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BUCKLING INSTABILITY OF VIRAL CAPSIDS—A CONTINUUM
APPROACH*
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Abstract. The crystallographic structure of spherical viruses is modeled using a multiscale
approach combining a macroscopic Helfrich model for morphology evolution with a microscopic
approximation of a classical density functional theory for the protein interactions. The derivation of
the model is based on energy dissipation and conservation of protein number density. The resulting
set of equations is solved within a diffuse domain approach using finite elements and shows buckling
transitions of spherical shapes into faceted viral shapes.
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1. Introduction. A capsid is the protein shell of a virus. It encloses the genetic
material of a virus and protects it from enzymatic digestion. The capsid proteins are
expressed from the DNA or RNA genome of the virus, and in physiological conditions
self-assemble into very efficient structures which can withstand high forces while at the
same time effectively disassemble to allow the viral genome to be released in the host
cell. Capsids are broadly classified according to their structure. Most viral capsids are
spherical. The crystallographic structures of spherical viruses have been extensively
investigated by techniques such as X-ray spectroscopy and cryotransmission electron
microscopy. Structural analyses of major capsid protein architectures have been used
to categorize viruses into families, and the analyzed structure of the capsid forms part
of the core knowledge of modern virology.

The capsid proteins are grouped in subunits called capsomers, which are oligomers
made of either five (pentamer) or six (hexamer) proteins. Spherical viruses typically
possess icosahedral symmetry with 12 pentamers located at the vertices of a regu-
lar icosahedron and hexamers at the faces. The diameters of spherical viruses span
the range from 10 to 100 nm. While small capsids are almost perfectly spherical,
large viruses, such as the bacteriophage HK97 or the phycodnavirus, typical exhibit
a faceted geometry with nearly flat portions separated by ridges and sharp corners
corresponding to the 12 pentamers. One explanation for the transition between spher-
ical and faceted shapes is a buckling transition resulting from a balance between the
stretching energy associated with the pentamers in capsomer lattices and the bend-
ing elasticity of the viral capsid [21]. Viruses with different overall capsid size are
composed of nearly identical monomers, and the capsid proteins have nearly identical
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size, weight, composition, and folded structure [26]. This allows us to view the 12
isolated points of fivefold symmetry as disclinations in an otherwise sixfold medium.
As in flat space in which the large strain associated with an isolated disclination
leads to buckling into a conical shape, the icosahedral shell becomes aspherical if the
Féppl-von Karman number v = YR?/ky > 1, with Y the Young’s modulus, xy
the normal bending rigidity, and R the radius. Most viruses have v < 150 with a
close-to-spherical shape, or 200 < v < 1500 with a strong buckling effect. In [21] the
mean square aspherisity is computed as a function of v, using the classical Caspar and
Klug model [8] in combination with a discrete Helfrich model [18]. The icosahedral
shape of the capsid is thereby given.

We will follow a different approach to model the buckling transition, which is not
restricted to spherical or almost spherical shapes and does not impose icosahedral
structure. We therefore postulate that the condensed matter order of the capsid pro-
teins induces an anisotropy in the bending rigidity which can lead to morphological
changes. We consider the classical Helfrich model [18], which is based on the assump-
tion that the surface energy associated with bending of the capsid can be expanded
in the mean curvature H = k1 + k2 and the Gaussian curvature K = k1Ko, with k12
the principle curvatures of a surface I'. The energy Freifricn consists of the following
parts:

e the normal bending energy,

1
Freifrich,B(I') = 3 / rn(H — Ho)Qd,u(x);
r

e the Gaussian bending energy,

Fhreifrich,a(I') = / koK du(z)
r

with Hy the spontaneous curvature, which reflects a possible asymmetry of the capsid.
Hy is usually assumed to be spatially homogeneous. ky is the normal bending stiff-
ness and k¢ is the Gaussian bending stiffness. For constant k¢ the Gaussian bending
energy is proportional to the Euler characteristic of the capsid (Gauss—Bonnet theo-
rem), and so changes in shape, which preserve the topology, do not contribute to the
energy. Hence Fpeiprich, can be dropped for such cases. In addition we might need
to incorporate constraints on volume and/or area. For a review on models based on
this energy we refer the reader to [30].

To model the ordering of capsid proteins we follow the approach in [4] and in-
troduce a protein number density g, for which we formulate a Swift—-Hohenberg (or
phase field crystal) energy Fppc which reads

) Ferelen) = [ (< 19vell + 58r0? + £(0)) duto)

with a potential f(g) = %(1 —e)o® + %94 with an adjustable parameter ¢ € R used to
approximate a specific correlation function; see, e.g., [32]. In [4] it has been demon-
strated that an H~! gradient flow of this energy converges to a minimal energy con-
figuration which is in correspondence with known results for the classical Thomson
problem [33] for optimal ordering of particles on a sphere. In flat space the energy is
minimized by a hexagonal structure [14]; however, due to the geometric frustration,
which is incorporated through the surface gradient Vi and the surface Laplacian,
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Ar defects are introduced if the energy is minimized on a curved surface. For typical
virus sizes, which are, e.g., for the polyoma virus 72 capsomeres or for the herpes virus
252 units, a minimal energy configuration with 12 isolated disclinations is expected.

The coupling of the macroscopic continuum Helfrich model and the microscopic
discrete phase field crystal model comes from the dependency of bending stiffness
on the defect structure, which allows a multiscale coupling of the discrete protein
arrangements of the capsid and the continuous morphology evolution. It is essen-
tially this interplay between geometry and condensed matter order which provides a
fascinating venue for theoretical models; see [6, 34] for two recent reviews. Here for
simplicity we consider only the normal bending stiffness xy and keep the Gaussian
bending stiffness kg constant.

The paper is organized as follows. In section 2 we will derive a thermodynamically
consistent evolution equation to minimize F = Fpeyricn + Fprc With respect to
I" and p. Simplifications of the model according to scale separations are discussed
in section 3, and different ways to define the bending rigidity as a function of the
defect structure of the protein arrangements are discussed in section 5. In order to
numerically solve the derived equations a diffuse interface approximation is used in
section 4. In section 6 the adaptive finite element discretization used is described,
and implementational details are given. Numerical results are shown in section 7, and
conclusions are drawn in section 8.

2. Model derivation. We consider initial data I'(0) = I'g, ¢(0,-) = 0o and an
evolution (I'(t), o(¢))¢>0. We assume that I'(¢) is a smoothly evolving family of smooth
hypersurfaces with normal velocity v(¢, ) that is parametrized over Ty,

I(t) = @4(To),
0: P (x) = v(t, z)v(t, x),

where v(t,z) denotes the outward normal to I'(t) in « € T'(t). The protein number
density o(t, -) is assumed to be a smooth function on I'(t).

We propose evolution equations for ¢ and ®, which guarantee conservation of pro-
tein number density and energy dissipation. Defining the total (material) derivative
d¢, we first consider conservation of protein number density o:

d
dt Jre ol ) dp(z) = T deo(t, ) du(z) +/F(t) o(t, x)o(t, z)H (t, ) dp(z),

where H(t,-) denotes the scalar mean curvature of I'(t), chosen positive if the region
enclosed by I'(t) is convex, and where du(z) denotes integration with respect to the
corresponding surface measure. For a detailed definition of the geometric notations
we refer the reader to section B.1 in Appendix B. One gets conserved dynamics if one
assumes

(2.1) dto=—ovH —Vr -q

for a tangential flux ¢ defined by

(2.2) g = —Vr0,F,

where 9,F denotes the variational derivative of F with respect to p.!

Lo thereby is a protein number density and should not be confused with a protein density as,
e.g., considered in [1].
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The value of the functional F changes under the evolution (o(¢,-),I'(¢)), t € (0,T),
according to the equation

(2.3) d,F(o,T) = /F (00 F - di® + 9, Fds0) du(z).

By (2.1), (2.2) we compute that
GF (@) = [ F A duta) [ 0, (ool + Vi -q) dula)
r r
< /U(’?cp}'- vdu(z) — / 0o, F ovH dp(x),
r r

where we have used that 0;® is normal and partial integration on I'(¢). Therefore,
dissipative dynamics are obtained by

(2.4) Y = —0oF - v+ 00,FH

with a kinetic coefficient ~.

To summarize, (2.1), (2.2), (2.4) provide a system of evolution equations which
guarantee conservation of protein number density and energy dissipation. The model
allows us to simultaneously change the order of proteins and the morphology of the
capsid. Thus in principal the formation of new defect structures in the protein ar-
rangement is possible within the interplay of minimizing bending energy and elastic
energies of the disclinations. The phase field crystal (PFC) model used here was in-
troduced by Elder et al. [15] and results from phenomenological arguments. However,
it can also be derived via a classical dynamic density functional theory from an inter-
atomic potential for the protein interactions; see [3, 16, 32] for a general discussion.

The variational derivatives 0 F and 0,F are computed in Appendix B. The
resulting system of partial differential equations forms a highly nonlinear system of a
coupled fourth-order equation for the evolution of a surface and a sixth-order equations
which has to be solved on the evolving surface. We will not directly use these equations
but consider only a special case and prefer a phase field approximation to numerically
simulate the evolution equations.

3. Special cases. Instead of solving the full problem (2.1), (2.2), (2.4) we con-
sider the simplification

(3.1) dio = —ovH + Ar0,Fprc,
(3.2) Yv = —O0aF Helfrich * V + 00,F H,

which considers only Fprc in the first equation and Frejpricn in the first term of the
second equation. The remaining system is no longer thermodynamically consistent.
However, besides the achieved simplification, which allows a numerical treatment,
there are also physical reasons for these approximations. Fprc and Freyfrich con-
sider aspects of the energy on different spatial scales, whereas Fppc models particle
interactions on a molecular scale on a macroscopic surface, and Fgefrich, models this
surface. To describe the evolution of the surface, we are thus interested in variations
not on a molecular scale but rather only on a macroscopic scale. We thus neglect
terms in (3.2) varying on a molecular scale. On the other hand, in (3.1) we are inter-
ested in the molecular scale which is primarily determined by Fprc; the dependency
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of Freifrich on o is due only to the definition of xx and thus should not influence the
evolution of p.
The protein number density o remains a conserved quantity

d

G oty = [ ot ool du@) = [ Ar0,Fercdulz) =0,
dt Jp I(t) )

r(t

4. Diffuse interface approximation. We use a diffuse interface approxima-
tion and follow the approach in [27] to numerically solve (3.1), (3.2). Therefore we
approximate the evolution of the surface that represents the virus capsid by an evo-
lution of smooth phase fields. These take values close to 1 inside the virus and close
to 0 outside, with a smooth, but rapid, transition. The corresponding transition layer
represents the capsid location. The phase field variables and the governing equations
for these fields are defined in a fixed volume domain € C R3 that represents an outer
container of the virus. This is a key advantage as the (diffuse) evolution equations
now can be numerically solved with standard tools. The main challenge is being com-
putationally efficient, and this requires an adaptive mesh refinement allowing for a
fine resolution within the diffuse interface and a coarse resolution away from it.

The phase field approach is based on a diffuse surface area energy for the transition
layer. For ¢ : 2 — R representing a phase field variable and a small parameter x > 0
such energy is given by

(1) a0) = [ (51Vef +r7G(e)) da.

where G(r) is a suitable double-well potential with zeros at » = 0 and r = 1 that we
here choose as G(r) = 36r%(1—r)2. For energies of order one with respect to the small
parameter k, fields are forced to attain values 0 and 1 in most of the domain €2, with
a transition layer that has finite but small thickness of order x. By the celebrated
Modica—Mortola theorem [25, 24] A" approximates the surface area energy in the
sense of Gamma-convergence. In particular, sequences with uniformly bounded diffuse
area are precompact in L', and limit points are characteristic functions of bounded
variation.

We derive in the following a diffuse analogue of the sharp interface model. Evolu-
tion equations are derived as mass conserving dissipative dynamics. No flux boundary
conditions are assumed at J€2. Note that 0 represents the boundary of an artificial
container and that therefore no analogous conditions are present in the sharp interface
model.

4.1. Energies. We follow [22] and [2] to approximate the “sharp interface energy”
F by energies for phase fields ¢ and protein number densities o. We also include
penalty terms that account for constraints on the capsid surface area and on the
enclosed volume. We assume that the capsid surface is conserved and for all times
equals a constant Ag > 0. We relax this condition and introduce in the energy a
penalty term

K

(42) Pile) = A (A% (p) ~ Ao,

where M4 is a large positive constant. Similarly we include a volume penalty term

(43) Pie) = TGV (0) =V V() = [ da,
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where Vj is a prescribed value for the enclosed volume and M7} is a large positive
constant. The volume functional V* is continuous with respect to L' convergence
and coincides for characteristic functions ¢ with the volume of the set {© = 1}.

As a diffuse interface approximation of the Helfrich energy we follow [13] and use

(@4)  Fhaale. el = 5 [ 67 (0) (d = w7'C () + 651~ ) o) d
where Hy and kp describe the spontaneous curvature and the normal bending stiff-
ness. Here we take xky depending on the concentration field p; see below for the
precise implementation. Further extensions are possible by allowing the spontaneous
curvature to depend on the ordering, e.g., Hy = Ho(p). We will, however, consider
Hj to be constant. For the special choices Hy = 0 and ky constant, (4.4) reduces to
the well-known approximation for the Willmore functional proposed by De Giorgi [9];
see also [28].

Next we have to formulate a phase field version of the PFC energy. With this
aim we introduce some expressions for a given phase field ¢ that correspond to the
relevant geometric differential operators on a hypersurface I'. For integration over I'
we choose integration against the surface area density e, (y),

R _
(4.5) en(p) = 5IVol* + 57 G(p).
A diffuse version of the surface gradient of a function 7 is given by

where P, (p) denotes the “tangential projection” (and v, the “normal direction”),

Ve

4.7 P.(p) =1d — v, ® v, V., = .
(47) ® o

Finally, the Laplace—Beltrami operator of a function 7 is approximated by

1

(4.8) Agn = en(?)

V- (ex(9)P() VD) .

With this definition we retain analogues of the usual partial integration formulas on
surfaces,

(4.9) /Q At en(p) do = /Q Vo Vot en(ip) do = /Q PAmex(p) de,

for all smooth functions 7, ¢ with compact support in €.
With these preparations the natural choice of a diffuse PFC energy is

@100 Fprolew) = [ (10~ Dt + 58002 ) enti)

4.2. Variational derivatives. To formulate the diffuse evolution equations cor-
responding to (3.1), (3.2) we have to compute the derivatives of the diffuse energies
chosen above. For the diffuse surface area energy we obtain

(4.11) D, A" (p) = —kAp + K 1G ().
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In analogy to the formula for the first variation of a surface I' the expression on
the right-hand side is the diffuse interface description of (minus) the scalar mean
curvature. For the volume functional we obtain

(4.12) 0,V (p) = 1.
Therefore we deduce that

(4.13)
O, Ph(p) + 0, Py (p) = ME(A™(p) — Ao) (—rAp + £ G () + My (V () — Vo).

For the variational derivative of the diffuse Helfrich energy with respect to the phase
field variable we obtain

8@fflclfrich(ga (P) = Aw — H_zGH(Qp)w + KJ_lHOG(l - 2(10)(‘-}3
with
w =ty (0) (kAP — K™'G' () + 6p(1 — ) Ho) .

To obtain the derivative of the diffuse PFC energy with respect to o we recall that
for a smooth variation field n we have

d .
‘ Fprc(o+sn,¢).

| 0Fprctee) nestorde = 1|

We compute the right-hand side and start with the first term in the energy and obtain

that
%S:O/Qf(g-l-sn) ex(p) dx:/ﬂf’(g)neﬁ((p) dz

For the second term we obtain by the partial integration formula (4.9)

ds 0/|V (04 sn)? e )dx—Z/VKQ Vnews(p :—Z/A,{QT]B,{

Finally, for the last term in the energy we similarly derive

oz [auter s enorde = [ Aconmen(o)de = [ n(an penlo)de.

s=02
From this, we obtain the complete result
o Fprc(o,p) = ['(0) + 2000 + (Ax)%0

4.3. Diffuse evolution equations. We derive a system of evolution equations
for phase fields ¢ and protein number densities g that corresponds to the sharp in-
terface equations (3.1), (3.2). Again we start with mass conservation of the protein
number densities. Assuming a no-flux boundary condition for ¢, we compute

d
(4.14) E/QgeN dr = /Q(‘?tgeN — £V - Vdip + (—rAp + k1 G (p)) 00s 0 dex.

We choose p in analogy to (3.1) as

(4.15) p=0,Fppc(o¢)
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and impose a no-flux boundary condition for x. From (4.14) mass conservation for g
follows if we prescribe that

(4.16) Oroex — KV o - Voo = (kAp — kG (p))00rp + V - (exPu(@)Vi).

Here we have used that P.(¢)Vu -v = 0 on 092 follows by the no-flux boundary
condition for ¢, u. The dynamics (4.16) now corresponds to (3.1) as the expressions
on the left-hand side both describe the total derivative.

We translate the surface evolution equation (3.2) in a similar way, include the
variational derivatives of the penalty terms, and obtain the evolution equation

(417) KO = —0pFfreipricn — OpPi(0) — 0, P () — op(kAp — K71 G (@)

with p the chemical potential defined through (4.15).

The resulting system of equations for ¢ and ¢ is of sixth and fourth order, re-
spectively. We expect that the protein number density ¢ and the chemical potential
w1 are in highest order constant in the direction normal to the transition layer of ;
see [27] for an asymptotic analysis of a similar (yet simpler) case. In this case we can
neglect the projection map P, and can further reduce (4.16), (4.17). Furthermore we
assume Hy = 0. When we write the equations as systems of second-order equations,
the model to be solved reads as follows: Find ¢, w, g, i, and v such that

VRO = —(Aw + k3G (P)w) — on—r
k()
(4.18) + ME(A™ () = Ao)—— + M(V"(¢) = Vo),
(o)
(4.19) w = kn(0) (kAP — KT1G' (),
(4.20) ex0ro = (kV - (0Vp) — K 1G(9)0)0ip + V - (€. V i),
(4.21) extt = exf'(0) + 2e,v + V - (€, V1),
(4.22) exv =V - (exVo),

with appropriate initial conditions for ¢ and ¢ and zero flux boundary conditions for
all variables.

5. Definition of the bending stiffness. We introduce two ways of defining
the particle dependent bending stiffness. In the first approach, which we will refer
to as discrete defect localization (DDL), we divide the set of particles into defects
and nondefects. Then we set the bending stiffness to a certain value in the defects,
to a different value in the nondefects, and interpolate in between. In the second
approach, which will be called variational bending stiffness (VBS), we will use the
variational derivative O, Fprc(0,T') to define the bending stiffness. Both approaches
are phenomenologically motivated without a rigorous justification.

5.1. Discrete defect localization. To make the normal bending stiffness de-
pendent on the occurrence of defects, we first need to determine the defects. This is
done in four steps.

1. Calculate a restriction of p to the interface:

@ZGH'Q
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2. Locate the positions p; of isolated maxima of ¢ passing a threshold: g(p;) > 0.
Thereby i is an index labeling the isolated maxima (positions of proteins) from
1 to N, where N is the number of maxima found.

3. Count the number of neighbors n; of the protein at position p;. We use the
Euclidean distance and set

n; = Z 1,
J#illpi—p;ll2<1.5a
where a = %71’ is the default distance of particles in the PFC model in a
perfect hexagonal structure. Of course, the Euclidean distance is a good
approximation only for small curvature values. It worked very well in all of
our examples.
4. We set the normal bending stiffness

kN (z) = My min { igﬁ;lﬁ | —pi|,a}

with a constant scaling factor My .

Note that this gives Ky = 0 in the defects and Ky = Mya away from the defects,
with a linear transition in between, which will allow for the desired faceting of the
structure. As ky = 0 results in a degeneracy of the problem, we replace Ky by
KN + 0,y in the simulations, with §,, = 107%.

Besides the limitations corresponding to large curvatures, wrong classification of
neighbors may also occur if the particle distribution is not equilibrated using the DDL
approach.

5.2. Variational bending stiffness. As an alternative to the DDL method we
might describe the ordered arrangement in terms of the interactions of its defects,
which leads to a more mesoscopic approach. Thereby the energetics of the defects
provide a useful starting point for deriving inhomogeneities in the normal bending
stiffness. On a spherical topology defects are necessarily introduced into the lattice
structure. The number of disclinations for a spherical topology has to be at least 12.
Their repulsive interaction will favor an arrangement which maximizes their separa-
tion leading to a configuration with icosahedral symmetry. In [21] it was shown that
the competition of the strain associated with the disclinations and the bending energy
leads to a buckling transition from a smooth round shape to a sharply faceted shape
with increasing size. We demonstrate the increase of the strain energy in the discli-
nations with increasing size by considering capsids with icosahedral symmetry. An
icosahedron is build by 20 identically curved, equilateral triangles. Therefore it is suf-
ficient to consider only one of these triangles. In Figure 5.1 we computed equilibrium
particle arrangements on one of these triangles for increasing R and thus increasing
number of particles N. Note that N denotes the total number of particles on the
whole sphere.

A comparison of the energy density in pentamers and hexamers for these con-
figurations is shown in Figure 5.2 indicating an increase in the elastic energy in the
pentamers.

Using the differences in the energy density in Fppc between pentamers and hex-
amers to define an effective dependency of the normal bending rigidity on the defect
structure allows us to circumvent to DDL approach described above. Due to an in-
crease in the difference between the energy density in pentamers and hexamers for
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Fic. 5.1. Icosahedral arrangement on a sphere with N = 42, 92, 162, 252, and 362 (from top
left to bottom right). Shown is one portion of the sphere, with pentamers arranged in the corners.
The radius R is varied to realize the different particle numbers by keeping the physical parameters
in Fprc fired at € = 0.4 and p = —0.3.

R T neighbors

=#= 6 neighbors
-0.15

-0.16

energy

-0.17
-0.18

-0.19
42 92 162 252 362

number of particles

FiG. 5.2. Energy density f(o) — |Vrol® + %(A,QQ)2 of Fprc in the center of the pentamers
and hexamers as a function of N, corresponding to the arrangements shown in Figure 5.1. Shown
is the averaged density over all pentamers and hexamers, respectively. The values of the individual
pentamers and hexamers are almost identical.

increasing radius R, also the strength of the anisotropy in the normal bending rigidity
can be modeled as a function of R. This allows us to tune the asphericality of the
capsid as a function of R. But, as the difference in the energy density becomes signif-
icant only for large particle numbers, this approach requires us to solve much larger
systems, which can no longer be handled without massively parallel computing.

Hence, instead of using the energy density, we will use the variation of Fprc(o,T)
with respect to I'. In fact, this is a natural way to define the evolution of I" so that
the energy is minimized. As shown in Appendix B the computation of s Fprc(0,T)
leads to rather complicated terms. Similarly the variational ¢-derivative of the diffuse
approximation Fpp-(0,¢) is rather complex. However, assuming that equipartition
of energy

Fige? — +
2IVs0| = KG(SD)
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holds to lowest order in x and, moreover, that o and A, o are to lowest order constant
in the normal direction (cf. [27]), we can approximate (see Appendix A)

(5.1)
0o Fprc(0,9) = weg+2kVo- D%*pVo — wV(Agp) - Vo —2:V(Ago) - D*yVo,

where
1 ! 2 1 2
wy = —KkAP+ ~G (0), g = flo)—1|Vo|" - §(Aﬂ9) :

The corresponding variational derivative of the sharp interface analogues (see Appen-
dix B) formally agrees with this approximation, in the sense that

SoFprc(0,0)(=Vo )+ 6, Fprc(o,9)(=Veo-n) = daFrrc(o,T)(n)

for smooth variation fields n € C?(Q,R"). Note that in the diffuse case both
variational derivatives appear since we have moved the concentration field with the
variation of the surface when computing the sharp interface variational derivatives.
Furthermore, the inner variation in the direction of 1 that we have used in the sharp
interface case translates into variations of the diffuse variables ¢, ¢ in the direction of
—V¢ -1 and —Vyg - 7, respectively.

Note that the usual energy minimizing evolution laws

Orp = =0pFprc(0:¢)

and

O = A (0, Fprclos¢))

result in an anisotropic Allen-Cahn and Cahn-Hilliard equation, respectively. Still,
these equations vary on the spatial scale of the proteins, which is not desired. And,
even worse, the equations are ill-posed since g can be (and in fact is) negative in some
areas. Hence one cannot directly use the evolution laws, but the derivation suggests
that 0, Fppo (0, ) describes the anisotropy and can therefore be used to design the
bending stiffness. Since we do not want to consider variations of 0,Ffpq-(0,9) on
spacial scales smaller than the particle distance, we only evaluate 0, Fp (0, ¢) in the
particle position, and thus at the discrete maxima of p. In these locations Vg vanishes
and the approximation to 0y, Ffpq (0, ) simplifies to w,g. Hence the information
about the anisotropy is contained in g.

Figure 5.3 shows a sphere colored with the value of g at the position of the closest
neighboring particle. We see that g is also well-suited for use as an indicator for the
defects since it has significantly distinct values in the pentamers and in the hexamers.
This indicator is quite natural and does not put any restrictions on the curvature as
the DDL approach does.

We take a closer look at the dependence of g on the number of particles N. Again
we use the equilibrium distribution on the curved triangles building an icosahedron
(see Figure 5.1). Figure 5.4 shows g for N = 42,92,162,252,362. As expected the
anisotropy, that is, the difference in g between pentamers and hexamers, increases
with N. Therefore using g for the bending stiffness should give a reasonable model
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Fic. 5.3. Left: A sphere with T3 particles colored with the function g evaluated at the next
neighboring particle position. The black lines are added to enhance the edges for visibility. Right:
The corresponding histogram showing distinct values for pentamers and hexamers.
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FIG. 5.4. The value of g = f(0) —|Vo|? - %(Ang)2 in the center of the pentamers and hexamers
as a function of N, corresponding to the arrangements shown in Figure 5.1.

and should yield more faceted shapes for higher particle numbers, which reflects the
experimentally observed increase in asphericality of viral capsids for increasing N.

To build the bending stiffness x we will, as before, evaluate g only at the particle
positions p;. Therefore we interpolate in between using radial basis functions. We use
the interpolant

36) 1= X e
%

where the weights w; are calculated by requiring g(p;) = g(p;), and § is adjusted to
define the shape of the radial basis functions. To avoid negative values we finally set
the bending stiffness

(5.2) rn(2) = My (g9(z) — min{g(z) : 2 € Q}),

with the scaling factor My. Again we replace Ky by Ky + dxy in the numerical
approach.

6. Numerical approach. We will solve (4.18)—(4.22) using linear finite ele-
ments. To discretize in time we decompose the time interval [0,T] into M € N
equidistant intervals of mesh size 7 := T'/M. We define the discrete time derivative
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D™t = (v™*+L — v™) /7, where the superscripts denote the time iteration. We
use a semi-implicit Euler scheme, where we keep as many terms implicit as possible.
Hence, in every time step the following coupled system has to be solved:

wm—i—l

kN (0™)

+ My (VE(e™) = Vo),

,YK:Dthm+l — _(Awm—i-l 4 K—QG//(¢m)wm+1) _ Qm'um

m—+1
6

—_

) FMEA (™) — Ao) s
) W™ = kN (™M) (AT — kTG (),

) el D™t = (kV - (0"V™) — kTG (™)) DT 4 V- (e V™,
) e = e () 2 4V (e,

)

emy Tt =V . (el V™).

(
(
(
(
(

DO O D
T = W N

The potentials f'(g) and G’() are linearized by a Taylor expansion, dropping terms
of order two and higher so that the equations are linear at the implicit time step. We
iterate only once in each time step. The same discretization approach has already been
used for (6.3)—(6.5) for stationary surfaces (Dyp™*! = 0) in [3]. The discretization
for (6.1), (6.2) is taken from [22], now with the protein number density instead of an
order parameter. Results are not available for consistency and stability in the case
when both approaches are combined in the described way.

For the spatial derivatives we use the adaptive finite element toolbox AMDIiS
[36] with linear test functions for all variables. The linear system is solved using
BiCGStab(ell). To ensure the well-posedness of the equations, e, is replaced by e, + &
with a small parameter £ = 1076,

Adaptive meshes are indispensable for providing a high spatial resolution along
the interface. For local mesh adaptation, we use an L?-like error indicator based on
a jump residual (see, e.g., [35, 36]) for ¢ to maintain approximately five grid points
across the transition layers.

7. Numerical results. We do simulations with both models for the bending
stiffness, that is, DDL and VBS. All computations are carried out in the following
way.

The initial condition for ¢ is prescribed by ¢ = 0.5(1 + tanh(d/v/2k)) for a
given signed distance function d. First, we keep this ¢ fixed and solve only the
PFC equations (6.3)—(6.5). We use a uniform distributed random perturbation in
[-0.4, —0.2] as initial value for p. We stop the pure PFC system when a steady state
is reached, that is, when an equilibrium distribution of particles on the surfaces is
reached. Then in a second step we allow the interface to move. Therefore we solve
the complete coupled system (6.1)—(6.5), taking o from the previous calculation as
initial value.

In all simulations we neglect spontaneous curvature Hy in the normal bending
energy. The incorporation of this term is not an issue in the computational approach
but might be of relevance if the viral building blocks had a pronounced conical shape
[7]. Furthermore we set the kinetic coefficient v = 1.

First, we present results of the DDL. Figure 7.1 shows an example for the evolution
of a sphere towards the faceted icosahedral shape. Here we use Q = [—15,15] and a
radius of 11.5 (i.e., d = 11.5 —|z|). The sphere is covered with 32 particles which yield
12 disclinations. Further parameters are x = 0.6, My = 120, M} = 15.0, M{ = 0,
T =1, 7 =0.001, and € = 0.4. For Ay we use the value of A"(p) at time ¢ = 0.
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Fic. 7.1. Ewolution of a sphere covered with 32 proteins towards an icosahedral shape. The
times shown are t = 0,0.01,0.02,1.0.

FiG. 7.2. Spheres with 6, 9, 12, and 32 proteins. Initial condition (left), final state (middle),
and bending stiffness at final time (right).

All parameters are chosen after extensive numerical experiments, e.g., M such that
the area is conserved.

We also do simulations for smaller spheres of radius 5.0, 6.0, and 7.0 yielding
6, 9, and 12 proteins. In the DDL approach every particle is a disclination and the
sphere buckles in each of them. Figure 7.2 shows initial condition, steady state, and
the bending stiffness on the surface.
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The last DDL example shows the evolution of a sphere with radius 40 covered
with 344 particles. Here, particles with 5, 6, and 7 neighbors occur. The arrangement
of particles is irregular and leads to a nonicosahedral shape. Figure 7.3 shows initial
condition, steady state, and the bending stiffness on the surface. One can also see
chains of particles with alternately five and seven neighbors, so-called grain boundary
scars, which have been discussed for droplets covered by colloidal particles [5]. For
this simulation we take Q = [—60,60]%, 7 = 0.01, My = 1200, M% = 3, and further
parameters as before.

FiG. 7.3. Sphere covered with 344 proteins. Initial condition (left), final state (middle), and
bending stiffness at final time (right).

Next, we do simulations with the VBS model. We start with a sphere of radius
6.0 which yields nine particles. Three of them have only four neighbors; the remaining
six particles have five neighbors. Figure 7.4 shows a time evolution of the morphology.
In contrast to the DDL approach this configuration leads to a quasi-triangular shape,
where the three particles with only four neighbors occupy the edges. The parameters
are chosen as § =0.06, 7 =0.1, T'=30, My =3, M5 =1.

F1a. 7.4. A sphere covered with 9 proteins evolves to a triangular-like shape. Shown times are
t=0,5,30.

In order to validate the approach further we compute the PFC surface energy.
Figure 7.5 shows the evolution over time and indicates a decrease in the PFC energy.
Thus even without a direct minimization of the PFC energy the definition of the bend-
ing stiffness already allows for morphology changes, which lead to a decreasing PFC
energy. This clearly demonstrates the validity of our effective multiscale approach for
surface evolution.

Finally, we demonstrate evolutions of bigger spheres with 12, 32, and 93 particles,
respectively. Figure 7.6 shows the morphology at final time. The parameters are as
before, except for 5 = 0.03 and My = 300, which speed up the evolution.
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FiG. 7.5. PFC surface energy, Fppo(0, ) over time. The occasional increase of the energy
corresponds to protein rearrangements as a result of changes in the surface morphology. The overall
energy is decreasing.

F1G. 7.6. Final shape of surfaces with 9, 12, 32, and 93 proteins.

8. Discussion. The different shapes of spherical-like viral capsids which change
from spherical to faceted can be explained by a buckling transition resulting from
a balance between the stretching energy associated with the pentamers in capsomer
lattices and the bending elasticity of the viral capsid [21]. We model this within a
continuum multiscale approach allowing for reordering of proteins and shape changes
simultaneously. In [20] a similar approach is used to study crystalline order on flexible
surfaces within a lattice model. The interplay between formation of grain boundary
scars to minimize the stretching energy associated with disclinations on rigid surfaces
and the possibility of minimizing the energy by buckling is investigated for surfaces
with spherical topology. In [20] it is computationally found that the buckling transi-
tion shifts to higher values of the Féppl-von Karman number v due to the presence
of scars. Due to the high computational cost of the diffuse domain approach used, we
could not confirm these results. But we also observe the formation of grain boundary
scars for the largest considered example. However, grain boundary scars have not
been observed on viruses as they are too small in size. But the coupling between
in-plane order and the geometry with the possibility of changing local arrangements
and the shape of the surface simultaneously might play a crucial role in other struc-
tures, e.g., in membranes [23] with lipids playing the role of interacting particles.
However, due to the fluid-like nature of membranes the crystalline order is assumed
to be of relevance only within the gel phase.

Polymer vesicles in which the lipids are replaced by amphiphilic block copolymers
are of even more importance, as they are much more stable and are expected to have
wider applications in materials science and biotechnology. There is a close connec-
tion between the morphology of polymer vesicles and the chemical structure of the
constituent block copolymers [11]. The shape anisotropy can thereby be introduced
by crystalline [10] and liquid crystalline [38] structures. Within a modeling approach
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this has been considered in [19]. Other applications consider crystalline monolay-
ers of colloids confined on curved interfaces between immiscible fluids [12, 5, 31],
which has been considered within a similar continuum approach in [2]. In all of these
applications the number of interacting particles is much larger and within the regime
of the formation of grain boundary scars. Furthermore one advantage of our approach
becomes relevant, as nonspherical shapes or topological changes might occur. How-
ever, in the latter case the Gaussian curvature term in the energy can no longer be
neglected.

In our approach we use the crystalline order, or to be more precise, the de-
fects within the crystalline structure in the microscopic model, to define an effective
anisotropy in the macroscopic description of the geometry. The normal bending rigid-
ity Ky becomes a function of the underlying defect structure and thus incorporates
the defects’ stretching energy.

The computational approach is based on a diffuse interface approximation which
allows us to formulate the problem as a system of partial differential equations within
a three-dimensional domain, and thus allows its solution using only standard tools.
To be computationally efficient, adaptive refinement is required along the diffuse
interface. The approach is not restricted to spherical-like shapes but can be used
for arbitrary shapes.

Appendix A. Variational (-derivative of the diffuse PFC energy. In this
section we compute the variational derivative 6,7 pe|(o,) (1) of the diffuse PFC en-
ergy at (o, p) with respect to the variable ¢ in the direction of a smooth variation field
n € C(Q), and we justify the approximation (5.1) that was used in the variational
approach to define a reasonable bending stiffness. We first collect some derivatives
that we will need in our computations.

For the variational derivative of the diffuse surface energy we obtain

1
(A1) Openlp(n) = £V - Vi + —G'(p)n = V- (V) + wilp)n,
with the diffuse scalar mean curvature
1.,
wi(p) = —KAp + —G(p).

The inner normal to the level sets of ¢ is

v = we) = oo
Vel
We compute that
(A.2) 5,010(n) = == P(¢)Vn
' o Vel ’

with the tangential projection

P = P(p) = Id—v(p) @v(p).
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Next we obtain for the variational derivative of this projection

(A.3) 5,P|o(n) = IV | (PVnV + l/VnTP)

Furthermore we need several spatial derivatives that we collect for further use. First,
(A.4) Ve, = kD*¢oVyp + %G'(g@)v

For r > 0 we have

Vo ) 1 T\ 12
A5 D = Id — rvv® | D .
(8.5 (%er) = )pe

For the projection we deduce

1
(A.6) 0Py = ———=—Pyd}ov; —
’ |Vso| e |V|

(A7) V- -Pp) = Vo |(Id 2vv )D v —

lazk%

1
——Aopv.
Vo =7

We now compute the variational derivative of the second-order term in the PFC
energy:

(A.8)
& </Q %(Ar@@)zeﬁ dx) (n) = /Q %(Aw)%en(nH (A0) 35 (Ano) (men do =: 1.

We obtain

5, (Do) (n) = 3, (iv - (eﬂpvm) )

1 1 1
= = —dpex(MAso+ =V (dpex(MPVe) + —V - (0, P(n)Vo),

K

and hence

1
I =0L+1+ 13 := / —§(A,§g)25¢e,{(n) dx + (AHQ)V . (5¢en(n)PVg) dx

Q

+ (AHQ)V . (endpP(n)Vg) dx

S~ 55—

Using (A.1), we have

(A.9)

/ —% V- (knVep) + wn(so)n) dx

Q

J

[ A KQ) KV — %(Aﬁg)zwﬁ} ndx

2
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and

(A.10)
I

_ /Q PV (Av) - Vo (V- (k1Y) +wyn) da

/ V(PV(ANQ) -Vg) -kVeondr — / PV (Ayp) - Vowndr =: Iy + L.
Q Q

With (A.6) it follows that

Iy = - / Vo o (PD*V + VT D?oP)V () da
0 |V |

(A.11) +/ n[Pvg-D (A,{Q)/ngO—I—PV(A,{g)-D?QKJV(p} dz.
Q

With (A.3) we next compute
(A.12)
I3 = /Q (AKQ)V' (e,{&pP(n)Vg) dx
= —/Q (Aw)V-( Vo |((V Vo)PVn + (Vn- PVo)v )) dz

= / ex PV (A0) -
Q
131 + I3

1
——(v- Vo)V d$+/VAKQ Vn - PVo)vdzx
wA VOVndst | Vbsd) [o5 (V- FV)

further, by a partial integration and by (A.5)
(A.13)
I3 = —/(Aig) Or (v-Vo)ndr — / ex PV (A0) - V(
Q |V%0| Q
— - [(A2ogs v Vonde = [ e.PY(a.)
|V | o

1
)i

1
[W E (Id 2vv )D2<pVg + WD2QV:| ndx.

Finally, we have by (A.4), (A.5)

(A.14)

Isr — / |é |[1/ D2(Av0) PV + (v-V(8:0)) (V- P)- Yo+ P: D%) | do

1
[Vel?

—/neNV(Aﬁg) (Id 2vv )D2<pPVde
Q

1
—/n—l (V(Axo) - v) (K;D%wju—a’(@)w) . PVodz.
Q |VSO| K
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For the L?-gradient of the second-order part of the F5 ., energy, we thus obtain from
(A.9)—(A.14), using (A.7) in (A.14),

(A.15)

a, (/Q %(Aﬁg)zeﬁ da:)

= (AKQ)V(AKQ) -kVp — %(A,ﬁg)zw,.€ — Vo- H(PDQQOZ/Z/T + VVTD2¢P)V(AKQ)

+ PVp - D?*(A0)kVy + PV(A,p) - D*0kVyp — PV (A,{g) -Vows
1
[Ve|?

—(A20) (1 V) — ,PV(Ano) - [

o (Id 2w )D2<pVg + 1 p2, }

Vel
€r Vo
—_ v-D?*(A0)PVo+ (v - V(Ao <——
- [ Pedrves (v via) (-5
1

———Ap(v-Vp —I—P:DQQ)] — e V(Ao
T Al Ve) (Beo)
b
Vel

= —%(A,{Q)%},{ — PV(AHQ) -Vow, — PV(Ago) -

- (Id - 2VVT)V(AHQ)

. (Id — ZVVT)D2<pV

|v1 e (Id 2w )D2<pPVQ

(V(Axo)-v) (FéDstVw + %G’(s@)vw> - PVo

€
—" D2,V
Vo2 YYe
D?*oPVo+ [V(Aro) - v](Aro)K| Ve

Ve |2

€k
— [V(Aﬁg) -v|Vo- kPD?*pv — Vo vv- HDQQOPV(AKQ) - [v- Vg](Aig) Vol

+[v- V(AKQ)]ng . (Id — ZVVT)Dz(py +[v-ol[v- V(Ako)] |V;|2A
- [V : V(Aﬁg)] |V |

0 — [V(Axe) - V|xD*¢r - PV

[143|ch| ] (V - D? (AKQ)PVQ + PV(As0) - ngy)

Vel
(A,{Q) Wy — V(A,{g) “Vow, — 2V (Ax0) - kD*pVo,

22

l\JI»—A

where in the last line we have used that to lowest order of k we have that o, Ao are
constant in the normal direction and that we have to lowest order in x equipartition
of energy.

Next we consider the first-order term in 73~ and compute the variational de-
rivative in the direction of a variation field n € C2°(2):

</ |PVQ|Zede) /|PVQ| dpen(n)dz+2PVo-0,P(n)Voe,dz

=/ [PV o> (V - (knVp) + w,n) dx—2/(v-VQ)PV9-Vn o
Q Q Vel

2/77|PVQ|2U}H dx—/ 2nPVo - 0, (PV0)k0kp dx
Q

(A.16) +2/an. ((y vg)Png |)
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For the L2-gradient we therefore obtain by similar calculations as above that

D (/ |PVo|*e, dx) =|PVol*w, + QﬁPVg- (v-Vo)PD?*pVp
Q

—2PVyo-kPD*oVy + 2V <|V |(u v9)> -PVoe,

+2

U-Vg Ago

= |PVQ|2wK +2(v-Vo)PVo-kD*ov — 2PV - kPD?*oVyp

2 (1a - 2007 ) D2V L D2 PVee,
! Lv FUCT )Y T ey “
+2 (v-Vo)Ago
|V |
~ |Vol*w, — 26|Vy|Vo - DQQV+2|V |2VQ D%V
D2
-V
|v | D7ov o
(A.17) ~|Vo|*wx 4+ 2Vo - kD*¢pV o,

where we again have used that to lowest order normal derivatives of o and |V|?
vanish and that to lowest order equipartition of energy holds.

Finally, we compute the variational derivative of the zeroth-order term in the
diffuse PFC energy,

(/f endx) /f dpen(n) dr = /Q—Uf/(Q)VQ'HV%O+77f(Q)wm

and therefore
(418 % (/Qf (0)en dw) = (Vo v)sIVelf(0) + Flohue ~ Fo)un.

Putting together (A.15), (A.17), (A.18), we arrive at the approximation (5.1).

Appendix B. Variational derivatives: Sharp interface energies. The
evolution of the n-dimensional surface I' C R"! is based on the energy (see [18])

(B.1) Frtcrien(0,T) = / (o) (H — Ho(0))? du(z).

The PFC model on an n-dimensional surface I' C R"*! is based on the energy
1
®2)  FereleD) = [ (< I9ral} + 5(8r0? + 1(0)) duto)
r

for a number density ¢ and a potential f(g) = %(1 —e)o® + ig‘l with a parameter
e eR.

In order to derive a dynamic model for both the density ¢ and the surface I' from
a gradient flow perspective, one needs functional derivatives of (B.1) and (B.2), which
are computed in the following. Note that, since g(¢,-) is a function on I'(¢), with a
variation of I' we also vary .
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B.1. Geometric notation. We introduce some basic geometric notation. Our
object of interest is a closed moving surface I' = I'(t) C R™*! parametrized by a one
parameter family of smooth embeddings ¢ : M x [0,T] — R"*! where M denotes a
smooth closed n-dimensional manifold. To be more precise, we have I'(t) = (M, t).
We define the trivial immersion ® : I' — R™"*! through

(B.3) O(z) == (r1,...,2n41) for zel.

In addition, we introduce the mapping ¢ : M x [0,7] — T by the relation ¢ = ® o ¢.
We denote the Euclidean scalarproduct z -y = Z?:ll x;y; for z, y € R, Local
coordinates in M are denoted by £, ..., €™, and we denote corresponding derivatives
by Ogiu = g—g‘i, i=1,...,n, for a function u : M — R. On I', we obtain induced local
coordinates z',...,2" via z = £ 0 ¢~ !. The tangent space T,I' of the surface I' at
the point = ¢(p,t) € I'(t) is spanned by J¢1¢,...,0¢n¢p in the “embedded” sense
and by O,1|z,...,0.n|, in the sense of derivations, and deviating from the previous
sections, we denote by v in this section the inner normal.

We further introduce 7;; := Ogi ¢ - O¢i o (pullback) and g;j(z) = 0.:®(z) - 0., ()
such that v;;(p,t) = gi;(¢(p,t)), p € M, holds. We define the coefficients ¢/ of the
inverse (¢") := (gi;) ™" and g := det(g;;) (and accordingly for 7). For tangent vectors
v =0'0¢ip = v'0,i|, and w = W deip = w'D,i|,, we then have the metric

(B.4) (v, w)r = gijv'w! = viwjagup “O0eip =0 - w.

For convenience, we will often use 9; := 0,:, 1 = 1,...,n, in the following. The norm
on T,I' is thus defined through |lv|| := y/(v,v)r, and the second fundamental form
is given by hi; = II(9¢ip,0cip) = —0;v - Ogip with II(u,v) = hyv'w. We define
(X,Y)rmi1 = SN (XG, Yor for X,Y € (TD)™L. Thereby, a typical example of
X € (TT)™*! is given by

Vrd,
X=Vrd= :
Vi@, 11
In addition, we define
(X1, 0)r
(X,v)r = (v, X)r = : e R"!
(Xnt1,0)r

for X € (TI)"*! and v € TT.
Furthermore, we need the shape operator S, which is given by S;; = g**hx;. The
norm of S is defined through ||S|| = \/tr(SST) = /S;;S;i. The mean curvature we

define through H = trS = "' | k;, with x; the principal curvatures. The Christoffel

symbols are given by Ffj = 29"(8igji + 9,94 — 019:;). Furthermore, we will need the

Weingarten equations, which read 0;v = —8;;0;®.
We use the surface divergence V- W = %&(ﬁni) for a tangential vector field

W = r]i@g_gp, the surface gradient Vr = 90,1 p0;, the Laplacian Ap = Vp - Vp =
%&(ﬁg” 0;) =gV 0 — g”Ffjak, and the following identities (see [37, 29]):

(B.5) Ard = H,
(B.6) (Vr®, Vro)r = Vo = ¢70;00: ¢.
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Furthermore, we denote the Riemannian connection by D. The Hessian Hess g :
TI' — TT of a function ¢ : I' — R is defined as the covariant derivative of the gradient
of o,

(B.7) (Hess 0)Y :=DyVro

for a vector field Y € TT'. Then one obtains

(B.8) (Ve (Vro, Vr)r, Ven)r = ((Hess 0)Vrn, Vrd)r + (Vro, (Hess ¢)Vrn)r
for functions p,,n : I' — R. In addition, the Hessian is symmetric:

(B.9) ((Hess 0)X,Y)r = (X, (Hess 0)Y)r.

Furthermore, for a function ¢ : I' — R, the integral of ¢ over I' is given by
[, e@ @ = [ olet. )y Hauty
r(t M

B.2. Basic variations. We provide the variational derivatives of F with respect
to ¢ and p. The calculations closely follow the approach in [37]. The basic strategy
is to consider the derivative

d
EJ:Q’ )iz

and represent the result of the derivative as

d d

—F(o,D),_, /F<a¢f(g(x,0),r(0))aq>

d
at + 0,F (0(z,0),T(0))—

0 ) du(z),
t=0
which can be interpreted as the definition of the partial functional derivatives dg F
and 0,F. Furthermore, we use the notation ¢ := E} o
In order to compute the variation of the energy we need the following variations.

t=0

LEMMA B.1.
(B.10) 6(dule(p, 1)) = 0(\/v(p,t) du(p)) = (Vri®, VP@F nt1dp(z),
(B.11) 5(~v" (p, )) = —gM (6k5<1>-81<1>+8l6<1>-8k<1>)g

Proof. We only sketch the proof and follow the calculations in [37]. We use
0;®(x) = O¢ip(p,t) with x = o(p,t), the sum convention, and write

(B.12) 60 = g"o® - 0;00;® + 0P - vv.

One essential result that is needed is the variation of the metric
(B.13) 0gij = 0;6® - 0;® + 0;0P - 0;P.

For a differentiable matrix A = A(t) € R™*™ one has

d

%det A _, = dec Ay (40) 3400

dt

t=0 t—O) '
Because of du(¢ = /det(7i;)s,; du(p) we get
2dp (e (p, t))5(du(<p(p, t))) = d(det(yij)i.i) du(p) = det((vi;)i )7 0vij dp(p)
=77 (0¢i10¢ - Ogitp + Ogi 00 - O p)dp(ip(p, 1)),
which yields (B.10). The proof of (B.11) easily follows from (B.13). O
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B.3. Variation of Fgerich- The derivation of the functional derivatives of the
Helfrich energy can be found, e.g., in [37, 29, 17] for Hy and xx constant.

B.3.1. Variation of the normal bending energy. In the case of the normal
bending energy, one obtains

d
_-Feric 7]-—“
3 Heiprien (e, 1)

= [ Aclen (@) = Hol@)s® - vdi(o) + [ r(o)(H ~ Ho(e) 15760 - vauta)
=3 [ mv@ — Hol0) 5% v dp(o)

t=0

3O = F(@)ieau) = [ (o)t~ ol i@t
_ %‘/FHQV(Q)(H - HO(Q))2<VFQ, VF(I)>F Y} du(x)

+ [ ma@)H ~ Hol@) Hy(o) (Vro. Ve®)r - 50 du(e)
r
and therefore partial functional derivatives

8<I>-FHelfrich7B(Q($7 0)7 F(O)) = AF(KQN(Q)(H - HO(Q)))V

+ kv (0)(H — Ho(0))|IS|IPv — %KN(Q)(H — Hy(0))*Hv

~ SR (@)(H — Ho(0))*Vro + (o) — Ho(0) Hy(0)Vre.

Ao F Helfrich,B(0(2,0),1(0)) = %ﬁﬁv(g)(H — Ho(0)) — kn(e)(H — Ho(e))Hy (o).

B.4. Variation of Fpprc. For a computation of a functional derivative of a
Ginzburg-Landau free energy on a surface, we refer to [17].

B.4.1. Variation of the zero-order term. We define
Fprco(o T /f ) du(z
and obtain as an intermediate result
(B.14) diprCQ o /f Voo du(z /f (Vrd®, Vr®)r pt1 dp(z),

which is part of the basis for a weak formulation, with do and §® being the test
functions. Furthermore, we compute

%]:PFCO (o,T o /f Voo du(z /f )o@ - Ap® du(x)
- / F'(0)Vro- 60 du(z)
/f )oodu(x /f VHy - 5% dpu(x)

- /F F'(0)Vro- 60 du(z),
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where we have used (B.6). In other words,

ds Fprco(o(z,0),T(0)) = —f(e)Hv — f'(0)Vre,
9 Fproo(o(x,0),1(0)) = f'(0).

B.4.2. Variation of the first-order term. We define

1 1 iy
Frrea(e) =5 [ I1Vrelf duta) = 5 [ 6" 0.00,00ua)

and compute

1 . 1 .. )
5(591051-@3]-@ = —59’“ (050D - Q@ + 96D - D) " 0;00; 0
= —(Vré®,Vro)r - (Vr®, Vro)r,

and we obtain as an intermediate result

d
(B.15) E}_PFCJ(Q’ F)L 0= _/<VF5(I>7VFQ>F (Vr®,Vro)rdu(z)
= r
(B.16) +/<VF597 Vro)r du()
r
1
(B.17) + [ 5 190el? (Ves®, Trdr. i dufe).

which is part of the basis for a weak formulation. Furthermore, we finally get

d
— I
dt}—PFCJ(Qa )’

= —/<VF5@,VFQ>P (Vr®, Vro)r du(z)
r

t=0

1
- / Arododp(z) +/ 3 IVrollf (Vrd®, Vi) i du(a),
r r
and from this we obtain by (B.8) and (B.9)

o Fprc,1(o(x,0),1'(0))

1
= AroVro+ (Vr(Vro,Vr®)r, Vro)r — §<Vr [Vroll2, Vr®)r

1
— 5 IVrel? Hy
= AroVro+ ((Hess 0)Vro, Vr®)r + (Vro, (Hess ®)Vro)r

1
— ((Hess o)V ®, Vro)r — B IVrellf Hv
1
= AroVro+ (Vro, (Hess ®)Vro)r — B ||VFQH% Hv.

Furthermore, we get

0o Fprc,1(o(x,0),I'(0)) = —Aro.
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B.4.3. Variation of the second-order term. We define
1
Feroa(el) = [ 5(Brof du(o)
r

Here, we need
1 iy
0Aro=9|—0; Y0,
ro <\/§ (Vg gg))

=~ AW 0,0) + =0, (0(VF)g or0)

+—0(/30(g"7)50) + %@(@waﬂg)

-G/
<

.. 1 .
= —ﬁ<vr5¢’, Vr®)r nt+10:(\/997 0;0) + ﬁai«vl‘éq), Vr®)r nt1/9970;0)
1 ) .
~ Z50:/ag" (B30 - 0@ + 0152 - 0:8) 6V0;0) + Ardg

= —(Vré®,Vr®)r nt1Aro+ Vr - (Vrd®, Vr®)r ni1Vro)
—Vr- (VF5(I) . <Vr@, VFQ>F + <Vr5@, VFQ>F . qu)) + Apég,

and we obtain as an intermediate result

(B.18) %]:PFC,Q(A% F)L:O
- _/F<vp5<1>,vp<1>>p,n+1(Arg)2du(x)
_ /F (VrAro, Vio)r (Vrd®, Vrd)r 41 du(z)
+ /F<VFAFQ, Vrd® - (Vr®, Vrojr + (Vrd®, Vro)r - Vr®)r du(z)
—|—/FAF9AF5QC1,U($)+%A(AF9)2<VF5®vVF¢>F,71+1 du(z),

which is part of the basis for a weak formulation. With this we obtain

d
— I
dtfPFC,2(Q7 )‘

= / 50 - Ar®(Aro)* du(z) + 2/ 00 - (Vr®, VrAro)rAredu(z)
r r

t=0

+ /F<VFAFQ7 Vro)ré® - Ap® dpu(z)
+/F<VF<VFAFQ7 Vro)r, Vr®)r - 6@ du(z)
—/FA%Q(M)-<VF(I),VFQ>FCIM($)
_/FacI).<VpApg, Vr(Vr®, Vro)r)r du(z)

—/5@-<VFAFQ, VF(I)>FAFQdM({E)
r
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- / 0@ - (Vr(VrAro, Vr®)r, Vro)r du(z)
T
1
+ [ Atgsedu(a) - 5 [ (Aro*se- Arddu(a)
T r

- / Aro(VrArg, Vr®)r - 60 du(z).
r

From this one gets

OsFprc,2(o(x,0),1(0))
1
= §(AFQ)2HU + (VrAro, Vro)rHv + (Vr(VrAroe, Vro)r, Vi ®)r

— AL o(Vr®, Vro)r — (VrAre, Vi(Vr®, Vro)r)r
—(Vr(VrAro, Vr®)r, Vro)r

1
= —(Aro)’Hv + (VrAro, Vro)rHv + ((Hess Aro)Vro, Vi ®)r

2
+ ((Hess 0)VrAro, Vr®)r — Afo(Vr®, Vro)r
VrAro, (Hess ®)Vro)r — (VrArp, (Hess o) Vr®)r

—
— ((Hess Aro)Vr®, Vro)r — ((Hess ®)VrAro, Vro)r

1
= §(AFQ)QHZ/ + (VrAro, Vro)r Hv — 2{(Hess ®)VrAro, Vro)r
— A} o(Vr®, Vro)r.

Furthermore,

9o Fpro2(o(x,0),T(0)) = Afo.

B.4.4. Variation of total PFC energy. For the variations of the total PFC

energy

Fprc(o,T) = Fprco(o, 1) = 2Fprca(o,I') + Fprc2(o,T)

one has to sum up the corresponding variations of the energies Fprc, ¢ = 0,1, 2.
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