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Abstract. We study numerical approximations of a recently proposed phase
field model for the vesicle membrane deformations governed by the variation
of the elastic bending energy. Both the spatial discretization for the equilib-
rium problem with given volume and surface area constraints and the time
discretization of a dynamic problem via gradient flow are considered. Conver-

gence results of the numerical approximations are proved.
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1. Introduction

The elastic bending energy model for bilayer membranes, first developed by Can-
ham, Evans and Helfrich, has been widely used to study the mechanical properties
of vesicle membranes. The elastic bending energy is formulated in the form of a
surface integral on the membrane T' [23, 26, 27]:

(1) E = /1‘ {a1 +ag(H —cg)?* + CLgG} ds,

where a; represents the surface tension, H = LJQF’” is the mean curvature of the
membrane surface, with k1 and ko as the principle curvatures, and G = kyko is the
Gaussian curvature. as is the bending rigidity and a3 the stretching rigidity. cg is
the spontaneous curvature that describes the asymmetry effect of the membrane or
its environment. The equilibrium membrane configurations are the minimizers of
the energy subject to given surface area and volume constraints to account for the
effects of density change and osmotic pressure[12].

In our recent works [12] and [10, 11, 13, 29], some phase field models have
been developed based on a general energetic variational framework using the above
bending elastic energy. In particular, for the simplified case of

(2) E= /F(H —co)?ds,

its corresponding form in the phase field model is given by

3) £0) = [ 3oledot (ot av2)(i -8’ do.

Received by the editors February 9, 2006, and, in revised form, March 6, 2006.
2000 Mathematics Subject Classification. 65N12,656M12,65N30,65M60,49J45,92C37,92C05.

441



442 Q. DU AND X. WANG

The surface area and volume constraints can be specified as

(4) A<¢>:/Q¢dx:a,

) Bo) = [ |51+ (@~ 02| w=p.

Here, ) is a fixed computational domain containing the membrane surface I' which
is defined as the zero level set of the phase field function ¢. The parameter € is
a small regularization constant that determines the typical interfacial width of ¢.
The spontaneous curvature ¢y is extended the whole domain 2. For simplicity,
we also define C' = v/2¢y and sometimes just call C' the spontaneous curvature.
The equilibrium phase field model is then defined by minimizing £ subject to the
constraints (4-5). The consistency of the phase field model to the original sharp-
interface bending elasticity model, as the interfacial width parameter ¢ — 0, has
been analyzed in [9]. It is actually insightful to choose a special phase field function

of the form ¢(x) = tanh(d(}T’;)) where d(x,T) is the signed distance from a point z €

Q to the surface I', the geometric meanings of £ and (4-5) would then become clear.
In this paper, we also consider the dynamic problem governed by the constrained
gradient flow of the energy £(¢). We always assume either periodic boundary
conditions or variational boundary conditions as those naturally derived from the
variation of the energy £(¢).

In [12, 13], numerous discretization schemes have been developed for the phase
field model. They have been successfully implemented and used in the numerical
simulation the membrane deformation. Various equilibrium solutions branches and
energy diagrams have been obtained, including interesting new three dimensional
solutions. The purpose of this paper is to give some theoretical analysis to the
convergence of some of the numerical schemes used in earlier works. The theory
given here relies only on the minimal regularity assumptions of the exact solution
of the continuous models. Such convergence analysis not only provides firm math-
ematical foundation to the numerical methods, but also offers further theoretical
understanding of the phase field models, as well as their physical and analytical
properties. Over the years, there have been many works on the numerical analysis
of phase field type of models for various physical problems, starting from [4, 22]
to more recent works [21]. But to out knowledge, the work presented here repre-
sents the first collection of convergence results in the literature on the numerical
approximations to the phase field bending elasticity models.

The paper is organized as follows. We first describe the numerical schemes used
for the equilibrium phase field models. Some properties of the equilibrium prob-
lems and the convergence analysis of the numerical approximation are subsequently
provided. The dynamic problems governed by the gradient flow and its discrete in
time approximations are then presented, followed by a convergence analysis. Fi-
nally, we complement the analysis with some numerical experiments to conclude
our discussion.

2. Spatial discretization of the equilibrium problem

We begin with the spatial discretizations of the equilibrium problem. The numer-
ical schemes developed in [12] and subsequently in [10, 13] include standard finite
difference, finite element and Fourier spectral methods, which were shown to have
their own advantages and limitations in the practical implementation, depending on
the boundary conditions and the problems to be simulated. Here, we focus mainly
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on a finite element spatial discretization on regular triangular meshes. We note
that by using Voronoi triangulation meshes and mass lumping integrations, such
a finite element approximation can also be interpreted as a finite volume scheme
defined on the Voronoi-Delaunay pair [7, 16]. In the particular case of a uniform
Cartesian grid, they also reduce to standard finite difference approximations.

The computational domain €2 is assumed to be a convex polyhedron. A family
of regular Delaunay triangulations {T"} is defined on Q, h corresponds to the mesh
parameter of T" given by h = max¢p» diam(K) where K denotes any tetrahedron
in T". As usual, the regularity of the triangulation is defined by

Definition 2.1. T" is a family of regular triangulations of the domain S if there
exists a constant T > 1 such that

h
max —~ <7t Vh>0
KeTh pK

where hy = diam(K), p(K) := sup{diam(S)|S is a ball contained in K}.

We denote S" the piecewise linear continuous functions defined on 7" [6]. We
use < -, - > to denote the standard L? inner product on 2 and [|-|| the corresponding
norm.

In general, S" does not belong to H?(f2), and the phase field energy £ is not
readily defined in this case. To resolve this problem, we may interpret the A
operator on S” in the weak sense, or, in the finite element jargon, we may employ a
mixed weak formulation [3, 24] by introducing a new variable in the finite element
space to represent the Laplacian of ¢:

Definition 2.2. Given ¢" € S*, we define ALd™ as an element in S™ such that
< V" Vu' >=— < Apgh " >, Ve st

It is known that, if the mass lumping integration is applied to the right hand side
of the above equation, such a definition coincides with the standard discretization
of the Laplace operator using a co-volume technique (finite volume on the Voronoi-
Delaunay pair) [16, 25]. From this definition, we can define the energy & for ¢"
by

1 1
(6) En(¢") = 2| (eAno" + (g¢h +eoV2) (1= ("))
The constraints are given as
(7) <P 1>=a
and
€ nyz o Ly ohe 2
(8) IV ™+ lle™ — 17 = 5.

The discrete approximation is then defined as minimizing &, (¢") for all ¢" € S”
subject to the constraints (7)-(8).

3. Analysis and approximation of the equilibrium model

We now give some analytical results concerning the minimization of £ and &,.
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3.1. Existence of energy minimizers. First, we state a proposition on the
existence of minimizer for the energy £ which largely follows from the analysis
in [9].

Proposition 3.1. Let S denote the feasible set of ¢ € H*()) such that A(¢) = «
and B(¢) = B, if for some suitable o and 3, S is non-empty, then there is a ¢* € S
minimizing E(P).

Proof. The energy functional is always non-negative and thus is bounded from
below, and there is a minimizing sequence {¢,, € S}>2 ;, such that
Jim £(én) = C",

where C* is the infimum of £. By the constraints, we know ¢,, is uniformly bounded
in H'(Q). Let p(¢) = %(¢* — 1)(¢ + Ce), then ||p(¢y)]|z2 is uniformly bounded.
Coupling with the uniform bound &(¢,), we have A¢,, is bounded uniformly in
L?(2). Invoking the HZ2-regularity theory for elliptic problems, we have ¢, uni-
formly bounded in H?2. Thus, there exists a subsequence of {¢, }, denoted as {¢,}
again, weakly converging in H? to some ¢* in H?(€). Using the compact imbedding
and the lower-semicontinuity of norms, we easily get

E(¢*) <liminf &E(¢,) = C*,
together with
A(¢") = lim A(6,) =a and B(¢*) = lim B(d,) = 5.
Thus ¢* € S is a minimizer of E, satisfying the constraints. (]

Let us make some clarification on the conditions on the parameters « and g for
the nonemptyness of the feasible S. Since (|2 + «)/2 describes the volume and
3v/2(3/4 describes the surface area [12] , similar to the constructive proof in the
Appendix of [9], we have the following lemma,

Lemma 3.1. If m‘;a > 4?77(31%??)%, there exist § > 0, M > 0 such that for all
0 < € < 9, there exists ¢ with E(¢) < M, A(p) = o, B(¢) = 3.

Note that when the spontaneous curvature term is absent, a constructive proof of
the above lemma has been given in [9] which remains valid in the case corresponding
to a bounded spontaneous curvature, we omit the details. This lemma gives a
sufficient condition for assuring the feasible set S being not empty. Consequently,
we have,

Corollary 3.1. Under the condition
[0 +a _ 4n 3v23

©) 2 3 ( 167 )%

there exist § > 0, such that for all 0 < € < §, there is a ¢* € H%(Q)) minimizing
E(p) while A(¢*) = a and B(¢*) = .

The above condition on a and [ is always assumed in our discussions.

3.2. A penalty formulation. Computationally, it is convenient to use a penalty
formulation for the two constraints (4) and (5). We can use two penalty constants
My >0, M3 > 0 to get a modified Elastic bending energy

M, M,

(10) En(9) = £(0) + 5 (A(9) —a)” + 2 (B(9) — )"
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For simplification of notation, let us take M; = My = M, we then have the following
existence theorem

Theorem 3.1. For any given M > 0, there exists ¢y € H?(SY) such that

E = inf €& .
M (dar) s o) M ()
The proof is essentially the same as that for the proposition 3.1 and we omit the
details. To be more relevant to the numerical approximation, we now prove the
following

Theorem 3.2. With S non-empty, the minimum ¢* of E(¢) in S can be approz-
imated by the minimum ¢pr of Err(P), that is, there exists a sequence @yy, , which
are minimizers of Eur, (¢), converging to some minimum ¢* of E(¢) in H?() and
satisfying

£(6") = Jm_Eu, (6n,)

n—0Q0

Proof. Obviously, for any M > 0,

En(Pnr) = min€p(9) < Ep(97) = E(7) -

Thus, A(¢ar), B(éar) and E(¢p) are uniformly bounded for large M. Similar to
the proof of proposition 3.1, there exists a subsequence of ¢y, , such that

érp, — ¢ in  H?(Q) and strongly in  H'(Q)
such that R
o= lim A(gx,) = A(3),

= lim B(¢n,) = B(9),

thus ¢ € S. Moreover, by the convergence and semi-lower continuity, we have

£(é) < lm E(6u,) < lim Ex, (é,) < E(¢7) = min€(6)

So ¢ reaches the minimum of £ (¢) with volume and surface area constraints. More-

over, the above inequality becomes equality which implies the strong convergence

of ¢nr, to ¢E O

3.3. Convergence of the numerical Approximation. We now first prove the

convergence of the numerical approximations of minimizer of £y, for any M > 0.
We consider the following functional

M 2 M 2
A0 &) =& + 5 (AW — ) + 5 (B@ - 6)°
Let us consider ¢/, € S), which gives that Enrn(¢h,) = infynes, Enrn(¢"). For
given h, the existence of the minimizer is easy to get as Sp, is a finite dimensional
space. First, we show that

Lemma 3.2. Let ¢ be a minimizer of Eyr in H?(Q), and let p = A¢, there exists
a sequence ¢ € Sy, such that as h — 0, ¢" converges to ¢ in H', Apd™ converges
to p in L%, and moreover £,(¢") converges to E(¢).

Proof. Let us take ¢g to be a mollified version of ¢, such that ¢ is smooth and ¢s
converges to ¢ in H? as § — 0. For ¢5, we define qbg to be the solution of

< Vol Vul >=< Vs, Vuh >, Yuh e S,

with the constraint
<M1 >=< ps,1 > .
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We then have that d)g converges to ¢s in H' as h — 0.
Moreover, by the definition of the Ay, we have

< Apdh wh >=< Ags,w" >, Vu' €S, .

That is, p* = Amg is the L? projection of A¢s in Sj,. By the smoothness of
Ad¢s, we have p* converges to A¢s in L? as h — 0. Thus, by a diagonal selection
principle, with § — 0 and h — 0, we can find a sequence of h — 0 such that the
corresponding ¢" satisfies the above lemma. O

Note that from the proof, we can see that for any sequence h,, — 0 as n — oo,
there exists a subsequence satisfying the above lemma. We next state a convergence
results.

Theorem 3.3. Given M > 0, there exists a sequence ¢, the minimizers of
Entn(9") in Sy such that ¢ converges in H' to a minimizer of En in H?.

Proof. Let ¢* be a minimizer of £y in H2(Q), and let p* = A¢*. By lemma 3.2, we
can find a sequence of approximation 1" € S, with h — 0, such that ¢" converges
to ¢* in H' and moreover, Apy" converges to p* in L?. Thus, we have EM,h(wh)
bounded uniformly by £y (¢*)+ 0 as h — 0. Here, the constant ¢ > 0 can be made
arbitrarily small as h — 0. For the corresponding minimum ¢" € S, with

Enrp(d") = inf Enrp(w™),
wheSy

it follows that Eprp(¢") is uniformly bounded above by Exr(¢) + o as h — 0. It
follows that we have ¢" bounded uniformly in H' and A,¢" bounded uniformly
in L?. By compact imbedding of Sobolev spaces, we have a subsequence (denoted
still by {¢"}), satisfying

oo in H',

" — o in LP (p<6),

Apdh —p in L?.
From the boundary condition, it is easy to deduce that < p,1 >= 0, thus, we can
find ¢ € H? such that

<Vo,Vu>=—<pov>, YveHY(Q)),
and < §,1 >=< ¢, 1 >.
So for any v € S), C H'
lim < V(o —¢"), Vo >= lim {— < At o> — < Ve, Vo >} =0.

But, ¢—¢" is uniformly bounded in H', using the density of Sy, in HY(Q)ash — 0,
we get

<V($—4).Vv>=lim <V(@—¢"),Vv>=0, WweH(Q).

This together with < ¢,1 >=< ¢,1 > implies that ¢ = ¢ € H? (Q).
Moreover, p = A¢. Then using the lower semi-continuity of norms and the
strong convergence, we get

Er(9) < liminf £y (¢") < Eni(¢7) +0

for any o > 0. As o is arbitrary, we have

Em(9) = Em(¢7) = inf  En(d).

PEH?(Q)
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That is, gﬁ is a minimizer of £, and we also have the convergence of the ¢" and
Apd™ to ¢ and A¢ respectively, as well as the convergence of the energy &£ M7h(¢>h)

to “:M(¢) O

The above proof in fact implies that in the above theorem as h — 0, every
convergent subsequence {¢"} has its weak limit being a minimizer of £3;, moreover,
such a sequence satisfies strong convergence properties, as stated in the following
corollary.

Corollary 3.2. With respect to the weak H' topology, let qf) be in the limit set of
{¢"}, the minimizers of Epr in Sy, then ¢ € H2(Q) is a minimizer of Epr and

o" — ¢ in H', and Ape" — A¢ in L%
In addition, by triangle inequality, we can now conclude:

Theorem 3.4. There exists a sequence ¢", the minimizers of Eny,, 1, in Sh, such
that as n — 00, hy, — 0 and M,, — oo, and ¢™ converges strongly in H' to ¢, a
minimizer of € in H?. Moreover, Ay, ¢"™ converges to A¢ in L?.

Proof. The result follows from theorems 3.2 and 3.3 and corollary 3.2. O

In addition to the above convergence result under minimal regularity assumption
on the exact solution, it is also possible to derive an error estimate for the finite
element approximations to those exact solutions having higher regularity, we refer
to [18] for further discussions.

4. Gradient flow

Gradient flow may be used as an approach to compute the minimizers of the
energies [1]. Meanwhile, they also illustrate interesting dynamic transformations
of the cell membranes. For brevity, we focus on the Allen-Cahn type dynamics,
corresponding to the standard L? gradient flow. Another popular dynamics to be
studied elsewhere is the Cahn-Hilliard type conservative dynamics corresponding
to the H~! gradient flow.

As in [13], let us denote

£(9) = edd— < (6 ~ )9,
(12) Fu(6) = ed— (8 = 1)(9+ C)
9(6) = AL(6) — 5B+ 20~ 1)1u(6)

To preserve the surface area and volume constraints in time, we may consider the
constrained gradient flow for the energy £ that incorporates Lagrange multipliers
or again employ a penalty formulation.

The gradient flow with Lagrange multipliers A; and As is given as

(13) br = —79(®) + A1 + X2 f(9)

where the constant v > 0 is a time relaxation parameter, A1, Ao are Lagrange multi-
pliers which are time dependent constants, they are determined through additional
equations to enforce the constraints [13]. On the other hand, the gradient flow with
the penalty constants M; = My = M is given by

()
o)

(14) by = =7 =—7(9(¢) + M(A—a) + M(B - 8)(¢)).
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Here, either periodic boundary conditions or variational boundary conditions as
those naturally derived from the variation of the energy £ are assumed. We specify
the initial condition as ¢(x,0) = ¢o(x) for any x € Q.

Similar to the discussion in [11], both gradient flows have their respective energy
laws:

Lemma 4.1. The solution of (13) satisfies

d
(15) L@+l =0,

while the solution of (14) satisfies

d
(16) agM(@‘FVH@HQ =0.
Let us define the function space V by
V=H0,T;L*(Q)) N L*(0,T; H*(Q)) .

With the energy laws, it is easy to show the well-posedness of the gradient flow
equations:

Theorem 4.1. For any T > 0 and ¢g € H?(Q), each of the equations (13) and
(14) has a unique weak solution in V satisfying the respective energy laws (15) or

(16).

The proof can be constructed via a standard Galerkin argument. With both
estimates on the time and spatial derivatives given by the energy laws, one can
apply standard compactness results to get the local existence and then apply uni-
form bounds to extend the solution globally. The uniqueness is also easy to obtain.
In later discussion, we provide another proof of the well posedness via a time dis-
cretization.

4.1. Semi-discrete implicit scheme. In [13], we derived the following fully im-
plicit scheme that preserves a discrete energy law and thus ensures the monotone
decreasing of the energy while preserving the constraints. First, without any con-
fusion, we redefine (or extend) the functions f and g as

1

F(m) = SA@+n) = [0 + ) =20+ ).

and

9(6,1) = SALL(8) + feln)]

iz [0+ 6n+ ()~ 1+ el + )] (£:(6) + £e(m)

where f. is still as defined in (12). Note that the two redefined functions f and
g are symmetric with respect to the two arguments and we have the consistency
with the original functions defined in (12) when the two arguments coincide. Such
generalized definitions of nonlinear terms have been used in, for example [15], to
derive discrete energy laws. They are convenient to use in our discussion here as
well.
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With f and g specified as in the above, and k being the time step size, an implicit
numerical scheme may be introduced as follows:

n+l _ g n
O O g g =AY AP (gt gy =,

AP0+ ASTY /Qf<¢"+l,¢>”> dz — /ﬂgw"“,w) e = 0,

>\§H+1)/Qf(¢n+la¢n> dx+)\én+1)/§lf(¢7z+17¢n)2 dr
- fQ f(¢n+1a ¢n)g(¢n+l7 ¢n) dv = 0.
Based on the first two equations of the above system, we can easily show
A - a6 = [ 6 tde - [ ondo
Q Q
- /thw“, ") = ATV AT (¢ ¢ da = 0

By the first and the third equations, we have
B(¢n+1) _ B(an) _ ‘/Q((bn-l—l _ ¢n)f(¢n+1,¢n) dx
- "“/Q [g(¢" !, 8m) = AT = AT (g )] f(97 9" de = 0.

Furthermore, we also obtain

Lemma 4.2. The solution of (17) satisfies
£~ 80" = [ (@7 = Mg(e ") da
==k [ 9@ 6 a0 = A <AL (6] da

== [ Tagle 6 = 0 A pon o) o
Q
= [ e
vk Ja
The equation in the above lemma is the discrete analog of the energy law. Note
that at each time step, predictor-corrector type schemes can be used to iteratively
solve the system (17) for ¢"*1 A§”+1) and )\(Q"H).
For the penalty formulation, we have a similar but simpler fully implicit scheme
given as follows:

P = 0 + S A + A - 20)

(18) FEBE™ + B@") —20) 76", ")
For the solution of (18), we have
(19) @ - E@) = [ (@ = amg(on 6" dx
Q
and
SAW) — )~ T (AG") ~ o)
= %(A(¢n+l) + A((bn) . 2a) (A((bn—i-l) . A(¢n))
(20) = A + 4@~ 20) [ (@71 = o) da
Q
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Also, since
Bo™) = Be) = [ (07 = am) (" o) o,
we have
BB — 9~ 5 (B6") - B
= T (B + B(6") —20) (B@™") ~ B(s"))
(21) = 5 (B + Blo") = 20) [ (0" = ") f(6" o) da

Putting together (19), (20) and (21), we have the discrete energy law for the
numerical solution corresponding to the penalty formulation:

Lemma 4.3. The solution of (18) satisfies

n n 1 n n _
(22) Enr(6™) — Enrl >+%/Q<¢ H )2 dr = 0

Notice that, to discretize the penalty formulation of the gradient flow in time,
we may also adopt a full backward Euler scheme:

¢n+1 _ ¢n _

(23) 3

(g™ + M(A(G™) — a) + M(B(6™H) = B) f(6"F)) .
In this case, the discrete energy law no longer holds strictly, instead, we have

Proposition 4.1. For all k > 0 and a given ¢" € H?(SY), there exists a solution
¢" Tt satisfying the backward Euler scheme (23). Moreover, ¢" T may be given by
the minimizer in H*(Q) of the modified energy functional

i _4n)2
8M(¢)+2'yk /Q(d) @™ ) dx .
Furthermore,
n+ly n i n+l _ n)\2
9 En(o) = En(0") + 5 [ (@ = da <.

Proof. The proof of the existence of above modified energy minimizer is the almost
the same as the proof of Theorem 3.1, we omit the details. It is also easy to verify
that the Euler-Lagrange equation of the functional

1 n\2
5M(¢>)+27k Q(¢—¢ )*dx

is equivalent to (23), thus, we have the existence of solution to (23). Moreover,
since ¢" is a feasible function for the above energy minimization, we have

1

7/9((;5n+1 _¢n)2dz S gM(¢n) )

n+1
Em(9") + vk

The results of the proposition are all proved. ([
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4.2. Analysis of the semi-discrete approximation. In this section, we prove
the numerical approximation for the gradient flows. We focus on the scheme (18).
The conclusions for the Lagrange multiplier formulation and the backward Euler
schemes are similar.

First, we have

Proposition 4.2. Given ¢g € H?(Q), for small enough k > 0, there exists a unique
o™t € H2(Q) satisfying the fully implicit scheme (18) for a given ¢™ € H?(Q).

Proof. For convenience, let

(25) @)= @ - DE+C, g@)=p@), ) =1().

Given ¢ = ¢", we define a nonlinear map P from H?(Q) to itself by p = Pw with
p satisfying:

(26) £t = - SAlA ) + £.0)]) - plw)
where

plw) = ~ 5(w) A0 — 2r(W)Ve?

b G (O 4 CelC )~ 1)(£eQ) + £o(w)

(27) +2L(AW) + AQ) 20 + T (B) + BO) ~ 20)f(,0)

The map P is obviously well-defined for any ¢,w € H?(Q). Moreover, direct calcu-
lation shows that a solution to (18) is the same as a fixed point of P.
For given parameters «, 3,7, ¢, M and ¢ € H?(2), we define a set

U={ueH*Q) | |lulg= <C}

for some suitably chosen constant C' > 0 to be specified later. We now show that
for k£ small, P is a contraction from U into itself, thus it has a unique fixed point.

First, by the continuous embedding of H?(£2) into C(Q), we easily get p(w) is a
continuous map from H?(Q2) to L?(2) and the it is uniformly continuous for w € U,
that is, we have for any w,w € U,

le)llz <ers lv(w) — (@)l < eaflw — @l g

for some constants ¢; and ¢y depending on C.
Then, multiplying p — ¢ on both sides of (26), integrating over {2 and using
integration by parts, we get

o=l + S1AG= Ol = 5 [ AC=p1(6)+ea0)da— [ (p=Cplwide

By Cauchy-Schwartz, the bound on ¢(w) and the fact that f.(¢)+ €A( is bounded
in L? for ¢ € H?, we get

1 € 1
2Tk”p =z + 1A = Ol < 1 MfeQ)+ eAC|| 22 + 27k[lp(w)l[Z2 -
In turn, this implies that

Il a2 < O+ Vies

for some constant C’ independent of k and C' and constant c3 dependent on C' but
independent of k. Hence, if we take C = C’ + 1 (thus determining c3) and let k
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be small such that vkes < 1, then we have P maps U into itself. Now, for any
wy,wq € U, let p; = Pw; for i = 1,2, we can get

’“;k” + 58%(p1 = p2) = plwn) — plwr)

Again, multiplying p; — p2, integrating in Q and applying integration by parts, we
have

1 €
%le — 2|7 + 1A — p2)l72 < llo1 = p2llzlo(w2) — (wi)llz2

vkc3

5 w1 — w2l -

< o - pallZa
= o0k P1 — P2llL2

We easily see that if k is small enough, we get from elliptic regularity theory that
there exists a constant ¢ > 0 such that

ykecs

1 €
lp1 = pallFr2 < C{zjkllpl — p2ll7e + 1Al = pa)l7=} < lwr — wallFe -

Therefore, if k is also small enough to have %2—065 < 1, then we get P as a contraction
from U to U.

Finally, note that the discrete energy law gives a uniform bound on ¢" for all
n, thus, the smallness of k depends only on the initial data when other parameters

are are fixed. The proposition is proved.
O

Note that the existence of solution may also be obtained via Schauder fixed point
theorem using argument similar to the above.
Now, we denote the linear interpolation in time of the discrete solution by ¢*,

that is,
F(0) = 1 [t nk)o"™ 4 ((n+ Dk~ 1)6"]

for nk <t < (n+ 1)k. Then, we have
Theorem 4.2. Given T > 0, Nk =T, the solution of (18) satisfies
F—o¢* in V, as k—0,

where ¢* is a weak solution of the gradient flow (14). Moreover, this weak solution
¢* is unique.

Proof. From the discrete energy law, we know that Ey/(¢™) is uniformly bounded.
Therefore, A(¢™), B(¢"™) and E(¢™) are uniformly bounded. Same as in the first
part proof of proposition 3.1, we have ¢ € H?(f)) being uniformly bounded in
H?(2), and this implies that ¢* is uniformly bounded in L2(0,T; H?(f)).

Denote

Go" 6™ = —dg(@" 6" + SM(AW™) + A(6™) — 20)

(28) P M(BO™) + B6™) — 20) {66}
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we have ¢f = G(¢", ¢"T!) for t € (nk, (n+ 1)k) and
1

Em(@") —Em(9") = —— Q(d)”“ —¢")dw

vk
k

— _7/G(¢n7¢n+1>2d$
7 Ja

1 (n+1)k
= ——/ /G(¢”,¢"+1)2dxdt.
Y JIn Q

k
Thus for finite T" > 0,

LA /ch¢m¢ﬂ+52dxdt=fweM<¢%-—sM<¢N»,

and we see that ¢F is uniformly bounded in L2(0,T; L%(Q)) by Ear(4°).
Together, we get that ¢* is uniformly bounded in V. Consequently there exists
a subsequence of ¢*, denoted as {¢*} again, and a function ¢* € V such that
oF — ¢* in L*0,T; H*(Q)) and ¢f — ¢; in L%(0,T;L*(Q)).
Thus, using compact imbedding results [28], we get the strong convergence of ¢*
to ¢* in L2(0,T; H'(Q)) (possibly after selecting a subsequence) as k — 0.
Without any confusion, we now denote ¢ as a step-wise function
G4 (t) =" for te€nk,(n+1)k).
We have
1
6" () = 6+(t) = 2 ((n + Dk = 1)(¢" 1 = ¢") = (n + Dk —1)G(¢",6" 1) -0,
in L>(0,T; L?(2)) as k — 0. Similarly, we denote
o_(t) =¢" for te[(n—1)k,nk).

Then, ¢k (t) — ¢_(t) — 0 in L>=(0,T; L*(Q)).

Furthermore, as Eyr(¢") is uniformly bounded by Exr(¢°), we get Epr(¢F) uni-
formly bounded by Eps(¢°) for all t € (0,7). This, in turn, implies that £(¢") is
uniformly bounded and &£(¢*) is uniformly bounded in (0,7). Same as in the first
part proof of proposition 3.1, we have ¢* uniformly bounded in L>(0,T; H?(2)) as
k — 0 and A¢* uniformly bounded in L>(0,7; L?(£2)). Meanwhile, for the step-
wise function we have also ¢+ (t) € L>(0,T; H*(Q)) and A¢y € L>=(0,T; L*(Q))
with R

Apr — Ag
in L2(0,T; L2(2)) for some ¢ € L2(0,T; H2(£2)). Now using the uniqueness of the
weak limit and the convergence properties of ¢* along with the fact that ¢*(t) —
¢+ (t) — 0in L>®(0,T; L2(Q)) as discussed in the above, we get ¢* = ¢.

As ¢F satisfies ¢F = G(¢4,d_), we have

<o u> 4y < 5(u(60) + 1o(94)), Do >
+v < —

¢ () + D01 + (04)> = 1] (fe(¢-) + feldy)),v >
+’Y < C’e(gﬁ, + ¢+)(fc(¢f) + fc(¢+))vv >
by < %M(Aw,) +A(by) — 20),0 >

(29) 4y < MS(64,6 ) (B6) + Boy) ~28),0>=0,
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for each v € HZ(2) and time 0 < ¢ < 7.

Now we claim f(¢4,d_) — f(¢*) in L2(0,T; L*(2)).

In fact, by the continuous embedding of H?(Q) into C(Q), we get ¢+ (t), ¢F(¢)
and ¢*(t) are uniformly bounded in L>°((0,T) x ©). On the other hand, from

o —¢* in L*0,T;HY(Q)) and ¢"—¢" -0 in L>(0,T;L*(Q)),
we have
¢x —¢" in L*(0,T;L%(Q)).
Thus
[(0+)? — (")’ = 6+ — ¢*|[(¢2)* + 10" + (¢7)*| < Clox — ¢,
and we get (¢+)3 — (¢*)% in L?(0,T; L*(9)). Also,
[(04)20— — (6*)°] < |(¢4)* = ()| + (64)%(9— — d1)| =0,
so we finally have

1

LU0+ (91 = 2Ap- +64) = (6" = D¢* i L0, T I(@))

Together with A¢4 — A¢*, we have

f(o—,04) = f(¢7) and fe(d4), fe(-) = fe(97)
in L2(0,T; L?(Q2)). Denote, for t € [nk,(n+ 1)k),

i = 53[0 + 664+ (62— 1+ Celp +61)]

ut = (37 + 2 1),
and
Un = fe(@2) + fe(d}),  v* = fe(o7).
We have
up, —u* and w, =0v* in  L*0,T;L*(Q)) .
Since u,, and u* are uniformly bounded in L*((0,7T) x Q), we have
| < upvy, —u* v, w > | < | < (v, —v)u"w > [+ | < (up —u*)vy,w > | —0
for any w € L>((0,T; L*(2)). Thus
Upvn, — utv*  in L2(0,T; L*(9)) .
Following from ¢4 — ¢* in L2(0,T; L?*(Q2)), we have
A(gs) — A(¢") in L*(0,7).
Also it is obvious that
B(¢+) — B(¢*) i L*0,T).
All together, from (29), we have

T
/0 {< O30 > +y < fo(@),Av > —y < 6%(3@)*)2 +2Ced* — 1) fo(d"),v >

+ty<MA-a),v>+y< Mf(B-p),v>}dt=0

for all v € L?(0,T; H3()). Thus ¢* is a weak solution of the gradient flow (14).
And the weak solution ¢* actually belongs to C(0,T; L?(£2)). Then the initial phase
field function of the gradient flow ¢(0) = ¢y makes sense.

We finally prove the uniqueness of ¢* for a given initial phase field function ¢g.
Suppose there are two weak solutions ¢1, ¢ in V of the gradient flow (14), then
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from the energy estimates, we can easily get first that ¢, and ¢ are uniformly
bounded in C(Q).
Then letting u = ¢1 — ¢2, we have

% <up,v >+ < fo(d1) = fe(h2), Av > — < q(1) fe(P1) — a(@2) fe(@2), v >

+ < M(A(¢1) = A(d2)),v > + < M(f(d1)B(d1) — f(92)B(¢2)),v >= 0.

where the polynomial ¢ is defined as in (25).

It is obvious that A(¢;), B(¢;) are uniformly bounded for i = 1,2. As ¢, ¢ are
uniformly bounded in C(£), taking the formulae of f. and f, and setting v = u,
we finally have

d ~
Sl +yellAulz, < Mljulm,|lull 2

where M is a constant independent of u. Thus, we have for a suitable constant
M >0,

d 2 9 2

iz, < Mllullz -

As ul—o = 0, we have |lul|7, = 0 for all ¢ > 0. Thus ¢; = ¢o. Finally, due to
the uniqueness of ¢*, we actually get that the convergence of the whole sequence
OF — ¢* as k — 0.

|

By similar argument, we can also get the following convergence results for the
backward Euler scheme and the formulation in Lagrange multipliers, the proofs are
omitted.

Theorem 4.3. Given T > 0, Nk =T, the solution of (17) satisfies
oF =" in V, as k—0,

where ¢* is the weak solution of the gradient flow (13).

Theorem 4.4. Given T > 0, Nk =T, the solution of (23) satisfies
F—o¢* inV, as k—0,

where ¢* is the weak solution of the gradient flow (14).

5. Numerical simulation results

Here, we briefly present a few sample numerical experiments, one for the equi-
librium problem, and the other for the gradient flow. These experimental results
confirm the convergence analysis presented earlier in the paper. Equilibrium state
of the vesicle shape can also be computed via (14), the gradient flow of the penalty
formulation. We use the implicit numerical scheme (17) for the time discretization.
For the spatial discretizations, we may use any of the Finite Difference, Finite El-
ement and spectral methods. Due to the periodic boundary condition we assume
here, the spectral Fourier method is used for the results documented here.

In our experiments, the computational domain is taken as [—,7|>. The other
parameter values are: volume parameter o = —202.67, surface area parameter
[ = 45.43 and € = 0.255254. In addition, we set bending rigidity to be 10.0 and we
do not consider the spontaneous curvature, that is, we let ¢y = 0.0.

The first experiment is to test the computation of the equilibrium shape with
fixed volume and surface area. We use a penalty constant M = 10000 which is
sufficiently large to enforce the volume and surface area constraints. The time
step k is dynamically adjusted to balance the stability and the fast computation of
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the steady state [12]. To verify the convergence of the numerical approximations,
we repeat the same experiment with four different spatial meshes: 16 x 16 x 16,
32 x 32 x 32, 48 x 48 x 48 and 64 x 64 x 64. The initial starting shape of the
membrane is a flat elliptic shaped disk (see left most picture of figure 1), which, for
the given volume and surface area, is not an equilibrium shape. As time increases,
it pinches off to be a torus, which is the final equilibrium shape. The detailed
dynamic process computed with a 64 x 64 x 64 grid is depicted in figure 1.

FIGURE 2. Final equilibrium shapes (cut view) on 16 x 16 x 16,
32 x 32 x 32, 48 x 48 x 48 and 64 x 64 x 64 meshes.

Comparisons of the final equilibrium shapes computed with different spatial
meshes are made in figure 2, which provide verification to the convergence of our
numerical simulation. Table 1 illustrates the final elastic bending energy £(¢), from
which we see the convergence of the energy. Note that the energy values computed
on the coarse grids have additional errors from numerical quadratures whose effects
diminish on the finer grids.

Mesh sizes || 16 X 16 x 16 | 32 x 32 x 32 | 48 x 48 x 48 | 64 x 64 x 64
Energy 409.22535 423.20807 423.20086 423.20087

TABLE 1. Energy comparison of the experiments in Figure 2

The second experiment is to test the convergence for the gradient flow. We
repeat the same experiment with a spatial mesh size 64 x 64 x 64 but with different
time step sizes. Two different constant step sizes were adopted: 6.0 x 10~® and
3.0 x 1078, Figure 3 gives the plot of the decreasing energy for the gradient flows.
As the energy decays very fast, we draw the energy in a log scale against the time,
that is, the curves in the figure are for log(€ys — 423.20) against time, where the
number 423.20 is nearly the value of the energy minimum.

The plot again confirms the numerical convergence of the simulation results
with the different time step sizes. The agreement remained excellent even after 3.7
million steps. More numerical simulation results can be found in [12] and [10, 13]
and our subsequent works.
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FIGURE 3. Energy of gradient flows for different time steps.

6. Conclusion

The phase field models developed in [12, 13] and [10, 11] for the equilibrium
and dynamic vesicle deformations have been shown to be very effective tools to
study the mechanical properties of the cell membranes and their interactions with
external fields, through extensive computational studies. In this paper, some rigor-
ous mathematical analysis on the equilibrium phase field model, its gradient flow,
and their numerical approximations has been carried out to make the numerical
simulations on a more solid theoretical ground. For the equilibrium problems, the
focus is on finite element spatial discretizations, while for the gradient flow, the
attention is given to a time-discretization preserving the energy law at the discrete
level. The convergence analysis of the numerical approximations further substan-
tiates the reliability of the experimental results. Our theory relies only on the
minimal regularity assumptions of the exact solutions of the continuous models,
but it is also limited to the simple case where no external field is introduced. In the
future, the convergence of fully discrete schemes for the time-dependent problem,
being either the Allen-Cahn type dynamics considered here or the Cahn-Hilliard
dynamics, may be analyzed, similar to the studies given in [15, 19, 20]. The exten-
sion to more general settings such as those involving membrane fluid interactions
(see discussions in [2, 8] and a more rigorously derived model in [11]) may also be
considered. Extension may also include the study of models for multicomponent
and open membranes studied in [30]. Other possible directions of study include a
more careful examination on the order of convergence when more regularity of the
solutions can be postulated [18] and adaptive schemes based on a posterior error
estimates [17]. Convergence analysis of the discretization in the sharp interface
limit, that is, as € — 0, will also be of practical interests [21]. Naturally, more nu-
merical simulations may be carried out to provide more insight into the interesting
properties of the membrane vesicles.
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