (1154,2304), has a reduced volume of v, = 0.685.
Here we consider the effect of spontaneous curvature. As the computational domain we
choose Q2 = (—2.5,2.5)%. In Figure 2 we show the evolution of the discrete interface when
> = 0, while in Figure 3 we repeat the simulation with 2 = —2. The final forms are
typical prolate-like dumbbell shapes, which have axisymmetry and reflective symmetry,
as discussed in Seifert (1997), and they are in accordance with the phase diagrams in
Figures 14 and 18 of that paper.

We note that the relative surface area and volume losses for the simulation in Fig-
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Figure 4: (pr = 1) Flow for a cup-like shape with v, = 0.65 the scheme (5.4a-f). Cuts
of the triangulations of I'™ at times ¢t = 0, 10, 20, 50. The lower row shows plots of
the discrete energy and the discrete kinetic energy. We note that H*(I'°) = 82.31 and
L£3(Q°) = 45.63. My = —48.24 and 8 = 0.053.

ure 2 are —0.07 and 0.01, respectively. These good conservation properties are observed
in all our simulations. For completeness we remark that if we do not enforce volume
conservation with the help of the second equation in (5.4b), recall (4.25a,b), the enclosed
volume in the computation in Figure 2 increases from 2.84 to 4.15, an increase of more
than 45%. This highlights the importance of enforcing volume conservation with the help

of the second equation in (5.4b) and the associated Lagrange multiplier Psﬁgl.

In what follows, we numerically investigate some of the regions in the other shape
diagrams in Seifert (1997, Fig. 16, 17); see also Ziherl and Svetina (2005, Fig. 1). Note that

1

the parameters mg and « in Seifert (1997, Fig. 16, 17) are such that my = —M, (ﬁ) :

and § =1.4 ﬁ in our notation.

We begin with a cup-like (also called stomatocyte) initial shape with reduced volume
v, = 0.65 and H*(T°) = 82.31. Here (KT, Jr) = (1634, 3264). We would like to investigate
the flow towards the minimizer for the choice my/(4 7) = 0.75, which means that we need

to set My = —3 (1 H2(I))? ~ —48.24 and § = 1.4 757; ~ 0.053. A simulation for this
initial data can be seen in Figure 4. Here we set pr = 1. As a comparison, we show
the same simulation with § = 0 in Figure 5. Both evolutions appear to have reached a
numerical steady state, with the latter evolution having reached a typical biconcave shape
with axisymmetry and reflective symmetry, i.e. a discocyte. The stomatocyte shape, which
only has axisymmetry, is in accordance with the phase diagram in Seifert (1997, Fig. 16),

and the discocyte shape can be found in Seifert (1997, Figs. 3, 14).

Next we use a varying-diameter cigar-like shape with reduced volume v, = 0.75 and
H2(I'%) = 9.65. We would like to investigate the flow towards the minimizer for the choice
mo/(47) = 1.52, which means that we need to set My = —33.5 and § = 0.46. The results
from our numerical simulation can be seen in Figure 6. As a comparison, we show a
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Figure 7: Same as Figure 6, but with g = 0.

A
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Figure 8: Flow for a flat pear-shape for the scheme (5.4a—f). The triangulations of '™ at
times t = 0, 5, 10, 30. The lower row shows plots of the discrete energy and the discrete
kinetic energy. We note that H?(I'°) = 38.58 and £3(Q°) = 11.26. M, = —57.25 and
g =0.114.

simulation with § = 0 in Figure 7. The pear shaped final membrane in Figure 6 appears
in the shape diagram of Seifert (1997, Fig. 16) for high mg. It is also typical that the
reflective asymmetry does not appear without the ADE contribution, see Figure 7.

Finally, we consider a flat pear-like initial shape with reduced volume v, = 0.5 and
H2(I'°) = 38.58. The triangulation satisfies (Kt,Jr) = (1154,2304). We would like to
investigate the flow towards the minimizer for the choice my/(47) = 1.3, which means

that we need to set My = —2 (71'?’[2<F0))% ~ —57.25 and = 14357y ~ 0.114. A
simulation for this initial data can be seen in Figure 8. As a comparison, we show a
simulation with # = 0 in Figure 9. Also in these two figures one observes that in the
case 3 = 0 the evolution leads to a discocyte shape, whereas in the case § > 0 the shape

maintains reflective symmetry but does not gain axisymmetry.
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Figure 9: Same as Figure 8, but with 5 = 0.
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