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Self-assembly of proteins on lipid membranes underlies many important processes in cell biology,
DOI:00.0000/000000000x such as, exo- and endo-cytosis, assembly of viruses, etc. An attractive force that can cause self-
assembly is mediated by membrane thickness interactions between proteins. The free energy profile
associated with this attractive force is a result of the overlap of thickness deformation fields around
the proteins which can be calculated from the solution of a boundary value problem. Yet, the
time scales over which two inclusions coalesce has not been explored, even though the evolution of
particle concentrations on membranes has been modeled using phase-field approaches. In this paper
we compute this time scale as a function of the initial distance between two inclusions by viewing their
coalescence as a first passage time problem. The mean first passage time is computed using Langevin
dynamics and a partial differential equation, and both methods are found to be in excellent agreement.
Inclusions of three different shapes are studied and it is found that for two inclusions separated by
about hundred nanometers the time to coalescence is hundreds of milliseconds irrespective of shape.
An efficient computation of the interaction energy of inclusions is central to our work. We compute
it using a finite difference technique and show that our results are in excellent agreement with those
from a previously proposed semi-analytical method based on Fourier-Bessel series. The computational
strategies described in this paper could potentially lead to efficient methods to explore the kinetics
of self-assembly of proteins on lipid membranes.

1 Introduction
Fig[[). The energy cost of the thickness deformation has been

estimated analytically by taking account of the lipid hydrocarbon
chain entropy@m]. The result is an energy functional written in
terms of the deformation field u(x,y) of the half-membrane thick-
ness and its gradients. The membrane bending modulus Kj,

Self-assembly of proteins on lipid membranes has been a topic
of interest for at least the last three decades®™. Proteins on
membranes self-assemble because they interact with each other
through forces that have their origins in membrane bending de-

formationsEE, membrane thickness deformationsm, electro-
statics’2 and entropic interactions®™!3. There is a large literature
on this topic that we do not attempt to review hereBH0I13:20, oy
interest is in self-assembly caused by membrane thickness medi-
ated interactions of proteins.

It is well known that lipid bilayers consist of two leaflets with
the hydrophobic tails of the lipid molecules spanning the mem-
brane thickness. Proteins that are embedded in the membrane
have hydrophobic peptides placed in such a way as they interact
mostly with the hydrophobic tails of the lipid molecules. If the
thickness of the hydrophobic region of a protein is different from
that of the lipid membrane then the leaflets deform so that the
membrane thickness in the vicinity of the protein changes (see
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the membrane thickness modulus K; and the isotropic membrane
tension F enter as parameters into this functional. The Euler-
Lagrange equation obtained by the minimization of this energy
functional is a fourth order linear partial differential equation
(PDE). A series of papers by Phillips, Klug, Haselwandter and
colleagues start from this energy functional and utilize the
linearity of the PDE to computationally analyze allosteric inter-
actions of clusters of proteins of various shapes. The key idea is
that the thickness deformation fields caused by distant proteins
can overlap (superimpose) and give rise to interaction forces just
as defects in elastic solids interact due to the overlap of deforma-
tion fields?2. This idea has been in place since at least the mid-
1990s2, but it was computationally extended to complex protein
shapes and large clusters by the above authors.

An important result that emerged from the research on clus-
ters discussed above® is that the free energy has a maximum
when plotted as a function of distance between individual pro-
teins which form a lattice (the proteins on the lattice are all iden-
tical). To the left of the maximum there are strong attractive in-
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teractions between the proteins, while to the right there are weak
repulsive forces which decay away as the proteins move far apart.
The strong attractive forces should cause self-assembly if two (or
more) proteins happen to come close together as they diffuse on
the membrane. We are interested in the time scale of the self-
assembly process. There are few experiments which focus on this
time scale, but one by Shnyrova et al.“ found that viral proteins
(that did not interact electrostatically) on a micron-sized vesicle
self-assemble in seconds.

Temporal evolution of the self-assembly of viral proteins on a
lipid membrane has been analyzed in a few recent papers using
simulations. Often these simulations can be computationally pro-
hibitive, but they do give insight about time scales and interme-
diate states of the cluster of proteins assembling into a virus par-
ticle or nano-container 324, A drawback of these simulations is
that they may not be able to tackle time scales of seconds over
which self-assembly was seen to occur in experiments<3. There is
a large literature on phase-field approaches that can capture the
evolution of particle concentrations on membranes (see for exam-
ple23120) byt these methods are not appropriate for computing
the time to coalescence of a few particles diffusing on a mem-
brane. We will take a different approach in this paper by analyz-
ing self-assembly of differently shaped inclusions using Langevin
dynamics and the corresponding Fokker-Planck equations. In re-
cent work we viewed self-assembly of two inclusions as a first-
passage time problem which can be quantitatively analyzed using
the theory of stochastic processes?Z. We implemented this ap-
proach in the context of interactions based on membrane bend-
ing. The analytical calculations (using PDEs) in'?Z were confined
to absorbing boundary conditions on both boundaries. A novelty
of this work is that we extend the PDE approach to include ab-
sorbing and reflecting boundary conditions.

This paper is arranged as follows. First, we quantify the in-
teraction energy profile of hexagonal, rod- and star-shaped in-
clusiond®l We show that our finite difference numerical method
for computing energies agrees very well with analytical formulae
(using Fourier-Bessel series) in most cases. After computing the
interaction energies, we solve first-passage time problems to find
the time scales over which two inclusions coalesce due to attrac-
tive interactions. We use both Langevin dynamics and the Fokker-
Planck equation to obtain mean first passage times and study
both isotropic and anisotropic problems with reflecting/absorbing
boundary conditions. Finally, we summarize our results in the dis-
cussion and conclusion sections and point to various enrichments
that can be implemented following our earlier work2Z,

+ We are limited in the shapes we can explore by the equilateral triangle grid used in
our computations.
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2 Energy landscape

2.1 Analytical solution based on Fourier-Bessel basis

(a)

()

(o)

Fig. 1 @ Schematic of bilayer deformations due to a thickness mis-
match between hydrophobic region of a bilayer leaflet and an embedded
protein. m The two types of boundary conditions that are used in this
work. Dirichlet boundary condition U;(6;) gives the thickness deforma-
tion along the boundary of inclusion i, while the slope boundary condition
Vu-fi = U/(6;) determines the derivative along normal directions at each
point along the boundary of inclusion i. The top view of the surrounding
lipid molecules (green circles) is only shown along the horizontal line,
but the lipids are everywhere on the plane. A 3d plot of the thick-
ness deformation field caused by one hexagonal inclusion. The thickness
deformation is significant in the immediate vicinty of the inclusion and
decays rapidly as one moves further away.
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Symbol Description Units Typical values
l side length of triangular grid nm 2.5

K, bending modulus pN-nm 82.8°

T temperature K 300

kg Boltzmann constant N-m- K~! 1.38 x 10723
K; thickness deformation modulus pN- nm~! 248.49

r separations between two inclusions nm 9-125

F applied tension pN- nm~! 0.1—-10

a unperturbed bilayer half-thickness nm 1.754
Z1(61) shape function for the centered inclusion nm

%>(6,) shape function for the moving inclusion nm

the angle between two inclusions and horizontal line (see Fig|2(b)) radian/degree

u thickness deformation nm

u; thickness deformation at node i nm

Vi the area of the Voronoi cell at node i nm?
Ajjk the area of the triangle with vertices i, j,k nm?

R radius of the inner boundary for diffusing inclusion nm

Ry radius of the outer boundary for diffusing inclusion nm

uy, the vector of all nodes determined by Eq —

u, the vector of all nodes that are not in uy,

u u=[u,",u,"T

(] Energy of the system pN-nm

n ratio of side of triangle in the coarse grid to that in the fine grid

v(Vvij) translational drag coefficient (tensor for anisotropic inclusion) s-pN-nm~! 232 x 107527
D(D;j) diffusion coefficient (tensor for anisotropic inclusion) nm?- s~! 1.76 x 103127
T, Chebyshev polynomials of the first kind

U, Chebyshev polynomials of the second kind

K, modified Bessel functions of the second kind

centered inclusion (fixed) moving inclusion

(@

centered inclusion
(b)

ofs
) S

centered inclusion

()

Fig. 2 @The initial configuration of a system of two inclusions. The
fixed inclusion located at the center (blue) has local coordinate system
(r1,61) and the moving inclusion (purple) has local coordinate system
(r2,62). mThe inclusion on the right moves to the green spot and forms
an angle 6 with the horizontal line. The energy of the configuration
here is the same as the one in @ Note that the hexagons in (c) are
rotated when compared to hexagons in (a).

We consider a circular lipid membrane with radius R, and two
inclusions embedded in it. Our first goal is to compute the energy
landscape seen by an inclusion interacting with another inclusion
on a flat membrane. The interactions between the inclusions are
a result of the overlap of membrane thickness deformation fields
in their vicinity (see Fig[1(c)]for the thickness deformation profile
around one inclusion). The interaction energy will be computed
by considering two inclusions, one fixed and the other moving
as shown in Fig The coordinate frame at the fixed inclu-
sion (blue) denoted as inclusion 1 (r{,0;) is set to be the default
one. We assume that the moving inclusion (purple) denoted as
inclusion 2 initially stays in the same orientation as inclusion 1
(see Fig[2(a)). To keep the analysis simple, when an inclusion
moves we do not consider its rotational diffusion (see2? where
rotational diffusion was considered). As inclusion 2 moves from
its initial position to the green spot and forms an angle 6 with
the horizontal line (see Fig[2(b)]), the energy of the system can
be computed by rotating both inclusions anticlockwise by angle 6
from the initial configuration (see Fig|2(c)). This interaction en-
ergy will enter our analysis of the kinetics of the moving inclusion
due to Brownian motion.

The elastic energy due to thickness deformation is given
by 68110,

- 1 2 \2 u 2 2u 2
0= 5/ {Kb(V W+ K (2) +F {;Jr(vu) dxdy, (1)
where K}, is the membrane bending modulus, K; is the thickness
deformation modulus, F is the applied tension and a is the unper-

turbed bilayer half-thickness. The integration is carried out over
the area of the membrane. The Euler-Lagrange equation associ-
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ated with Eq is given by'Z,
K; F
KpViu—FViu+ —u+— =0. )
a a

Eq can be reduced to the following form using the transfor-
mation i = u+ %‘,

1

V2 _ Vv ))i=
( v )( v )i=0,vy= K,

1
4K, K, \ 2
Fi(Fz a’;’) 3)

First, we consider the case of an infinitely large circular mem-
brane with R, — o without applied tension (F = 0). We as-
sume natural boundary condition which means that u =i — 0 as
R, — oo. Let inclusion 2 be on the right side of inclusion 1. Then,
a Fourier-Bessel series solution for the thickness deformation field
around each inclusion i(i = 1,2) can be obtained,

ﬁ?:(r,-, 9,) A;{:OK()(\/V:E}’L') + Z Aann(\/vir,-) cosnb;
n=1

+Bann(\/ Viri)sinn6;

Q

Al oKo(v/ver) + ZA: - K (\/V<r) cosn6;

+B; nKn(\/@ri) sinné;, “)

where K,, are modified Bessel functions of the second kind and
we take the first N terms in the series to approximate the sum.
In® the authors used N = 12 to compute energy caused by thick-
ness deformations and they showed that the series is almost con-
verged. For small applied tension F and large membrane size R;,
we follow® and use Eq as an approximation for the solution
of ﬁfﬂ Since the Euler-Lagrange equation (Eq ) is linear, the
solution for Eq is given by,

a=i (r,01)+i, (r1,61)+iy (r2,6,) + ity (r2,62), (5)

in which we used the coordinate transformations,

= \/rz—ﬁ—r% —erl 00591 S fl(rl,cosel,i%

cos0y = (—r+rycosBy)/rp, sin@, =rysinb;/ry;

rn= \/r2 + 72 +2rryco8 6y £ F5(ry,c08 03, 7),

cosO) = (r+rycos6,)/r;, sin@ =rysin6/ry. (6)

In order to efficiently apply the boundary conditions, we rewrite

+ The solution should include terms of the modified Bessel functions of the first kind
when F # 0 and R; is finite. However, we show later that this approximation agrees
quite well with the numerical solution of Eq .
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ity as a function of r1,0;,r and i; as a function of r,,6,,r,

0 (r2,02,7) = AT (Ko (y/Vx F(r2,c08 6, 7))

roor
+ZA (v VEF(rp,c08 02, 7)) T, (Z+£COS92>

r

r &
+ZB Kn(\/V£F2(ra,c0862,1))U,— 1(74-*200592)
1

r

2 Gin6,, %)
ry

ity (r1,01,7) = Ay Ko(\/VEF1 (r1,c05 61,1))

+ZA n(V/VEF (r1,c0801,r)T, (—L—i-r—lcosel)

ron
N + r r
+ ZBz‘nKn(w/Viﬂl (r1,c08601,7))Uy—1 *7+700591
n=1 2 2
" siney, ®)

r
where T, U, are Chebyshev polynomials of the first kind and
second kAind, respectively. Let hy = i +iiy ,hp = ity + iy ,hy =
af + 1y, hy = i + i, . We consider the following type of bound-

ary conditions (see Fig|[1(b)],
(h1+h2)(%1(61),61,r) = U, (61)

1 9(hy +hy)

. (a(h1+izz) )(%1(91)7917r)—U1/(91) ©)

8r1 ’ r 39]
(h1 +12)(2(65),62.7) = Ua(62)
- (O(hit+hy) 1d(hi+hy)Y . o
n- ( arz 76 (992 (,22(92),9271‘)—(]2(92). (10)
We can solve for the 4(2N + 1)  coefficients

AliO,AziO,Alin,Azin,Blin,Bzin,n = 1,2,---,N because Eq —
result in a linear system. This determines the full deformation
field due to the overlap of the deformations caused by both
inclusions. In the above expressions %, is the shape function for
inclusion 1 which is defined as the boundary of inclusion 1 in the
polar coordinates (ry,0;), and similarly for %, which is the shape
function of inclusion 2. For a hexagon shaped inclusion %, is

given by

R = @csc (91 _z (—l—f—ﬂoor(&))), 0< 6 <2z,
2 3 T
an

where / is the side length. The shape functions for rod shaped
inclusion and star shaped inclusion are long and are given in the
Appendix in the section named |[Shape functions for star and rod)|
The next step is to compute the energy ¢(r) due to
this deformation field. Note that the angular dependence of ¢(r)
appears through the shape functions of two inclusions, %, %>.

Using the divergence theorem, the total energy expression in
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Eq can be converted to the sum of line integrals over the
boundary, i.e. ¢ = ¢; + ¢, with ¢; given by,

1
b = 3Go+y / V- [Ky(Vi)) V2~ KtV + Vi ddy

1 1 2=
= EGI—E/ ﬁ.{Kb(Vu)v2u—Kbav3ﬁ+Fasz}
0

\ %7 (6) + % (6:)d6;
1 1 /2= ’ _ _ _
_ 50175/0 [U(0) (Ky(viiis +v_ii )+ Fi)

—Kpih - V(vyiy +v_ii )]\ %7 (6;) + Z*(6,)d6;. (12)

From the first line to the second line we assume the line integral
along the outer boundary is a constant w.r.t » (which works out to
0 as Ry — e« and F — 0) and put it into the G; term (both G, and
G, are constants). To compute Eq we need to solve for the
4(2N +1) coefficients AT, Ao, AT,. A5, By, By ,,n=1,2,--- N
from Eq (9)-(T0) and use them to compute i ,ii—. Then we can
evaluate Eq numerically. The energy ¢(r) can be computed
relatively efficiently using this technique. This is important since
¢(r) must be computed repeatedly as inclusion 2 moves and r
changes due to Brownian motion when we solve the first passage
time problem. We will also need the forces acting on inclusion 2
in our analysis later. Eq gives an expression to compute the
force analytically, which in the special case of an isotropic ¢(r)
(i.e., no angular dependence) works out to

. r2n
0/) == [ [U1(6) (Kylva, +v-il )+ F) (13)

— Kpi'fy-V(Vyiiy +v_ii_) — Kpith - V(viidy, +v_ii')]|d6;.

When there is only one circular inclusion in the membrane, the
thickness deformation field in Eq (5) has a closed form solution”
which can be compared to the simulation result of Klingelhoefer
et al.28 who studied radial bilayer thickness profiles for the Ga
nanopore (among many others). We used the same parameters
and boundary conditions as they did: a = 34.19A, U; = 0814,
U =07, % = 10A for all 6; and fit their curves by choosing
K; = 120pN- nm~!, K; = 2pN- nm and F = 0. The black curve
in Fig (which comes from Eq () with N = 8) captures the
overall trend and the magnitude of the bilayer thickness changes
in the simulation done by Kingelhoefer et.al.?®, This is reason-
able given that (a) the black curve is the result of a continuum
approximation Eq where as the lipids are discrete particles in
the simulations of Kingelhoefer et. al.?®, and (b) the black curve
assumes that the membrane is infinitely large where as it is finite
in the simulations.

Soft Matter
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Fig. 3 [@] Red squares are data from the simulation done by Klingel-
hoefer et al.28 and the black curve is fitted using the analytical method
based on Fourier-Bessel function Eq . A reasonable agreement of the
two profiles suggests that the energy functional Eq and the associated
Euler-Lagrange equation are a good starting point for estimating interac-
tion energies of inclusions. @The thickness deformation of one hexagon
inclusion with shape function Eq , K, =20kgT , K; = 60kg T-nm~2,
boundary conditions U; = —0.5 nm, U] =0 and under applied tension
F = 1pN-nm~! converges to the result computed by analytical method
Eq with N =8 as n increases. Recall that the side of the triangles in
the fine grid is 1/n the side in the coarse grid.

2.2 Finite difference method based on refined grid

The above analysis gives us a semi-analytical technique to com-
pute ¢(r). This technique can be used when there are one or
two inclusions whose shapes are simple. For a larger number of
inclusions or those with complex shapes (see Fig we need
a numerical method to compute the the thickness deformation
field. Fortunately, Eq can be minimized using a finite differ-
ence method. We discretize the membrane using equilateral tri-
angle elements as shown in Fig and Fig following22'30,
We use a fine grid in the center of the domain and a coarse grid
farther away for reasons explained below. Recall that one inclu-
sion is fixed at the center of the domain and the other inclusion
is allowed to move. The motion of the second inclusion is influ-
enced by the change in interaction energy between the inclusions.
This interaction energy depends on the gradients of u(x,y) which
changes rapidly when the two inclusions are nearby (which hap-
pens when the second inclusion is near the center of the domain).
Hence, to accurately compute the energy when the two inclusions
are nearby (see Fig[4(D)) we use a fine grid in the center of the

Journal Name, [year], [vol.], 1 |5
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domain. When the inclusions are far away from each other there
is hardly any interaction between them, so we use a coarse grid
far away from the center of the domain to reduce computational
cost. The side of the triangles in the fine grid is 1/n of the side
of the triangles in the coarse gird. The grid does not change as
inclusion separation changes. The thickness deformation at node
i is denoted by u;.

/NINON/N/N
VAVAY YAV

4

AVA. VA
\/\/N

N

\/

NNNNNININNNINNN

A,

AVAVAVAVAVAVAVAVAVAVAVQV

INONINONININONINONONO

\

NAAANNNNNNINININ/
NANANNNININININININS

INONINININININNININ/N/N
INONININININONNIN/N/N/N

Fig. 4|E|Triangular discretization of the membrane in our finite differ-
ence method. The side of the triangles is £. Three types of inclusions are
studied in this paper: hexagon(red), star(purple), rod(green). [(B)] A fine
grid is implemented in a region near the center of the domain because
the thickness deformation profile changes rapidly in that vicinity when
two inclusions are present. The side of the triangles in the fine grid is
1/n that of the coarse grid. In this figure n=2. The blue regions are
the Voronoi cells of purple node (in the coarse grid), yellow node (at the
interface between fine and coarse grids) and white node (at the boundary
of an inclusion), respectively.

Using methods similar to those in??39 the energy is first writ-
ten in a discrete form and then the thickness deformation field
that minimizes this energy is computed. Finally, the minimizer is
plugged back into the energy expression. Thus, the problem to be

6| Journal Name, [year], [vol.], 1
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solved is

2
6
. : 2 Vi ruin\2
minkyVi ). (CZI i 6"‘) o "L Ki (%)

FuV; FA;i
LY [t = 072 (2t — ) + (o — )?

;7 4 ik
= muinuTMu—HLuTlu. a4

For nodes i in the coarse or fine grid that are far away from the
interface or the boundary of an inclusion (for example, see the
purple node in Fig[4(c)) uf,c =1,2,---,6 are the thickness defor-
mations at the nodes surrounding node i. In the above V; is the
area of the Voronoi cell around node i and !/ is the side of the trian-
gle. When node i is located at the boundary of an inclusion then
the appropriate V; is shown around the white node in Fig[4(c)]and
the sum over ¢ in the first term is computed by assuming that the
inclusion is flat. When node i is at the interface between the fine
and coarse grid (see the yellow node in Fig[4(c)) then the appro-
priate V; is shown around the yellow node in Fig[d(c)]and we have
to use different weights depending on where u{ is in the coarse
grid or the fine gricﬂ. In the final discrete version of the energy
expression, 1, is a column vector of size len(u) with all entries 1
and A = % M is the stiffness matrix where M;; multiplies u;u;.
It has been shown® that the boundary condition can be written in
the discrete form,

u(r;, 6;) =U(6;), Vi on the boundary (15)

uy— 3 (wi+uj)

NCTE =U'(6y), ¥ i,i, j,k pairs along the boundary

(i is the midpoint of i and j, see Fig[4(a)).
(16)

Note that u;,u; are given in Eq (I5) and thus u; can be solved
from Eq (16) immediately. We also assume that the inclusions are
flat. Hence, Eq (14) can be rewritten as,

T T
¢ = min |:ua:| |:Maa M.,p 2 ua:| |:la
up | (1p

U |up Mgb My
= uMau, + 20 Mypuy, + ubTMbbub +Aul1, + luglb. a7

lla+

Up

In the above uy, is the vector of all nodes determined by Eq (15))-
(16) and wu, is the vector of all nodes that are not in uy,. Taking
T T
W =0, we get i, = —Maa*I(Mabub + %la) at which
Eq (17) is minimized where 1, is a column vector of size len(u,)
with all entries 1. Then, we can write the minimized total energy

1 Slightly different weights for computing the energy contributions of the interface
nodes do not change the final result for the profiles of u or the minimized energy.

Soft Matter

as,

2 _ A A
o= (512 +uEM§b) M, (Mabub + Ela) -2 (El;r +“gM§b)

_ A _
M, Mapup, + uf Mypuy, — A (512,T +ul M}b) M, + Aul,,.
(18)

In Fig [3(b)| we compare the numerical solution of Eq (2) for the
thickness deformation profile around one hexagon shaped inclu-
sion using the above finite difference technique with the analyt-
ical solution Eq () with N =8, K, = 20kgT , K; = 60kgT-nm 2,
F =1pN-nm !, boundary conditions U, = —0.5 nm, U] = 0 where
kg is the Boltzmann constant and T = 300K is the absolute tem-
perature and find excellent agreement as n increases. Unless indi-
cated otherwise, we use these parameter values in all calculations
in this work. This shows that the analytical and numerical meth-
ods to compute the thickness deformation profiles are consistent
with each other and with the results of molecular simulations
documented in the literature. We use n = 20 in all the energy
computations henceforth for each of the three different types of
inclusions studied.

2.3 Applications to hexagon, rod and star shaped inclusions

We now focus on the interaction of two hexagon shaped inclu-
sions on a lipid membrane which has a rotational periodicity of
m/3. We use Eq derived from our numerical method and
Eq derived from the analytical method, to compute the in-
teraction energy of two inclusions separated by distance r and
then make comparisons. As shown in Fig the energy com-
puted using the analytical method for two inclusions separated
by distance r in two different orientations (shown in the inset dif-
fering by a rotation of 7/6) are almost the same. Hence, we can
simplify our model and consider the energy landscape generated
by two hexagon inclusions as being almost isotropic (insensitive
to rotation). In Fig we fix the shape of the two hexagons
(see inset of the figure), and show that as n increases, the match
between the energy computed from the numerical method and
analytical method gets better, justifying our numerical approach
of using a fine grid when the inclusions are nearby. From Fig[5(c)]
we learn that as applied tension increases, the attraction at small
separations (around r = Ry = 7 nm) becomes weaker, but the re-
pulsive force at around 9 — 10nm also becomes weaker. In Fig
we study short range interactions as small as center-to-center dis-
tance 7 nm for two hexagon inclusions. The side of the hexagon is
2.5 nm, so a 7 nm center-to-center distance corresponds to about
2 nm distance between their boundaries, which corresponds to
two lipid molecules. At such small separations we do not expect
that minimization of the continuum expression Eq will cap-
ture molecular level deformations, although it has been shown
previously that it captures many aspects of protein-induced bi-
layer perturbations®3132, For this reason, in later computations
of the first passage time we take R; =9 nm for both hexagon and
star inclusions. Fig and Fig show that the computed
energy hardly changes as we increase N from N =8 to N =9,10
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in Eq (12)). For this reason we use N = 8 for all the computations 10 ' ' ' '
in this work. In Fig|6(c)|, we compute the energy due to thickness
deformations of a cluster of seven inclusions as shown in the inset 5+ 1
using our finite difference method. We find a maximum in the en- =
ergy around r =9 nm similar to the findings in272% which studied 5 oot R
interactions of inclusions due to membrane bending deformations i <:>
in the presence of fluctuations and those in® which studied thick- M -5) 1
ness deformations of MscL lattice. We do not assume pairwise 10 i O
additivity of the energy in any of our computations (including ’ !
those with 7 inclusions) because the thickness deformation field 15 . . . .
is solved by minimizing Eq with boundary conditions applied 6 8 10T[nm] 12 14 16
at each inclusion.
(@)
10 T T T T
—numerical (n=10)
==—numerical (n=15),
5r —numerical (n=20)| |
[=—analytical
— 0f 1
g
=]
s 5 '
)
& -0t ]
15} ]
20t N N N N i
6 8 10, [;m) 12 14 16
(b
10 T T T T T
5 F B
= 0f ]
z o 1
=3 -1
= ~—1pN- nm
10 ~—10pN- nm’’
15} ]
-20 : : : : :
6 8 10 12 14 16 18
r[n1m|
©

Fig. 5|@|The energy computed by the analytical method using Eq
for two configurations of hexagon inclusions differing by a rotation of
7/6 under F = 1pN-nm~!, @ The energy of the configuration with
F = 1pN-nm~! computed numerically using Eq converged to the
energy computed by Eq as n increases. Recall that the side of the
triangles in the fine grid is 1/n that of the coarse grid. A comparison
of the energy profiles at three different applied tensions: 0.1pN-nm~1,

1pN-nm~!, 10pN-nm~"'.
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g
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Fig. 6 The energy computed using different number of terms in the
series (N =8,9,10) in Eq (EI} under applied tension I@l 1pNnm~!, I@l
10pNnm~!. The energy computed with different N are almost identical.
For this reason we use N =38 in Eq for all energy computations. The
energy in these two plots is not scaled by subtracting the value at r =R;.
The energy of a cluster of seven hexagons (one fixed at the center) as
a function of separations r under applied tension F = IpN-nm~!. There
is @ maximum around r =9 nm which is similar to the findings in29 that
focuses on bending deformations and those in® that analyzes thickness

deformations.
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— —0°
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g 0" numerical
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E —90" numerical
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-60 . . . :
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r[nm]
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Fig. 7@The energy of two rod shaped inclusions computed by numer-
ical method Eq with different 6 under applied tension 1pN-nm~—1'.
The energy computed by analytical method using Eq fits the

one computed by numerical method using Eq both with 6 =0° and

0 =90° under applied tension 1pN-nm~!.

Fig shows that the energy landscape of two rod shaped
inclusions is anisotropic - at small separations the force is re-
pulsive at 6 = 0° and becomes attractive at some angle around
40° < 6 < 50°. The attraction increases as 6 goes up to 90°. This
behavior of the energy of two rod shaped inclusions is reminis-
cent of the energy from out-of-plane deflection for two rods27
on a lipid membrane. Fig[7(b)] shows that the energy computed
by the numerical method and analytical method again agree very
well which gives us confidence in the numerical method.
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Fig. 8@The energy of two rod shaped inclusions computed by numer-
ical method Eq with different 8 under applied tension 0.1pN-nm~!.
The energy of two rod shaped inclusions computed by numerical
method Eq with different 6 under applied tension 10pN-nm~!.

Next we compute the interaction energy of rod shaped inclu-
sions for tensions F = 0.1pN-nm~! and F = 10pN-nm~!. The com-
parison between Fig[8|and Fig[7(a)] shows that as applied tension
increases, the interaction force becomes weaker at short separa-
tions, which implies that elastic interactions could be weakened
by strong applied tension. Physically, this is reasonable, since
high tension will tend to make the membrane flatter so that the
thickness is more uniform everywhere.

10 | Journal Name, [year], [vol.], 1
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150 — ' ' '
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r[nm]

(a)

2 14
r[nm]

(®)

RS |

10 12 14 16 18
r[nm)]

(c)

Fig. 9 @ Solid lines are the energy of two star inclusions with dif-
ferent rotational angles computed by numerical method using Eq (18]
and dashed lines are the energy computed by analytical method using

Eq (12). The applied tension is 1pN-nm~!. @The energy of two star
inclusions computed by numerical method under three applied tensions:

0.1pN-nm~!, 1pN-nm~!, 10pN-nm~!. The energy of one hexagon
inclusion and one star inclusion under applied tension 1pN-nm~!.

Next, we apply both methods to compute the interaction en-
ergy of two star shaped inclusions in Fig[9] Just as in the case
of hexagons, we consider various orientations of the star shaped
inclusions as shown in the inset of Fig[0(a)} The match between
the analytical method and numerical method is not as good in
this case because the star shaped inclusion has 12 vertices at
which the derivative along normal directions are discontinuous.
Since in the analytical method we used Fourier-Bessel series to
approximate the contour (#;,%,) and the derivative along nor-
mal directions to the boundaries, it requires a large number of
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terms N to obtain a good approximation. This is computationally
not feasible for symbolic operations in MATLAB. Thus, we have
greater confidence in our finite difference numerical method to
compute interaction energies in complex geometries. In Fig[9(b)]
we use our numerical method to compute the interaction ener-
gies for star shaped inclusions for various values of F. The trends
are similar to those seen for hexagon shaped inclusions. Finally,
in Fig 0(c)] we compute the energy of one hexagon and one star
inclusion separated by distance r and find again that there is a
maximum in the curve around r = 12nm.

This completes our analysis of the interaction energy of inclu-
sions due to bilayer thickness interactions. In most cases we have
shown that there is a maximum in the interaction energy of two
inclusions around a separation r = 10 nm. For separations smaller
than this value there is a strong attractive force between the in-
clusions which will cause them to coalesce. In the next section we
will compute the time to coalescence as a function of the initial
separation between the inclusions.

3 First passage time for isotropic inclusions under
mixed boundary condition

Our main goal in this paper is to study the kinetics of an inclusion
diffusing in an energy landscape resulting from elastic interac-
tions with another inclusion. Efficient methods to compute the
energy landscape developed above are a pre-requisite to this ex-
ercise. We will now use these methods to solve first passage time
problems.

We consider a circular membrane of size R, = 125 nm with a cir-
cular inclusion of size 2.5 nm fixed at the center. Another circular
inclusion of the same size is diffusing around driven by stochastic
forces. Recall from the energy landscape that there are attractive
interactions between inclusions when the separations are small.
Hence, if the moving inclusion comes close enough to the static
one at the center then it will be strongly attracted. Therefore,
we assume that at R; = 7 nm there is an absorbing wall at which
the moving inclusion will disappear by being attracted towards
the center. We assume that at R, = 125 nm (far away) there is a
reflecting wall where the moving inclusion will be bounced back.
Note that problems in which both boundaries are absorbing were
solved elsewhere”?Z. The exercise we will perform now is as fol-
lows. We place the second inclusion randomly on a circle of radius
r=y at time ¢t = 0 and let it diffuse around. At some time ¢t = T},
when the inclusion hits the inner boundary for the first time we
stop it from diffusing and record 7;,. We repeat this experiment
a large number of times and record Tj, for each repetition. The
mean value of T, is the mean first passage time 7. Our goal is
to find 7 (y) as a function of the initial condition r = y. This can
be done analytically or through a Langevin dynamics simulation.
We will use both methods in the following.

To estimate 7;(y) analytically we first need to compute sur-
vival probabilities. Let p be the probability density (for finding
the inclusion) at position r and angle 6 given initial condition
r=y,0 =a and P(r,t|y) = [" p(r,t,0]y,)d6. The probability den-
sity p is independent of 0 since neither the energy landscape nor
the diffusion (or drag) coefficient of the inclusion depends on it.

Soft Matter

As a result, the Fokker-Planck equation for the evolution of this
probability is in the following isotropic form2Z,

P 3 [196  op 199

o " or {V$P+DW} Ty {v ot
with Dirichlet boundary condition at the inner boundary and
Robin boundary condition at the outer boundary=3

+Da } 19

B oP 29
P(Rl,l)fo7 (kBT7+ar )

The first equation in Eq is an absorbing boundary condition
at Ry which means that if the moving particle hits this wall it is
absorbed and exits the kinetics. So, the probability to find such
a particle at the absorbing wall is zero. The second equation in
Eq is the reflecting boundary condition at R,. It means that
when the moving particle hits the reflecting wall it will bounce
back, hence the probability current at this point will be zero=2.
In the above D is a diffusion coefficient of the inclusion in the
lipid membrane and v is a drag coefficient which are related by
the Nernst-Einstein relation vD = kg T2Z. Let S(y,1) be the survival
probability,

=0, Vvt>0. (20)
(Rz,l)

Ry
Siy,t) = /RP(r,l\y)rdr, 21

Then, we can get the first passage time density,

_950nt) _ R dP(nt]y)
f(yJ)*_ at 7_~/R] at rdr

(22)

The existence of the first moment of P(r,¢|y) with respect to time
t can be shown from the fundamental solution constructed by It
in®4, Then, tP(r,t|y) — 0 as t — oo. Accordingly, the first passage
time 7; (y) can be derived from Eq (22),

oo R
/f(y,t)zdt //zaP”‘y rdrtdt
0

/ / P(r,tly) dtrdr—/ g1(ny)rdr, (23)

Ti(y)

where g, is defined by,
g169) = [P, (24)

Theorem 1: The ODE for 7)(y) with a reflecting wall at the outer
boundary and an absorbing wall at the inner boundary is

82T1(y)+<7i<97¢+1> ITi(y) | 1

ay? kgT dy dy + D % (25)

with boundary conditions,

Ti(R1)=0, T{(R)=0. (26)

Proof: See|Proof of Theorem 1}

Next, we describe how to estimate 7j (y) using Langevin dynam-
ics simulations. The overdamped version of the Langevin equa-
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tion in an isotropic setting is given by2Z,

19 2kpT.
dri— 199 gy | 2ReTdl
v or; v

&is 27)

where i represents two perpendicular directions of the motion. v
is the translational drag coefficient of a circular inclusion which
is calculated using the Saffman-Delbrck model,

AT Nim

" Togle -y ®

where 1, = 15.3 x 1072 Pa-s-m is the membrane viscosity (2D),
N = 8.5 x 107* Pa-s is the bulk viscosity of water (3D), £ = 2.5
nm is the radius of the circular cross section of the inclusion,
€ =2n,¢/Ny and 7y~ 0.577 is Euler’s constant>2, Then we use
the Einstein relation D = kgT/v to compute the diffusion coeffi-
cient D. For more details we refer the readers to?Z. The drag
and diffusion coefficient are both given in Table [l We have ne-
glected rotational diffusion here because it is shown in?? that it
does not play a major role in determining the first passage time.
& ~ 4(0,1), a normally distributed random variable with mean
0 and variance 1, represents the stochastic force along direction
i. We initially put the moving particle somewhere at r =y, and
choose a time step dt that ensures convergence of the Lagenvin
dynamics simulation. Then, for each time step dr, we perform
the calculation in Eq (27), updating the position of the moving
inclusion. We record the time at which the moving particle hits
the absorbing wall at R;. We run 8000 simulations and then take
an average to estimate the first passage time. For more details
the readers are referred to2Z, Figand Fig show that the
¢(r) for hexagon and star inclusions can be regarded as nearly
isotropic. For these we use Eq to numerically solve for the
first passage time and compare it with the results obtained from
the Langevin simulations. Since inclusions have non-zero size and
our computations of the interaction energy ¢(r) are not mean-
ingful if the distance between their boundaries (not centers) is
comparable to the size of a lipid headgroup (which is 1nm), so
we choose R; =9 nm for isotropic inclusions (hexagon, star) and
R = 11 nm for anistropic inclusion (rod) in our first passage time
calculations.
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Fig. 10 The first passage time for two hexagon inclusions is computed

using@Langevin dynamics simulations in Eq ,@ODE in Eq

under three applied tensions 0.1pN-nm~!, 1pN-nm~!, 10pN-nm~!.

Fig[10]shows that the first passage time for hexagonal inclusion
derived from the two methods are in good agreement. As the ap-
plied tension increases, the first passage time is reduced at most
r that are not close to R;. At first glance this might seem counter-
intuitive because from Figwe know that at small separations
(close to R;) the attraction force becomes weaker as applied ten-
sion increases. However, there is a stronger repulsive force at
around r = 9 — 10nm under large applied tension which slows the
motion of the moving particle from a large starting separation.
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Fig. 11 The first passage time for two star inclusions is computed byl@
Langevin dynamics simulations in Eq , @ ODE in Eq under
three applied tensions 0.1pN-nm~!, 1pN-nm~—!, 10pN-nm~!

The first passage time computed by the two methods is also in
good agreement when the inclusions are star shaped. The order
of the first passage time is the same as the hexagonal inclusions
and similar arguments for the shape of the curves can be made
here.

0.4
)
ﬂ) L
§ 0.3
i —ODE, ¢ = 50ly
o 02t —Langevin, ¢ = 50/y, dt=10"F]
% * Langevin, ¢ = 501y, dt=10"
o —ODE, ¢=0
Zoal
[

0 . .
0 50 y[nm] 100 150

Fig. 12 The first passage time for hexagon inclusions with electrostatic
potential ¢ = 20 estimated by Langevin equation Eq with time step
dr =100 (orange) with time step dr = 1077 (green), by ODE Eq
(blue) under applied tension 1pN-nm~!. The purple curve is solved from
Eq by setting ¢ =0 as a comparison.

The first passage times in all the above computations are dom-
inated by the Brownian motion because the membrane thickness
mediated interactions play a significant role only for small sepa-
rations y. To validate our methods for stronger and longer range

Soft Matter

interactions between inclusions we choose ¢ = % to mimic elec-
trostatic interactions between point charges and use Eq and
Eq to compute the first passage times. The time step used
in all previous Langevin simulations is dr = 10~° s. However, we
did a small number of Langevin simulations with dr = 1077 to
validate our results. From Fig we see that as dr decreases
to 1077 in Eq the first passage time computed by Langevin
simulations (green curves) converges to the one solved from the
ODE in Eq (25). The purple curve in Fig[12]is derived by setting
¢ =0in Eq and Eq for the purpose of comparison. It is
clear that the repulsive electrostatic force slows down the kinet-
ics of coalescence of the moving particle. These results show that
our methods are also applicable in scenarios where deterministic
forces play an important role in the interactions of the inclusions.

4 First passage time for anisotropic inclusions under
mixed boundary condition

For two non-circular inclusions, the corresponding Fokker-Planck
equation for the probability density p is a partial differential equa-
tion of parabolic type2Z

dp I [ 99 ?
ot Ox {v"/ ijp +ax,~axj [D’/”}
_ 1 (2% 99 dp 1 (0%  0¢ dp
B <3x PH o dx; dx; N vy \ 93 w2l o ox; dxy
2%p 2%p
D, D ) 2
+Da - o + ;,ax% (29)

Accordingly, we need to redefine the first passage time in Eq

which is now given by,
/ / /27r I 0.1:9) 1 rgray
ot

Ry 2w oo
/ / / p(r,0,t|y,0)dtdOrdr
R, JO 0

R 27
/ / q1(r,8ly,a)d6rdr, (30)
R 0

T (y, @) /wa(y,a Nedt =

where 1p(r,0,t]y, o) — 0 as t — oo is implemented in the first equa-
tion of the second line and ¢, is defined by,

q1(r, 8y, @) :/0 p(r,0,tly, a)dr. 3D

Theorem 2: The PDE for T)(y,a) with a reflecting wall at the
outer boundary and an absorbing wall at the inner boundary is
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given below,

0T, sin & cos2 o 9T
2 .2 1 1
(Da cos” o+ Dy sin Oc) 8y2 ( a y2 b y2 ) 902
sin20 sin2a\ 92T sin? o cos?
(fDa +D, ) Lt {Da— +Dy +
y y ) dyda y
: 929 : 929
1 [sin2a5: 0 1 [ sin2a5- d oT
— 70‘—005205—(]) - — 7‘9“+sin2a—¢ il
Va 2y dy A7 2y dy dy
s d .
sin2a sin2e¢ 1 ([ sin 2057?, sin? ag—ﬁ
P =D+~ - 2
y y Va 2y y
1 sin20t 5~ COS“ O <= a’['
ES LI da || 2Ly, (32)
Vi 2y y2 o
with boundary conditions
2Ty
Tl(Rlaa):OaTy(R%a):OaTl(yaO):Tl(yaZﬂ:)' (33)

Proof: See|Proof of Theorem 2|

The overdamped Langevin equation in an anisotropic setting is
given by2Z,

dri— —v199 gy | PReTdl

Y 8rj Vii

&; (no sum in the second term), (34)

where i represents two perpendicular directions of the motion
and v;; and &; are the drag coefficient tensor and random force
tensor. Note that for a rod shaped inclusion the drag coefficient
along the longitudinal direction is smaller than that perpendicular
to it. The details for how to compute these drag coefficients can
be found in?Z, Fig shows that the interaction energy ¢(r)
for rod shaped inclusions depends on 6 (it is anisotropic). In the
Langevin dynamics calculations, for each initial position y we use
Eq to run 8000 simulations with a reflecting wall at R, and
an absorbing wall at R; for four 8 = 0°,30°,60°,90° and then take
an average (for each 0 separately) to estimate the first passage
time. We also use Eq to numerically solve the first passage
time and compare the results derived from the two methods for

F =0.1,1,10 pN/nm in Fig[13] Fig[I4]and Fig[I5] respectively.
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Fig. 13 The first passage time for two rod inclusions computed from @

Langevin dynamics using Eq , @ PDE using Eq under applied

tension 0.1pN-nm~!.

The good agreement between the first passage time solved from
the PDE in Eq and estimated by Langevin equation once
again shows that our methods work well. As shown in Fig
as the initial angle increases from 0° to 90°, the first passage
time decreases at small separations, but increases at large sepa-
rations. This can be explained by the fact that stronger attractive
force near R; pulls the moving particle to be absorbed faster from
smaller initial separations while stronger repulsive force around
12— 16 nm leads to a larger first passage time when the particle
is initially located at a large distance.
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Fig. 14 The first passage time for two rod inclusions computed from @

Langevin dynamics using Eq , @ PDE using Eq under applied
tension 1pN-nm~1.

The result of the first passage time under 1pN/nm applied ten-
sion in Fig|14]is similar to the one under 0.1pN/nm applied ten-
sion.
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Fig. 15 The first passage time for two rod inclusions computed from @

Langevin dynamics using Eq , @ PDE using Eq (32) under applied
tension 10pN-nm~!.

Compared to the results under 0.1,1pN-nm~! applied tension,
the first passage time is reduced under 10pN-nm~! applied ten-
sion. The order of magnitude of the first passage time under all
three tensions is similar.

5 Discussion

This paper has two major parts. In the first part we use a finite
difference method to compute the interaction energy of two in-
clusions due to membrane thickness deformations. In the second
part we use the computed energy landscape to solve first pas-
sage time problems. Our method to compute energies is different
from the analytical method in”® which uses perturbation theory
to study thickness mediated interactions between two anisotropic
inclusions; we implement an approach to compute the energy us-
ing the divergence theorem which is more general and can deal
with strongly anisotropic inclusions. The advantage of analytical
methods in both”® and this work is that they can compute the
energy accurately at small applied tension F if enough terms in
the Fourier-Bessel series are used. However, it is time consum-
ing to compute the coefficients in the Fourier-Bessel series and
this becomes computationally infeasible when the inclusions are
strongly anisotropic. On the other hand, our numerical method is
able to handle arbitrary values of F and can efficiently compute
the interaction energy of two inclusions for different separations
r given a fixed set of parameters (K}, K;,a etc.) which are stored
in a pre-calculated stiffness matrix.
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In the second part of the paper we compute the time to coa-
lescence of two inclusions of various shapes as a function of the
distance separating them. We use both Langevin dynamics and a
PDE to arrive at our estimates. For two inclusions separated by
about 125 nm we predict that the time to coalescence is hundreds
of milliseconds irrespective of the shape of the inclusion. The time
to coalescence with only membrane bending interactions was of
similar magnitude as shown in?Z. The order of magnitude of the
time to coalescence is the same even though the attractive force
due to membrane thickness interactions is stronger than that due
to membrane bending interactions inZ at small separations. The
reason is that even with membrane thickness interactions the at-
tractive force decays to zero quickly and Brownian motion dom-
inates the kinetics of the moving particle in most regions, just
as in“Z. Therefore, at small separations the first passage time
with thickness mediated interactions is smaller than that with out-
of-plane bending interactions, but is not very different at large
separations. The time to coalescence at large separations can be
changed from that dictated by Brownian motion alone if longer
range interactions (for instance, due to electrostatics) are taken
into account as shown in Fig[12]

6 Conclusion

In this paper we have analyzed the temporal self-assembly of
inclusions due to interactions mediated by membrane thickness
variations. It is shown that the results from Langevin dynamics
simulations agree well with those obtained from a PDE for the
first passage time. The approach based on the PDE is much faster
than the Langevin dynamics simulation and could open new ways
to study the process of self-assembly. This is a step beyond earlier
studies which focused on the energy landscape of clusters of pro-
teins, but did not look into kinetics. Some papers based on molec-
ular simulation did consider the temporal process, but to the best
of our knowledge most did not reach the time scales calculated in
this paper. Phase-field methods can compute the evolution of par-
ticle concentrations on a membrane, but it is beyond their scope
to track the motion of discrete particles as we have done here. We
close this paper by mentioning some effects that we did not con-
sider. First, hydrodynamic interactions between inclusions (based
on the Oseen tensor) were shown to speed up self-assembly in'%Z
and they are expected to have a similar effect here. Second, the
temporal behavior of a cluster of inclusions are not studied in this
paper due to limitations of computational power, but we expect
the overall behavior to be similar to the clusters studied in our
earlier work?Z. Third, only a limited set of inclusion shapes are
considered in this paper, but it is found that the time to coales-
cence does not depend strongly on shape. We leave it to future
work to add these refinements and extend this type of analysis to
important functional proteins such as ion-channels®.
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A Shape functions for star and rod inclusion

The shape function for star shaped inclusion of side £ is given by:

V3l 1
e 0° < 8; <30°,
2 sin(6; + %)
V3l 1
—_ 30° < 6; <60°,
2 cos(6y)’ <=0
V30 1
YR L 60° < 6, < 90°,
2 sin(6; — %)
V3¢ 1
VB L 90° < g <120°,
2 cos(6; — %)
V30 1
— . 120°< 6, <150°,
2 sin(6; — %) !
3¢ 1
Liz, 150° < 6; < 180°,
2 cos(6; — )
R = (35)
l 1
ﬁﬁ, ]800<61§21007
2 sin(6, —3F)
3¢ 1
£77 210° < 6, < 240°,
2 cos(6) —m)
3¢ 1
Lﬁ, 24'0O < 61 S 2700,
2 sin(6 — &)
3¢ 1
Liém, 270° < 6; < 300°,
2 cos(6; — )
3¢ 1
Lﬁ, 3000 < 6] S 33007
2 sin(6; —=F)
3¢ 1
L757 330° < 6; <360°,
2 cos(6; —F)

The shape function for rod inclusion with major axis length 2¢
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and minor axis length @ is given by:

1

V3l 0° < 6 <30°,
sin(6; + %)’ !
V3e o1
_ ° <150°
2 (6" 30° < ) < 150°,
1
— . 150° < 180°
\@sm(elfg)’ 50° < 6; < 180°,
F = (36)

1

V3l————— 180° < 6; <210°,
sin(6; — ) '=
V3l 1
Y 2100 < 330°
2 sin(6) —7x)’ 07 < 61 = 330%,
1
V3l————— . 330° < 6; <360°,

sin(ﬂl - 47”) i

B Proof of Theorem 1

Following techniques in273313¢ we integrate Eq for P over
allt >0,
©9p o100  om] 1[100 o
o =9 {;ng Dot vars TP GD
1
—;5(r—y):$,g1(r,y), (38)

where 1 +0(r—y) is the initial condition and the second order linear
differential operator .%, : 2(.%) C C?([R1,Rz]) — C*([R1,Ry)) is

defined as,
w 0 [10d¢ 0 17109 0
%—7{;5”5}*?{??*’)5}’ 59

with domain
2(L) = {vi € C*([R|,Ry]) v (Ry) =0,
kBTvl(R2)+¢ (R2)vi(R2) 0} (40)

Using the method in?Z, we can get the adjoint operator . which
satisfies (vo, L) = (LFva,v1), Y € D( L), va € D(ZL5),

2 1
g*:,l%i+Di+la—¢l—Da—r. (41)

" v dr or arz vorr ar
with domain
R
2(47) = {Vz € C*([R1,Ry)) [v2(Ry) =0, VZI(QZZ) —vp(R2) 0}7 (42)
and the inner product is defined as,
Ry
(vi,vm) = / vivodr, Wi € D(%),v2 € 2(L)). (43)
JR

Proofs for the existence of the solutions of second order inho-
mogeneous linear ordinary differential equation are well known.
Hence, we can find a ug € C2([R1,Ry]) s.t. Lug(r) = r. Then, it
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follows from Eq that,

Ry R>
) = [, (Gwe)aedr= [ Cwl) (Za )
Ry 1 1
= = [ o) 8(r=y)dr = —uo(). (44)
Ry r y
= L) =~y (45)

Using Eq (41)), we can derive Eq (25), a second order ODE for
Ti(y). The boundary condition of 7j(y) at the absorbing wall is
straightforward®3:3¢: T;(R;) = 0. For the boundary condition at
the reflecting wall, we appeal to the Langevin equation in Eq (27).
If the particle sits at position R;, decomposing the overdamped

Langevin equation’?Z into radial direction and angular direction,
we have,
19¢ 2kBTdt
dy = ——ZTdt 6
y v dy + é}v (46)
119¢ 2kBTdt
Ao = ——-ar
vy a6 41 . So- (47)

After time dt, the particle can only move to R, +dy(dy < 0) along
the radial direction because of the reflecting wall at R;. The mo-
tion along the angular direction can be neglected because Tj(y)
does not have dependence on angular direction. Note that dy
is a random variable depending on &, and dr with constraint
Ry <Ry +dy <R,. Then, we can write

Ti(Ry) = dz+C1(dz)/O

Cy(dr) T1 (Ry +dy)G(Ey)dé,

= areGilan) [ (R + TR i) GG

= dt+Ti(Rp)

0
+Ci(dr) / ” )(TII(RZ) + 14, T} (Ry + Ba, ) )dyG(&y)déy

JCy

199,

= di+Ti(Ry)— v Iy

=T/ (Ry)dt (48)

2kBTdt

raatan [ i 25 66 )0+ o

2
/c2 (dr) dy

where we used mean value theorem twice to reach to Eq
with Ry +dy < Ry 4 Ngy < Ry + B4y < Ry. Note that f3;, depends on
N4y and thus depends on dy. C;(dt) is the value to satisfy R, +dy =
R, for given dt and &;. C;(dt) is the scaling factor such that the
integral of probability density equals 1: C) (dr) jgz(dt) G(&)dé, =1

where G(§,) = ej%z . After some re-arrangements and dividing by

T{' (Ry + Ba,) ( 2kp Tt

£2 1 o(d )) G(&,)dE,
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dt on both sides,

1=— %%TI(RZ)—kTI(RZ)\@Q( )/ éyG(‘):})dé:\

0 T' "
Cy(dr) dy

4 €y (dr) /

(Ra+Ba) (@;ﬂo(n) G(&,)d,.

(49

As dr — 0, C; — 2, C; — —. Note that nd‘ < 1 and we have

|T{"(R2 + Ba,)| < M for some M because Tj is C2 Then if we take
t — oo the third term in RHS of Eq can be bounded as,

0
imlcitan [ B rreepa) (P28 o)) 68 g
<tmeian [ | Ter e pa) (225 o)) 6(6)] a5
<2M Jim € ZkBT
im €4 (d1) / (e ) 6| ag
<4M/ <2kBT ) G(&)|déy

The first term in the RHS of Eq is independent of dr and
thus is finite as + — . For the second term in RHS of Eq (#9),

limy e [Ci () [ ) gyG E)d&, | < oo, but /28T — o0 as dr 0.

vdt
Since the LHS of Eq (49) is finite, we must have T} (R,) = 0.

C Proof of Theorem 2
We transform Eq into polar coordinates,

op

8t /rgp V. S (51)

where the elliptic differential operator .%.¢ : Z(%,.9) C
C*([R1,Ry] x [0,27]) — C([R1,R;] x [0,27]) is in divergence form,
with domain

D Frp) = {vl € C2([R1,Ra) x [0,27])[v1 (R1, 8) = 0,

9S(R>,6)

3 =0, vi(r,0) =v(r, 271')} , (52)

and the inner product is defined as,
R, 27
(vi,v2) = /R /0 vivadrd®, Yvi,vo € D(Fg). (53)
JR, .

The expression of .%.¢ can be found in?Z and we ignore the
expression of S for brevity. Then, it’s useful to derive fr*_g
(see??), the adjoint operator of .7, that satisfies (v;,.Z,gv2) =
(Figuiva), ¥v1 € 2(Fy0), v2 € D(FTy).
Next, we integrate Eq (51) for p over ¢ > 0 and get,
1
—8(-3)8(0-a) = Frean (549

F )y is uniformly elliptic with certain boundary conditions the
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37

solution of which has been discussed in>#. Then, we can find

a up € C3([R,Ra] x [0,27]) s.t. Frquo(r,0) = r. It follows from
Eq that,
2n
i(y,o) = / / ql 7 oo(r, 9)) dedr

2
/ / (r,0)F.0q1d0dr
Ry 21
—/ / uo(r,0)
R, JO

1
= _;MO(% a)7 (55)

—5)8(6 —a)dOdr

= Fy o1 (0, @) = . (56)

Then, we can derive a second order PDE for T} (y) (Eq (32)). For
boundary conditions, we just need to worry about the reflecting
wall. For anisotropic case, dy < 0. d6 could be either positive or
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negative. Similarly we can write,

T(Ry,0) =di +C; dt/ /

=dt+C(dt) / /

Ty (Ry+dy,0-+1j 4,)40| G(&9)dEeGI&,)dE,

R2+dya )

=dt+C1(dt)/0

C(dt)

) oo
catan) [, [FolRo+av.0-4mj 1, )a6] GEo)ago6iE)ac,

0
=i Colar) [ (1R 0) 471 Ty (Ra-+ iy )66,

JCy
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T(Ry +dy, 0 +d6)G(E6)d5eG(&y)dEy

[7(R2,0)+ Ty (Ro + 14, 0)d] GI&) %+

0 0o
aulan) [ [ Moo+ 0)d6)GlE)aE0G()d5

Too(Ry+dy, 0+ By 4,) (d6)

) /cj(m) /:o

G(80)dEoG(&y)dEy+T(Ry,0)

0 1y

2 n:;y,de
de

re-arrangements and dividing by dr on both sides, we get

0
-1 :Cl(dt)/cz(dt)%Tyy(Rz—i-ﬁdy,G) (ZkBTéy o(1 )) G(&y)déy

0 d

i) [ 130,00y A0 )G~ ST (R0
0 1196

“ailan [ [t a0 - 58 68

+C (dl‘) ‘/Ci)(dz) /j:o |:T99(R2+dy7e+ﬁtz-,d9) <2kBT§9 Yo ( )>

Md,.do 0
| GE0)aEeG(& )G +Crla) [ TalRa+dy0)
do Gy (dr)
1 [2kgT [
Vo [ gaG(E G s, (58)
Using the continuity of Ty, 7,y and Tgg and the fact that
Z[" , n‘gé"’ < 1, it is clear that the 1st, 3rd, 4th,5th terms on RHS

of Eq (58] are finite as dr — 0. The 6th term is vanishing due
to [, égG(f:g)dég = 0. Since the LHS of Eq is finite also,
the 2nd term on RHS of Eq must also be finite as dt — 0.

2kgT
(R2> 6) = sz

Accordingly, T 0 follows from limgy; e — oo,

=dt+T(Ry,0)+C(d BT (R 0)(dy)%G
TR, 0) G [ ST (R B, 0)(d)

1

ZkBTdt £,G(&,)dE,
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