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STOCHASTIC MODEL FOR CELL POLARITY

BY ANKIT GUPTA!

University of Wisconsin, Madison

Cell polarity refers to the spatial asymmetry of molecules on the cell
membrane. Altschuler, Angenent, Wang and Wu have proposed a stochastic
model for studying the emergence of polarity in the presence of feedback
between molecules. We analyze their model further by representing it as a
model of an evolving population with interacting individuals. Under a suit-
able scaling of parameters, we show that in the infinite population limit we
get a Fleming—Viot process. Using well-known results for such processes,
we establish that cell polarity is exhibited by the model and also study its
dependence on the biological parameters of the model.

1. Introduction. The phenomenon of polarity is ubiquitous in living organ-
isms. It is known to occur at many levels: from cellular to organismic. Polarity
is what causes one part of a biological system to be different from another. Un-
derstanding how polarity is established and maintained is a matter of fundamental
concern for biologists.

In this paper we are interested in polarity at the level of individual cells. Con-
sider a spherical cell consisting of the cytosol and the membrane. Suppose that it
contains numerous molecules that may either reside in the cytosol or on the mem-
brane. The phenomenon of cell polarity refers to an identifiable form of spatial
asymmetry of molecules on the membrane. Biologists generally consider a cell
to be in a polarized state when most of the membrane molecules appear to be
concentrated around a single site or located in a single hemisphere on the mem-
brane. It is known that many types of cells exhibit this phenomenon. The most
common example is the yeast cell (see [22, 30, 34, 35]), but there are many others
(see [9, 10]). As noted in [9], cell polarity is vital in the creation of functionally
specialized regions on the membrane, which can then facilitate cellular processes
such as localized membrane growth, activation of immune response, directional
cell migration and vectorial transport of molecules across cell layers.

Due to its importance, many attempts have been made to investigate the mech-
anisms responsible for cell polarity. Drubin and Nelson [9] mention that the exis-
tence of cell polarity involves positive feedback from the signaling molecules on
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the membrane. This feedback enables the signaling molecules to perform localized
recruitment, thereby causing concentration of molecules in a specified region on
the membrane. Examples of such signaling molecules include Cdc 42 in budding
yeast (see [3]), mPar3/mPar6 in neurons (see [38]), Rac in kidney cells (see [18])
and human chemotaxing neutrophils (see [44]). Even though the feedback mecha-
nism may bring the molecules together, it is unclear if it can generate cell polarity
alone. This is because the molecules on the membrane are constantly diffusing and,
hence, any clusters that form may disappear quickly with time. Biologists have pro-
posed that additional mechanisms like directed transport and coupled inhibitors are
required to counter the spatial diffusion and generate spatial asymmetry (see [19,
22, 31, 41, 43]). However, these additional mechanisms are not always found in
cells that exhibit polarity. Hence, the question arises whether feedback alone can
cause polarization.

Altschuler, Angenent, Wang and Wu [1] show that indeed feedback alone can
generate cell polarity when the number of molecules is small. They prove this re-
sult via a simple mathematical model derived by abstracting the feedback circuits
found in cells. In their model, the feedback mechanism is given by the following:
a molecule on the membrane may pull a molecule from the cytosol to its location
on the membrane. In a stochastic setting they show that their model exhibits recur-
ring cell polarity. However, the frequency of polarity is inversely proportional to
the number of molecules in the cell. This suggests that no polarity can persist in
the infinite population limit without any additional mechanisms to reinforce asym-
metry.

In this paper we will scale some parameters of the model in [1] and study the
resulting model. The main result of our paper is that if we let the feedback strength
of each membrane bound molecule increase linearly with the population size, then
we do get recurring cell polarity in the infinite population limit. Hence, under our
scaling, the model suggests that feedback alone can generate cell polarity in the
infinite population limit without any additional mechanisms. Qur approach is to
express the dynamics of cell molecules as a measure-valued Markov process and
then prove that in the limit, the dynamics of molecules on the membrane can be
described by a Fleming—Viot process. This process was introduced by Fleming and
Viot [17] in 1979 and it has been very well studied since then. An excellent survey
of Fleming—Viot processes is given by Ethier and Kurtz [12]. Using the results
already known for such processes, we will first show that the limiting process is
ergodic and hence has a unique stationary distribution. We will then illustrate that
at stationarity the membrane molecules are arranged into clans of various sizes
and molecules in a clan are spatially clustered. Moreover, the distribution of clan
sizes and the expected spatial spread of the clans can be readily computed in terms
of the biological parameters of the model. Our results will allow us to deduce that
there are times when most of the molecules are part of a single clan and lie in a
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single hemisphere on the membrane, thereby causing a cell to polarize. We now
describe the model given in [1].

DESCRIPTION 1.1. There are N molecules in the cell (cytosol and mem-
brane). The cell itself is a sphere of radius R. The following four events can change
the molecular configuration in the cell:

e Spontaneous membrane association: A molecule in the cytosol moves to a ran-
dom location on the membrane at rate kqp,.

e Spontaneous membrane dissociation: A molecule on the membrane moves back
into the cytosol at rate kof;.

e Membrane association through recruitment (feedback mechanism): A molecule
on the membrane recruits another molecule from the cytosol at rate kg, x
(fraction of molecules in the cytosol).

At the time of recruitment, the recruited particle moves to the location of the
recruiting particle.

e Membrane diffusion: Each molecule on the membrane does Brownian motion
with speed D.

The parameters of the model N, D, R, kon, kfp and ko have clear biological
interpretations. As mentioned in [1], kg and ko are comparable and throughout
this paper we will assume the following:

ASSUMPTION 1.2.

key > kogr > 0.

In this paper we scale up km, and kofr by the population size N and leave ko
the same. We show that under this scaling the model becomes mathematically
tractable as N — oo. In Section 3 we will discuss the choice of this scaling and
the necessity of Assumption 1.2.

Since we will be relating this model to a well-known model in population genet-
ics, it is convenient to think of cell molecules as individuals in an evolving popu-
lation. Consider the membrane molecules as being alive and the cytosol molecules
as being dead. Each membrane molecule has two attributes: location and clan indi-
cator. When a membrane molecule recruits another molecule from the cytosol, this
new molecule gets initially assigned the same location and clan indicator as the re-
cruiting molecule. The location of this new molecule will change subsequently, as
it does its own Brownian motion but its clan indicator remains the same. We can
think of membrane recruitment as a birth process in which the recruiting mem-
brane molecule (the parent) passes its characteristics to the recruited molecule (the
offspring). The membrane molecules that have the same clan indicator are said to
be in the same clan, which implies that they have a common ancestor. When a
molecule spontaneously associates itself to the membrane, we assign it a new clan



830 A. GUPTA

indicator and a randomly chosen location on the membrane. Therefore, we can
think of spontaneous association as immigration in which the individuals bring
new genetic traits into the population. When a membrane molecule spontaneously
dissociates from the membrane and goes into the cytosol, it loses both its attributes.
So we can think of spontaneous dissociation as death. Note that a molecule that
dies can get reincarnated.

At any time, the membrane molecules can be classified into clans based on
their ancestry. Since the molecules in a clan have a common ancestor, if the dif-
fusion constant D is small, we can expect them to be clustered on the membrane.
However, the molecular diffusion may cause a clan to spread apart with time. Sur-
prisingly, this does not happen in our model. We mentioned before that in the
infinite population limit, the cell dynamics is ergodic and reaches a stationary state
at which the spatial spread of the clans does not change with time. This is due to
the extremely fast nature of the birth and death mechanisms in our model which
causes most of the molecules in a clan to be newly born. Hence, they have been
unable to move away from their common ancestor by too much. We will show that
in the limit there are infinitely many clans present in the population at stationarity,
but there are only a few large clans. These two results together imply that spatial
asymmetry is present and persistent. We will then argue that there will be times
when most of the population will be part of one large clan and also appear to con-
centrate around a single point. Consequently, the cell is polarized at these times.
This shows that unlike the original model, cell polarity is present in our rescaled
model as the population size goes to infinity. For a detailed study of the model
considered here, we refer the readers to [21].

This paper is organized as follows. In Section 2 we give the main results of
our paper. In Section 3 we interpret these results in the context of biology and
compare our results with the results provided in [1] for the original model. We
also state some interesting research questions that we were unable to answer in
this paper. Finally, in Section 4 we provide the proofs of our results.

Notation. We now introduce some notation that will be used throughout the
paper. Let (S, d) be a compact metric space. Then by B(S)(C(S)) we refer to
the set of all bounded (continuous) real-valued Borel measurable functions. Since
(S,d) is compact, C(S) C B(S). Both B(S) and C(S) are Banach spaces under
the sup norm || f|| = sup, g | f (x)|. For any differentiable manifold M and k > 1,
let CK(M) be the space of functions which are k-times continuously differentiable.
Let B(S) be the Borel sigma field on S. The space of all positive Borel measures
with total measure bounded above by 1 is denoted by M(S) and P(S) is the
space of all Borel probability measures. Since (S, d) is compact, Prohorov’s theo-
rem implies that both P(S) and M (S) are compact under the topology of weak
convergence. For any u € M (S) and f:S — R let

(fp) = /S Fuds).
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If © € M;(S), then for any positive integer m, u" € M(S™) refers to the m-fold
product of . If  is an atomic measure of the form a, >} 8y, for some a,, > 0,
then ™ is the symmetric m-fold product of ;1 defined by

1
1.1 pm= 8 (i) iy v Xigy )
n—1)-(n—m+ 1) 15,#,.2;.#"5” iy iy i)
where the sum is over all distinct m-tuples of {1, 2, ..., n}. If m > n, then the sum

above is empty and ™ is taken to be 0. Observe that 1" does not depend on
an and for n > m it is a probability measure over S™. Also note that if u is a
probability measure (i.e., a, = 1/n), then for large n, 1™ is approximately equal
to u™.

The space of cadlag functions (i.e., right continuous functions with left limits)
from [0, co) to S is called Dg[0, co) and it is endowed with the Skorohod topol-
ogy (for details see Chapter 3, Ethier and Kurtz [11]). The space of continuous
functions from [0, co) to S is called Cs[0, co) and it is endowed with the topology
of uniform convergence over compact sets.

For any operator A C B(S) x B(S), let D(A) and R(A) designate the domain
and range of A. The notion of the martingale problem associated to an operator
A is introduced and developed in Chapter 4, Ethier and Kurtz [11]. In this paper,
by a solution of the martingale problem for A, we mean a measurable stochastic
process X with paths in Dg[0, co) such that for any f € D(A),

t
FOX@M) — fo Af(X(s))ds

is a martingale with respect to the filtration generated by X. For a given initial
distribution w € P(S), a solution X of the martingale problem for A is a solution
of the martingale problem for (A, ) if # = PX (0)~L. If such a solution exists
uniquely for all # € P(S), then we say that the martingale problem for A is well
posed.

2. The main results. Our first task in this section is to represent the dynam-
ics of cell molecules as a measure-valued Markov process. Suppose there are N
molecules in the cell (cytosol and membrane). The cell membrane will be denoted
by E and it is a sphere of radius R in R3. As we mentioned before, each mem-
brane molecule has two attributes: location and clan indicator. The locations are
elements in E, while the clan indicators will be chosen as elements in the unit in-
terval [0, 1]. Hence, E x [0, 1] is the type space for the molecules. A molecule of
type x = (v, z) € E x [0, 1] is located at y on the membrane and has z as its clan
indicator. Note that a membrane molecule will change its type only due to Brow-
nian motion. Therefore, during its stay on the membrane, only its location (first
coordinate) changes while its clan indicator (second coordinate) remains fixed.
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If there are N molecules in the cell, then we assign mass 1/N to each molecule.
The membrane population at time ¢ can be represented by an atomic measure as
follows:

n (1)

1
2.1) WN@y=—= 3" 8w
N i=1

where n™V (1) = N (1, u™N (r)) is the number of molecules on the membrane at time
tand x1(7), ..., x,n( are their types. Viewed as a process, w! is Markov and its
state space is given by

MN(E x [0,1])

1 n
= NZSXI.:Ofanandxl,...,xneEx[0,1] .
i=1

For any u € M(]lv(E x [0, 1]), the total mass (1, «) < 1 and, hence, /\/liv(E X
[0,1]) € M (E x [0, 1]). If we endow MflV(E x [0, 1]) with the topology of weak
convergence, then it is a compact space.

The generator of any Markov process is an operator which captures the rate of
change of the distribution of the process. For a detailed discussion on generators,
see Chapter 4 in Ethier and Kurtz [11]. For a speed D Brownian motion on the
membrane E, the generator is given by %A, where A is the Laplace—Beltrami
operator on E. Note that C 2(E) c D(A), where C%(E) is the space of twice con-
tinuously differentiable functions on E. Next we define the classes of functions
that we will use in this paper.

DEFINITION 2.1.
C={feC((E x[0,1])™) such that f(-,z) € C*(E™)
forall z € [0, 11", and V f(x, ), Af(x,-) € C([0, 11™)

forall x € E™ and m > 1}.

DEFINITION 2.2.

C={F(u) =(f, n'™) such that f € C and m > 1}.

We now specify the generator AV for the process /', which captures the dy-
namics of the cell population. For any f € C let A; f denote the action of the
Laplace—Beltrami operator on f by considering it as a function of its ith coordi-
nate. Let the domain of the operator AN be D(AN) =C and for F € C of the form
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(f, ™), define

ANF(u) =

NI

i Aif, M(m)
FhaN (=) [ /M <F<M + %aw) ~ F )9y dz

+hoah? [ X[OJ](F(M - %5) - F(M))M(dX)

1
+ ke N2(1 = h) (F(M + —sx) - F(M))M(dx),
Ex[0,1] N

(2.2)

where h = (1, u) and ¥ (-) is the surface area measure on the sphere E normal-
ized to have total area as 1. Terms in the operator above correspond to the surface
diffusion of the membrane molecules, spontaneous association, spontaneous dis-
sociation and membrane recruitment, in that order. The martingale problem for A
is well posed and this can be seen by viewing the operator A" as a bounded pertur-
bation of the diffusion operator (given by the first term of A™). It is easy to argue
that the martingale problem for the diffusion operator is well posed and the solu-
tion for any initial distribution is just the empirical measure process of a system
of particles doing independent speed D Brownian motion on E. Proposition 10.2
and Theorem 10.3 in Chapter 4 of Ethier and Kurtz [11] imply the well-posedness
of the martingale problem for AV .

It will soon become evident that the initial distribution of cell molecules is not
important for the discussion in this paper. For definiteness we will assume that the
membrane is initially empty. Let 7o € P(Mév (E x [0, 1])) be the distribution that
puts all the mass at the 0 measure. From now on u will be the unique Markovian
solution to the martingale problem corresponding to (A, 7).

We define another process 7Y by

n" (1)
N 9
At any time ¢, R (¢) is the fraction (or the total mass) of cell molecules that are on
the membrane. We will refer to 1% as the fraction process. Observe that 1™ (0) = 0
We are interested in showing the convergence of the sequence of processes {11}

as N — oo. Note that the last two terms in AV [see (2.2)] do not appear to converge
independently. This is because terms like

1
/ <F<M + —ax) _ F(M))M(dX)
Ex[0,1] N

will typically be of order 1/N and we are multiplying them by N2 outside. How-
ever, convergence does happen because these two terms combine to give a second-
order term. Instead of directly dealing with the sequence of generators {AV}, we

(2.3) WY (1) = (1, uN (1)) =

t>0.
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will prove the convergence result in Section 4 by using the particle construction
introduced by Donnelly and Kurtz in [8]. This construction provides a more prob-
abilistic way of passing to the limit.

Define an operator A as follows. For any F € C(M{(E x [0, 1])) of the form
F(u) =TI/, (fi,u), where f; e CNC(E x [0,1]) forall i =1,2,...,m and
m > 1, define

m

D
AFG) =2 Y (A f ) [T 0

i=1 i

e ;he@

eq
2.4) .

x gl /E f[o’u(m, 29 (dy)dz — ﬁ(x)u(dx))g<fj, )
ke (1 — he

Il ey ) TT e .

hea 1<z <m ki

The operator A is the generator of a Fleming—Viot process. The martingale
problem corresponding to it is well posed and each solution has paths in
CpEx[0,17)[0, 00) by Theorem 3.2, Ethier and Kurtz [12]. We are now ready to
state the convergence result. Throughout this paper = will denote convergence in
distribution.

THEOREM 2.3. There exists a stopping time ty (with respect to filtration gen-
erated by V) satisfying v — 0 a.s. as N — 00, such that if we define processes
N and N as

(2.5) AN (@) =hN (t + 1Y), t>0,
and
(2.6) AN =pNe+y), =0,

then the following is true.
(A) Forany T > 0,

sup [AN(1) —hegl =0 as N — oo,
0<t<T

where heqg =1 — ]I‘("Tf

(B) Suppose that the sequence of random variables {{i"¥ (0)} converges in dis-
tribution to (1(0) and let my € P(P(E x [0, 1])) be the distribution of 1(0)/ heq.
Then pN = w in Dy (Ex10,17[0, 00) as N — 00, where p = heqv and v is the
Fleming—Viot process with type space E x [0, 1], generator A and initial distribu-
tion 1.
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REMARK 2.4. Note that the state space of the processes 1V is M(E x
[0, 1]), which is compact and so P (M1 (E x [0, 1])) is also compact by Prohorov’s
theorem. Hence, the distributions of 2 (0) will certainly converge along a subse-
quence and the assertion of the theorem above will hold for this subsequence.

In fact, the distributions of /1¥(0) converge along the entire sequence (see Re-
mark 4.4).

A heuristic explanation for the above result is as follows. As N gets larger, the
extremely fast nature of the birth and death mechanisms forces the fraction process
to immediately settle to an equilibrium value heq [given by part (A) of the above
theorem]. Note that kfy/eq(1 — heq) = kottheq and so at this equilibrium value, the
net influx of population onto the membrane due to birth matches the net efflux of
population from the membrane due to death. Since the total mass on the membrane
is not allowed to deviate from this equilibrium, any addition of new mass due to
immigration must be concurrently offset by an equal reduction in existing mass
due to death. Hence, in the limit, the net demographic effect of immigration is the
same as that of mutation and, therefore, we see a mutation-like term in the limiting
generator A [see the second term in (2.4)]. Similarly, the addition of new mass on
the membrane due to birth must be accompanied by the reduction of equal mass
due to death. This gives rise to the second-order sampling term in A [see the third
term in (2.4)]. These ideas are made rigorous in the proof of Theorem 2.3 given in
Section 4.

From now on v will denote the Fleming—Viot process given in the statement of
Theorem 2.3. We next claim that v has a unique stationary distribution and it is also
strongly ergodic in the sense that its transition function converges asymptotically
to the stationary distribution. In fact, this convergence is exponentially fast. Let S
be any metric space and let B(S) be the Borel sigma field on S. Define the total
variation metric over the space of probability measures P(S) by

lvi — v2llvar = sup v (") —v2(D)].
TeB(S)

PROPOSITION 2.5. (A) The process v is strongly ergodic and it has a unique
stationary distribution I1 € P(P(E x [0, 1])).

(B) The transition function of v converges to the stationary distribution expo-
nentially fast. There exists a constant C > 0 such that

|P(v(t) €-) — ()|, < Cexp (—(%_eqheq)y).

PROOF. Both parts follow from Theorem 5.1 and Corollary 8.4 in Ethier and
Kurtz [12]. O

Define a P([0, 1])-valued process v, by
2.7) ve(t,A) =v(t, E x A), AeB(0,1])and ¢t > 0.
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We will refer to v, as the clan process, as it will help us in the determination of clan
sizes. We shall discuss this further in Section 3. As a consequence of Theorem 2.3,
we get the following corollary.

COROLLARY 2.6. The process v, is the Fleming—Viot process with type space
[0, 1] and generator A, given by

1= heg) &
AcF(“):kon(hiq)Z/ (i@ dz — fiuo) [T
€q i=1 [0,1] ki
ke (1 — he
+¥ S Whifi = oo i) TT o),
e I<i#j<m kot

where F(u) =[]/ (fi, n) and f; € C([0,1]) fori=1,2,...,m.

PROOF. The proof is immediate from the definition of v, and the descriptions
of the generators A and A,. [J

Since the molecules are constantly diffusing on the membrane, we would expect
each clan to spread out more and more with time. However, we will show that this
does not happen in our model. We would like to measure the average spatial spread
of the molecules that belong to the same clan. One way to measure it would be to
randomly sample two molecules from the membrane population at any time ¢ and
compute their expected distance squared, given that they are in the same clan.
We call this quantity S, (7). Fori =1,2 let X;(¢) = (Y;(¢), C;(¢)) € E x [0, 1] be
the sampled molecules. Then given v(z), X () and X,(¢) are i.i.d. with common
distribution v(¢). Therefore,

Sp(0) = E(I1Y1(1) = Ya)IP|C1(1) = C2(1))

_ EAN®) = HOPlcw=c0))
P(C1(1) = Ca(1))
_ EEIN® - HOPlc,o=cuv0)
E(E(C1(1) = Cy(0)|v(1))
_E(g foy Iy — Y2112 ey =eryv(t, dy1, der)v(t, dyo, dea))
E(JE Ji0.1] ler=eyv(t, dy1, den)v(t, dyr, dcz)) '

From Proposition 2.5 we know that the process v has a unique stationary distribu-
tion IT € P(P(E x [0, 1])). At stationarity, S, (#) does not depend on ¢ and can be
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written as

Sp=| (/ / ||y1—)’2||21{c1=c2}//«(d)’1,dCl)M(dyz,dcz))
P(Ex[0,1]) E J[0,1]

(2.8) x TI(d )

—1
x(/ (/ [ 1{clzcz}u<dy1,dclm(dyz,dcz))n(dm) .
P(E x[0,1]) E J[0,1]

The theorem below gives a precise formula for §),. It will be proved in Section 4.

1—h ~
THEOREM 2.7. Leto = % = _Koit _ Tpep
heq kg —Koff
2D

S0 = (o T kmya + DJRD)

In the next section we connect all the results mentioned in this section and
present the complete picture in our biological setting.

3. The biological interpretation. In this paper our main objective is to show
that if we take the model for cell polarity given by Altschuler, Angenent, Wang
and Wu [1] (see Description 1.1) and scale the parameters kg, and ko by the pop-
ulation size N, then, unlike the original model, we get cell polarity in the infinite
population limit. In this section we describe how the results mentioned in the last
section help us in making this conclusion. These results will also give us an insight
into the influence of various biological parameters on polarity.

The main convergence result, Theorem 2.3, shows that as N — oo the fraction
of the molecules on the membrane at any time is equal to /eq and the dynamics
of cell molecules is given by a measure-valued process u where u = heqv with v
being a Fleming—Viot process. The process v has a unique stationary distribution
and its transition function converges exponentially to this stationary distribution
(see Proposition 2.5).

At any time, the molecules on the membrane can be divided into clans based on
their ancestral relationships. We now determine the distribution of the clan sizes.
Let v, be the process given by (2.7). From Corollary 2.6 we know that it is a
Fleming—Viot process with type space [0, 1] and generator A.. Such a Fleming—
Viot process arises as a reformulation of the infinitely-many-neutral-alleles model
due to Kimura and Crow [27] (see [11] for more details). By Theorem 7.2 in
Ethier and Kurtz [12], at any time 7, the random probability measure v.(¢) is purely
atomic. This means that v, () is of the form Y 7 p;8y,, where p; is the size of the
atom corresponding to the point mass at x;. At any ¢ > 0 and any clan indicator
z € [0, 1], the size of the clan at time ¢ corresponding to z is just u(t, E x {z}).
The sum of all the clan sizes is quite clearly heq. If we normalize each clan size
by dividing it by heq, then the normalized size of the clan at time ¢ corresponding
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to z is just v(t, E x {z}) = v.(¢, {z}). In other words, the normalized clan sizes at
time ¢ are nothing but the sizes of the atoms in v.(¢). From now on by clan size we
always mean the normalized clan size.

The assertions of Proposition 2.5 are true for v, as well. Let A be the infinite
simplex given by

o0
Aoo=1{(x1,x2,..0: Y xp=land0<x; <1,i=1,2,... 1.
i=1
GEM (@) distribution is a distribution over the infinite simplex A that depends on
a parameter 6 € [0, co). This distribution is named after three population geneti-
cists McCloskey, Engen and Griffiths (see Johnson, Kotz and Balakrishnan [24]
and Pitman and Yor [33]). It is defined as below.

DEFINITION 3.1 [GEM(#) distribution]. Let {W,:n = 1,2,...} be a se-
quence of i.i.d. Beta(1, #) random variables [i.e., each W; has density 6 (1 — x)?!
forO0 <x < 1].Define Pi=Wiand P, =(1—-W)(1—W)---(1—W,_1)W, for
n > 1. Then the sequence {P,:n =1,2,...} is said to have the GEM(#) distribu-
tion.

If we define

3.1 0= kﬂ
kb

then at stationarity the sizes of the atoms in v.(¢) are distributed according to the
GEM(#) distribution. This is a direct consequence of Theorem 4.6 in Chapter 10,
Ethier and Kurtz [11]. This result shows that at stationarity there are infinitely
many clans on the membrane and their sizes follow the GEM(0) distribution. If
we arrange these sizes in descending order, then the resulting random infinite vec-
tor has the Poisson—Dirichlet distribution with the same parameter 6 (see Chap-
ter 2 in [16]). The Poisson—Dirichlet distribution was introduced by Kingman [28]
in 1975 and many of its properties are well known. This characterization of clan
sizes at stationarity makes it possible to compute the distribution and moments
of the largest clan size, second largest clan size, third largest clan size and so on
(see Griffiths [20]). The joint distribution of the first few largest clans can also
be obtained (see Watterson [42]). If we sample n molecules from the membrane at
stationarity from v(¢), then the distributional properties of the clans represented by
this sample can be studied via the Ewen’s Sampling Formula (see [14]). All these
results indicate that the clan sizes at stationarity are far from uniform and there
are a few large clans and many small clans. Most of the molecules are contained
in these few large clans. In fact, if we sample » membrane molecules at station-
arity, then they would belong to roughly 6 logn distinct clans asymptotically (see
Theorem 2.11 in [16]).
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The quantity S, [given by (2.8)] measures the average spatial spread of the
clans and its value at stationarity is given by Theorem 2.7. At stationarity there are
only a few large clans and if S, is small relative to the cell size, then the spatial
spread of these large clans is also small. Therefore, the distribution of molecules
at stationarity is highly asymmetrical at all times.

We now discuss the emergence of cell polarity. First we need to define it math-
ematically.

DEFINITION 3.2 (e-polarity). For any 0 < ¢ < 1, we say that the cell is e-
polarized if at least (1 — &) fraction of the membrane population belongs to a
single clan and also resides in a single hemisphere on the membrane.

The above definition is motivated by the biological literature (see [1, 4, 5]). Note
that the molecules in a clan will generally appear to cluster around the location of
their most recent common ancestor (see [7]). Therefore, as in [1], if diffusion is
small, having one predominant clan on the membrane is a good indication that a
single site of polarity has formed.

At stationarity, the probability that the cell is e-polarized at any time ¢ can be
expressed as

pe =I1({B € P(E x [0, 1]): there exists a z € [0, 1]
(3.2)
and a hemisphere H C E such that 5(H x {z}) > 1 — 8}),

where IT € P(P(E x [0, 1])) is the stationary distribution of the process v. We
mentioned before that at stationarity, the vector of clan sizes in descending order
follows the Poisson Dirichlet distribution with parameter 6. Let V| be the size of
the largest clan. For any ¢ > 0, Theorem 2.5 in [16] implies that

(3.3) ge :=P(Vi>+1—¢)>0.

Suppose that we are at stationarity. Let r, denote the probability that (/1 — ¢)-
fraction of the molecules in the largest clan are situated in a single hemisphere on
the membrane given that the size of the largest clan is at least 4/ 1 — &. Observe that
Sp is like a weighted average of the spatial spreads of the clans, where the weight
of each clan is proportional to its size. Therefore, if almost all the molecules are
in the largest clan, then §), is approximately the spatial spread of the largest clan.
Hence, if S}, is small in comparison to the cell size, we can reasonably expect r, to
be positive. Observe that p, > g.r. and so p; is also positive for a small positive .
Since the process v is ergodic, Birkhoff’s ergodic theorem (see Theorem 10.6 and
Corollary 10.9 in [25]) implies that the cell will definitely reach the e-polarized
state and, in fact, spend p, proportion of its time there. Thus, the cell gets ¢-
polarized infinitely often and we have recurring cell polarity.
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Before we proceed we need to define some new quantities. Let

_ Sp

(3.4) Sp == Fv
D
(3.5) X = R2
and
1 - heq kfbkoff
(3.6) = ko) = ( )
Y * heq ko — kott

We can interpret S » as the average spatial spread of the clans relative to the cell
size, while x can be seen as the speed of diffusion relative to the cell size. Note that
the ratio (1 — heq)/ heq is the molecular mass available in the cytosol for recruit-
ment per membrane molecule. The parameter y is just the feedback rate tempered
by this availability ratio. It can be interpreted as the effective feedback strength.
We can recast the result of Theorem 2.7 as

L. S
P +oy+x0°

Recall that the biological parameters in our model are D, R, kon, kfp, and kogt.
We now examine their impact on cell polarity. Instead of working with the orig-
inal parameters, we will work with 6, x and y. From the above discussion it is
clear that the formation of polarity will be facilitated if the probability g, [given
by (3.3)] is high while the quantity §p is low. As noted earlier, the parameter
6 controls the distribution of molecules into the infinitely many clans present at
stationarity. From the properties of Poisson Dirichlet distributions we know that
the probability g, decreases as 6 increases and vice-versa (see [6] and Chapter 2
in [16]). In fact, it can be shown that this probability is nearly 1 if 8 ~ 0 (see [15]).
Hence, polarity will establish more easily if 6 is small. Recall that the process v,
[given by (2.7)] is the Fleming—Viot process corresponding to the infinitely-many-
neutral-alleles model. The sample paths of this process take values over the space
of atomic measures over [0, 1]. Using Dirichlet forms, Schmuland [36] has shown
that with probability 1 there will exist times at which this process will hit the state
of having a single atom if and only if 6 < 1. Therefore, & < 1 assures that there
will exist times when there is only one clan present. At these times the chances of
observing polarity will be nearly 1 if § » is sufficiently small. The formula (3.7)
makes it clear that the quantity S » gets smaller as the relative diffusion speed ()
goes down or the effective feedback strength (y) goes up.

Recall that the likelihood of finding a cell in the e-polarized state at any time at
stationarity is given by p. [given by (3.2)]. The observations made in the preced-
ing paragraph show that p, increases with y but decreases with 6 and x. Unfor-
tunately, we do not have a precise formula for p. at the moment. Such a formula
would be really useful in determining the chances of observing polarity in a cell

(3.7)
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with any given set of parameters. It will also give us a clear idea of the time spent
by the cell in the polarized state.

We would now like to compare our results to the results presented in [1] for the
original model. To avoid confusion, we will denote the association, dissociation
and recruitment rates in the original model as &, k3, and kg, respectively. Note
that under our scaling k, = kon While k(i = Nkotr and kg = Nkgp,, where N is
the total population size. The analysis in [1] assumes that k§ > kO and kg, is
much smaller in comparison to kg or k. Observe that spontaneous membrane
association tends to spatially homogenize the molecules on the membrane and
so if kg, is not small in comparison, we cannot hope to see cell polarity. Under
the above assumptions it is shown in [1] that the fraction of molecules on the
membrane approaches the equilibrium value

koff k()
heq=1— é—f—O(kL?:),
at an exponential rate with half-time of (heqkf”b)_l. In our scaling, k5, = O(1),
while kg and kg are O(N). Therefore, it is not surprising that as N — oo the
fraction of molecules on the membrane reaches the equilibrium value

heqg=1— Kott
kv
almost instantly [see part (A) of Theorem 2.3]. Since kop is small, the bulk of the
population at equilibrium must come through membrane recruitment. It is men-
tioned in [1] that if kf < kJ, the membrane will be nearly empty at equilibrium
and so clusters cannot form. For the same reason Assumption 1.2 is required in
this paper.

As we have discussed above, the emergence of cell polarity crucially depends on
the likelihood of having just one large clan on the membrane. It is shown in [1] that
for a finite population size N, the number of clans on the membrane will reduce
to just 1 at certain times, giving rise to polarity (if D is small), if the spontaneous
association events are rare (k$, is small). However, the frequency at which these
times arrive is proportional to 1/N and, hence, there is no recurring polarity in the
infinite population limit unlike the rescaled model that we consider.

It is observed in [1] that the clustering behavior for the original model is en-

tirely determined by a simple relationship between the ratio IIZL‘;: and the population

size N. Their analysis shows that if % « N72, then certainly one cluster will
fl
form and if I% > (N~'log N)!/2, then no clusters will form. Using numerical
b

simulations, they observe that the transition occurs when ]IZ% ~ N~!. This moti-
b

vated us to scale kg by a factor of N and analyze the resulting model. We also
had to scale kJ; by N because otherwise the entire population will soon be on
the membrane (as heq will then be 1), depleting the cytosol and preventing further
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membrane recruitment. In such a scenario, the feedback mechanism will be un-
able to counter the surface diffusion and, hence, there will not be any lasting cell
polarity. Note that having kfj, = Nkg, is the same as changing the feedback rate
in Description 1.1 to kg, X (number of molecules in the cytosol). This is the same
as saying that each membrane molecule recruits each cytosol molecule at rate kgp,.
Such a definition may be more natural for the feedback circuits found in certain
cells. Our results provide an explanation for the existence of cell polarity in such
cells if the population size is large.

There are many biologically appealing questions about the model that we have
been unable to answer in this paper. As we mentioned above, it would be useful
be have precise estimates for p.. It would also be interesting to compute the time
it takes to hit the e-polarized state and the time the cell stays polarized after that.
These results would give us a better idea about the the onset and maintenance of
polarity. The role of various model parameters will emerge clearly as well.

The model we study does have the drawback of being simplistic, as all the
molecules in the cell are identical. Most cells that exhibit polarity have molecules
of many different types recruiting each other at various type-dependent rates (see
[3, 9, 40]). We would like to know if a multi-type generalization of our polarity
model would also lead to tractable measure-valued dynamics in the infinite popu-
lation limit. We hope to answer this question elsewhere in the very near future.

In this paper we have only looked at single-site polarity. Many cells exhibit
anterior—posterior polarity (see [13, 32, 37]). In such cells there are usually two
types of molecules and they segregate themselves in such a way that one type of
molecule forms the front and the other type of molecule forms the rear. Such an
arrangement is vital for cell division and locomotion. It has been suggested that this
phenomenon is caused when molecules not only recruit the molecules of their own
type but also locally inhibit the recruitment of the other type. It may be possible
to extend the model considered here to account for anterior—posterior polarity as
well.

The story of cell polarity is far from over and we hope that more work will be
done to mathematically understand this biologically vital phenomenon and answer
the challenging questions it poses.

4. Proofs. In this section we prove the main results of our paper: Theorems
2.3 and 2.7.

4.1. Proof of part (A) of Theorem 2.3. Recall that nN () = N1, uN (1)) de-
notes the number of molecules on the membrane at time ¢. Since u” has gen-
erator AV, we can write the generator K"V for the Ny-valued process n’ as the
following. For f € C(R) let

KN f(n) = kon(N —n)(f(n + 1) — f(n)) + Nkogen(f (n — 1) — f(n))
+kpn(N —n)(f(n+ 1) — f(n)).
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We start with nothing on the membrane and, hence, n™ (0) = 0. The form of the
generator KV allows us to write the equation for n"V as

V() =71 (kon /Ot(N —nM(s)) ds) - Y2<Nkoff /Ot n () ds>

A (Nkﬂ, /Ot nN(s)(l - ”Ij\fs)) ds).

N

4.1

We would like to estimate the first time n" reaches a positive fraction of the
population size N. Pick an ¢ > 0 such that kg, (1 — &) > kogr and define

4.2) oY =inf{r > 0:n"(t) > Ne).

LEMMA 4.1. Let A = k(1 — &) — kogr. Then

2log N
i)zl_

lim P(pV <
Nho <p8 =N
Moreover, ,oév —0a.s.as N — oo.

PROOF. We first slow the time by a factor of N. Let AN =nN@ /N). Since
n! satisfies equation (4.1), AN satisfies

t ~N t
V) =v, (kon/o <1 _n A;”) ds) _v, (koff/o ﬁN(s)ds)

(4.3)
! ~N le(s)
+13 kfb/n(s)l— ds ).

0 N
Define
(4.4) pY =inf{r > 0:4"(t) > Ne} = NpY.
To prove the first claim of the lemma, we only need to show that

2log N
(4.5) lim P (55 <208 ) —1.
N—o0 A

il (0
N

ForO0<t < ,5?’ , < ¢. Define another process Z by the equation

t
Z(t)=Y; (kon(l — 8)t) — Yz(koff/ Z(s) a’s)
(4.6) 0

t
+ Y3 (kfb(l - 8)/ Z(S)dS).
0
Note that Z is independent of N and ¢ is chosen so that kg, (1 — &) > kogr. The

form of the equation for Z shows that Z is a supercritical branching process with
immigration. For 0 <t < ﬁév we clearly have Z(t) <7’V (t) < eN. Define

4.7 pN =inf{t >0:Z(t) > Ne).
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It is easy to see that ,5?’ < ,5£V . We will find a probabilistic upper bound on ,5?’
which will show (4.5) and hence prove the first claim of the lemma.

A supercritical branching process with immigration can be written as a super-
position of independent supercritical branching processes starting with an initial
population of 1 at various times. This fact along with Theorems 1 and 2 in Chap-
ter 3, Section 7, in Athreya and Ney [2] show that there exists a random variable
W such that W > 0 a.s. and

lim e ™ Z(@)=W a.s.

—00
Therefore,

lim e % Z(3N) =W  as.,
N—o0
which implies that
lim log(e ™% Z(pM)) = lim (=AY +1log Z(5Y)) =logW  as.
N—o00 N—o0
Observe that Ne < Z(ﬁév) < Ne¢ + 1. From above we get
pl 1

lim = - a.s.
N—ooologN A

Since NpY = pY < pY as., the above limit implies (4.5) and also shows that
pév — 0 a.s. as N — oo. This completes the proof of the lemma. [

Recall the definition of equilibrium fraction heq from the statement of Theo-

rem 2.3. Fix & to be h% = %(1 — %f’f) and let pV be ,oév for this particular choice
of . By Lemma 4.1 we obtain

N<‘“°—gN):

(4.8) lim P< <
Noeo ' \P (kfo — kotr) N

Recall that the process 4 is given by (2.3). Using (4.1), we can write an equa-
tion for A as

N —ly Nk, t1 WV (s))d ly N2k [hN d
» (r)-NI( onfo(— ) S)—Nz( off/O (s) s)

+ %1@ <N2kfb /Ot AN (s)(1 — hN(s))ds).

Let 4V be the process given by

(4.10) N (@) =hN (@ + p").
Note that
4.11) N0y = kN (o) = Vhea/2T

N
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Fori=1,2,3let
Yi(t) = Yi(t +8N) — v (8]),

where
N

P
8N =Nkon | (1 —=1"(s))ds,
0

N
P
8N = Nkt / hN (s)ds
0
and
oN
8 = Nzkfbf RN (s)(1 = BN (5)) ds.
0
From the strong Markov property of the Poisson process we can conclude that Y1,

Y, and Y3 are independent unit Poisson processes. We can write the equation for
process A" as

AN (1) =N ) + 1Nt + p™) — N (p™)
_ 1 - ! _
=i (0) + 7 (konN/O (1— hN(s))ds>
NN PN )
NY2<N koff‘/(; h (s)ds

+ %173 (Nzkfb /Ot AN (s)(1 — EN(S))ds).

4.12)

Let }_’ic be the centered version of ¥; [i.e., }_’f (u) = Y; (u) — u for u > 0]. Define

1 t _ 1 - ‘e
My (1) = NYf(konN fo (1—hV (s))ds) - (Nzkoff /O h (s)ds)
(4.13) X t
+ NY§<N2kfb/0 AN (s)(1 — ﬁN(s))ds),
which is a martingale with quadratic variation given by
1 - t _ 1 - r
[My] = <571 (konN/O (1— hN(s))ds) + 3302 (Nzkoff/o hN(s)ds)
(4.14) X t
+ m&(zvzkfbfo AN (s)(1 — EN(s))ds>.

Since 0 < 1Y < 1, we have

t
(4.15) E(MN10) = kon + Kofit + kppt-
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By centering the Poissons in equation (4.12), we can write

N (1) = hN (0) + kon t(1 — N (s))ds — Nkoff/t 1N (s)ds
0 0
(4.16) t
+ Nkfbfo AN () (1 — AN (s)) ds + My (t).

Let F(h) = kpph(1 — h) — kogrh and

t _
Zn(t) = fo kon(1 = itN (s)) ds + My (0).

From (4.15) and Corollary 2.3.3 in [23] we can conclude that {Zy} is a sequence
of semimartingales that is relatively compact in Dr[0, co). The jumps in Zy are
of size 1/N and, hence, if Z is a limit point of this sequence, then Z must be a
continuous process a.s. equation (4.16) can be written as

4.17) N @) = hN(0) +ZN(t)+N/0[ F(h" (s)) ds.

Define another process oV by
aN (1) =hN (1) — heq.
Observe that
F (N (0)) = ki (@" (1) + heq) (1 — heq — & (1)) — kogr(a™ (1) + hreq)
= " (1) (ki (1 — heq) — kotr) + kivheq(1 — heq)
— koftheq — kipa™ (1) (™ (1) + heg)
= —kpa™ (RN (1) <using heq=1— %f)
From (4.17) we get
o (1) = a™ (0) — Nkgp /Ot N (s)aN (s)ds 4+ Zy (1),
which can be written in differential form as
da™N () + Nkpyh N ()N (1) dt = d Zy (1).
Let By (t) = Nkp Jg h™ (s)ds. Then
d(a™ (0)ePV D) = PND g7y (1).

Integrating from O to ¢, we get

t
oV ()ePN D — N (0) = / PV a7 ().
0
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Therefore,
t
(4.18) oV (1) — N (0)e VD = =P ) f PN a7 ().
0
Let

_ h
6N=inf{t20:hN(t)§ %}

EN(I)>@—i
-4 N

and, hence, for any small positive number &,

inf )|,3N(t+8)_,3N(t)|:OO

0<t<(TAGN—¢

as N — oo. Fix any T > 0. By Lemma 5.2 in [26],

t
sup e‘ﬁN(’)/ NS a7 0 ()| = 0.
0<t<TAGN 0
Hence, (4.18) gives
(4.19) sup | (1) — @V (0)e VD] = 0.
0<t<TAaN

If 5V < T, then from the definitions of 6V, o™ and (4.11) we get

sup |V (1) — ¥ (0)e VO] > oV V) — oV (0)e V)|
0<t<TAgN

%

_3heq | @eﬂméﬁ‘ _2
4 "2 N

heq
4

v
|

This calculation shows that

h 2
PGEN <T)< P( sup o (1) — N (0)e AV > = —).
0<t<TAGVN 4 N

Therefore, from (4.19), P(6" < T) — 0 for any T > 0 and, hence, 6"V — oo in
probability.
Let the stopping time 7 be given by
log N
Ny ogN

4.20 =
( ) N o N
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From Lemma 4.1 ,oN — 0 a.s. and, hence, Ty — 0 a.s. Let the process N be
defined by

4.21) AN @) =hN(t + ) =1€N<t+ t>0.

log N )
N 9
Note that

sup |AN (1) — heg|
0<t<((TAGN)—(logN)/N)

loe N
= sup ‘oeN (t + S )‘
0<1<((T'A5N)—(log N)/N) N

- sup ‘aN (t 4 log¥N ) _ N ()~ Py t+ogN)/N)
0=1=((TA&N)~(log N)/N) N
+ sup |aN(0)e_ﬂN(l+(10g N)/N) |
0=<t=((TAGN)—(log N)/N)
The first term converges to 0 in probability due to (4.19). Observe that for 0 <7 <

(T A &Ny —55),

logN /-H-(lOgN)/N

_ h 1
IBN(t+T>ZNkfb A hN(s)ds=kfb(ﬂ—N)logN.

4
Thus, the second term above converges to 0 as N — oo a.s. Since logN/N — 0
and "V — oo, we get

sup [AN (1) — hegl = 0.
0<t<T

This proves part (A) of Theorem 2.3.

4.2. Proof of part (B) of Theorem 2.3. To prove part (B) of the theorem, we
will use the particle construction introduced by Donnelly and Kurtz in [8]. In this
construction the molecules are arranged in levels which are indexed by positive
integers. The arrangement is such that for any positive integer n, the process de-
termined by the first n levels is embedded in the process determined by the first
(n + 1) levels. This allows us to pass to the projective limit. Another advantage of
this construction is that it makes the ancestral relationships between molecules ex-
plicit. For any set of molecules we can trace back their genealogical tree to obtain
results about the measure-valued process.

We first motivate the particle construction. Suppose the total population size
is N and at any time ¢ there are n” (r) molecules on the membrane. The pro-
cess n® follows equation (4.1) and suppose its evolution is known. Each molecule
has a type in E x [0, 1] as before. We can represent the population on the mem-
brane at time ¢ by a vector (YIN (1), Y2N ®),..., Y’i\,’\,(t)). Since the labeling of the
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molecules is arbitrary, it contains exactly the same information as the measure
Z(t) = Y71 8y, We can choose any labeling we find convenient. So we look
into the future and order the individuals according to the time of survival of their
lines of descent. In this new ordering we arrange the molecules into levels, which
are taken to be positive integers. At any time ¢, if there are n’V () molecules, we
will represent the population as the vector (X {V (1), X év ®,....X ,IZVN ( t)). We will re-
ferto X lN as the ith level process, where X lN (t) € E x [0, 1] is the molecule type at
level i at time ¢. Molecules are allowed to change levels with time. If a death hap-
pens at time ¢, then nN (@) =nN(—) — 1 and we just remove the molecule at the
highest index n™N(¢).If an immigration happens at time ¢, then Vi) =nVit—)+1
and we uniformly select a level from the first n™N (t—) + 1 levels and insert the im-
migrant molecule there. If a birth event happens at time ¢, then nNi)y=nVit—)+1
and we do the following. We first uniformly select two levels i and j from the first
n™(t—) + 1 levels. Suppose i is the smaller of the two levels. Then we shall re-
fer to the molecule X lN (t—) as the parent and insert a copy of it at level j. The
molecules {X,]Cv (t—):k=j, j+1,...} are shifted up by one level. So at time ¢, the
offspring molecule Xj-v (t) is a copy of XIN (t—), while X,ICV (1) = X,ICV (t—)fork < j
and X ,iv H=X ,]{V_l (t—) for k > j. In between all these events molecules are doing
speed D Brownian motion on E and changing their location.
What we have described above is a Markov process X with state space

N
SN = J(E x [0, 1])".
n=0

We adopt the convention that (£ x [0, 1)° = {A}.Forx € SN, if x € (E x [0, 1])",
then let |x| =n foranyn =0,1,..., N.Ifattime r, XV (t) =x € S¥ and |x| =n,
then it means that there are n molecules on the membrane with the type vector
x=(x1,x2,...,x,) € (E x[0,1D".

If x| =n>m and x = (x1, x2, ..., Xx,), then let ™= (x1,x2, ..., Xm). Any
f € B((E x [0, 1])™) can be regarded as a function over SV by defining it as
f(x)=0if |x| <m and f(x) = f(x)if |x| > m. We now specify the generator
AN of the Markov process X by its action on functions in its domain D(AN) =C
(see Definition 2.1) as

D n
AN f(x) = > 3" A f(x) + nNkogr(f (dn(x)) — f(x))
i=1

N —n n+1

(4.22) +kon<n+ . ) ;

1
fE /O (F i Cx. (3or) — f())O(dy) dr

N —n
n+1

+zkﬂ,( ) Y (f0) — f0)),

I<i<j=(n+1)
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where n = |x| and if x = (x1, x2,...,x,), then d;(x) = (X1, X2, ..., Xi—1, Xi+1,
..., X,) (remove the ith coordinate), 0;; (x) = (x1, ..., X1, X;, Xj, ..., X,) (insert
a copy of x; at the jth place) and 6; (x, (y,r)) = (x1, ..., Xi—1, (¥, ), Xi, ..., Xp)
[insert (y, r) at the ith place].

Viewing the operator AV as a bounded perturbation of the diffusion operator
[given by the first term on the right of (4.22)], we can argue that the martingale
problem for AV is well posed in the same way we argued for AV in Section 2.
We now relate any solution of the martingale problem for AV to a solution of the
martingale problem for AV [see (2.2)] by using the Markov mapping theorem (see
Theorem 2.7 in Kurtz [29]). Let

l n
S(I)V:Mév(Ex[O,l])=lNZ&Q:OSnSNandxl,...,xneEx [0, 1]
i=1
and
N
¥ = |J(E x [0, 1])"

n=0

as before. Define y : SV — S(I)V by
1 n
y(x) = ~ 8y ifx=(x1,x2,..., %)
i=1

Define the transition function « : Sév — P(SY) by

1 Z 1
O‘(ﬁ ZSXi’dZ) = Z 80k (1) X0 (2)5-n x(r(n))dz’
i=1 n

‘oex,

where X, is the set of all permutations on {1, 2, ..., n}.

LEMMA 4.2. Let név € P(Sév) and define t" = fsé\’ a(y, -)rrév(dy). If vV is
the solution of the martingale problem for (AN, n'év ) and XV is the solution of the
martingale problem for (AN, 7)), then y (XN) and vV have the same distribution
in Dy ¥ (g x10,1)[0, 00). Furthermore, for any t > 0 the distribution of XN =
(X{V(t), Xév (1), ...) is exchangeable.

REMARK 4.3. The length of the vector XN () is n™ (¢), which is a random
variable. When we say that the distribution of xN@) = (X{V(t), Xév (t),...) 1s
exchangeable we mean that given nN (1) = n, the distribution of (X {V (1), Xév (1),
e, X,Ilv (1)) is exchangeable.
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PROOF OF LEMMA 4.2. The definition of o ensures that o (i, y‘l(u)) =1
for all u € S(])V. If feCNC{E x[O0, 1])’") and yu = % Y7 8y, then let

4.23) F(n)= /SN f(@a(u,dz) = Z f Xo (1), - ..,xa(n)) - <f’ M(m)>.

UEE,,

Hence, F € C = D(A). Now we show that for such a function F
(4.24) A PO = [ AN F@ac.d).

On writing down the expressions for AN and AN using (2.2) and (4.22), we ob-
serve that there are four terms on each side of (4.24). We will show that the equality
holds term by term. It is easy to see that the first term corresponding to the Brown-
ian diffusion of membrane molecules is equal on both sides. We check the equality
for the next three terms below.
For x = (x1,...,x,) let 0(x) = (X6(1)s X6(2)s - - - » Xo(n)) fOr any o € %,. Let
=+ 2r; 8. Then

1
<M+ 8(”)) (n+)

Z F (0 Onir (x, (y,7))))

oEX, +
(4.25)
1 n+1 1
=771 Z ZE £ (@), (3, 1))).
Similarly,
1 n 1
N Ex[0,1] F(“ * NSX)u(dx) B ; (n+1)! GEEZ(”H) f(oBn+(x)))
(4.26) =07 1)' Zlgog f6ij(0(x))
2

= > —, Y (o (x))),

l<i<j<tn+1) " gex,

where n* = (n + 1) in the first equation above. Finally,

n

1 1
N Ex[o,l]F<'u_ﬁ(sx)pb(dx)zz(n_1), Z fodi(x)))

i=1 foex, -

(4.27) = > f(odn(x))
(n 1>' o

—n— > flo(dn(x0)).

aeEn
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Equations (4.25), (4.26) and (4.27) show that the relation (4.24) holds and so the
Markov mapping theorem is applicable. Therefore, we can conclude that y (X)
and v" have the same distribution in D MY (Ex[0,1)[0, 00). From Corollary 3.5 in

Kurtz [29] we obtain that if n® (f) = n, then
E(f (X (0, X5 (1), ..., X ()| F)) = fs L f@axN ). dz),

where {F;} is the filtration generated by the process y (X N (.)). Since « is symmet-
ric, the distribution of (X f/ 1), X 9’ (1), ...) is exchangeable. [

Recall from Section 2 that 79 € P (M flv (E x [0, 1])) is the distribution that puts
all the mass at the 0 measure and v [given by (2.1)] is the unique solution to the
martingale problem corresponding to (AN, 7). For Ty given by (4.20), define the
process iV by

(4.28) N (@) = uN (¢ + ), t>0.
Also let
(4.29) AN@) = NN () =nN (t + ), t>0.

Let 7 € P(MY(E x [0, 11)) be the distribution of u"(zy) = 2V (0) and de-
fine 7N e P(SN) by N = fS(])V a(y, -)ﬁév(dy). Let XV be the unique solu-

tion to the martingale problem for (AY, 7). Note that X" lives in the space
SN = fl\’:O(E x [0, 1])" and for any ¢ > 0, I XN ()| = aN(r). The process N
converges to /eq uniformly over compact time intervals [from part (A) of Theo-
rem 2.3]. Hence, nV
well.

For part (B) of Theorem 2.3 we assume that the sequence of random vari-
ables {/1"V(0)} converges in distribution to £(0) as N — o0o. Let 779 € P(M(E X
[0, 1])) be the distribution of «(0) and w9 € P(P(E x [0, 1])) be the distribu-
tion of 1£(0)/ heq. Our assumption implies that ﬁé\’ converges weakly to 77p. Due
to part (A) of Theorem 2.3, this is equivalent to saying that the distributions of
MN(TN)/hN(TN) converge weakly to .

Now sample a probability measure p from g and let (Yq, Y»,...) be an infi-
nite sequence of exchangeable random variables with de Finetti measure p. Let
7 € P((E x [0, 1])*) be the corresponding distribution of (Y1, Y>,...). Since
ﬁév = 719, we also have 7V = 7.

From now on consider X" as a process over (E x [0, 11)* in which the com-
ponents greater than N do not vary. The space (E x [0, 1])*° is given the usual
product topology.

converges to oo uniformly over compact time intervals as
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We can regard any function f € C N B((E x [0,1])™) as a function over
(E x [0,1])*° by defining it as f(x) = f(x'm) = f(x1,...,xy) for any x €
(E x [0, 1])*°. By the definition of XN, for any f e CNB((E x [0,1]D)™),

t
(4.30) My ()= F(xN @) - fo AN F(XN(s))ds

is a martingale. Define another process

Al ()

(4.31) In® =yXN@) = Z SN (): r>0.

From Lemma 4.2, the process 7 N has the same distribution as the process /lN .

Hence, if F € C is given by F () = (f, ™), then
A [ A
(4.32) MIZY o= F(ZN@) — / ANF(ZN(s))ds
’ 0

is also a martingale. If I XN ()| = AN (t) > m, then

AN F(xN @)
D m
=3 ; A; f(x)

N —aN (@)

2k ( o P2
+ fb(ﬁN(t)—i-l

) Z (f('9ij(XN(t))) — f(x))

I<i<j<m

N <N—ﬁN(t)

m 1
(YN _
ﬁNmH); /E /0 (f @ XN @0)., (v. 7)) = f(0))D(dy)dr.

The death term drops out because only the molecule at the highest level is al-
lowed to die and f depends on only the first m levels. From above it can
be easily seen that for any positive integer m and f € C N B((E x [0, 1]))™),
the supremum of the process AN f(X N()) over compact time intervals stays
bounded as N — oo. Using this fact along with (4. 30) (4.32) and (4.24), it is
easy to argue that the sequence of processes {(X”, Z ~N)} is relatively compact
in D(gx[0,17)%°x M, (Ex[0,1)[0, 00) (see Corollary 9.3 and Theorem 9.4 in Ethier
and Kurtz [11]). Suppose (X, 2) is any limit point and (XN, ZN) = (X, 2) along
the subsequence ky . By the continuous mapping theorem and the boundedness of
feCNB((E x[0,1])™), the sequence of martingales {Mgf(t)} converges along
the subsequence ky to

t
(4.33) Mx,f(t)=f(X(t))—/O Am (X (s))ds,
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which is a martingale with respect to the filtration generated by X. The operator
A, is given by

D 1 —he
Amf(x)ZEZAif(x)+2kfb( W q) Z (fO;j(x)) — f(x))
i= €q <i<j<m

(4.34) : 1==i=
l_heq

m 1
thon () [ [ (@t i = )o@y ar
i=1
for any f € D(A,,) =CN B((E x [0, 1])™). The operator A,, is the generator for
the process determined by the first m levels of the limiting process X. We can eas-
ily check that the martingale problem for A,, is well posed due to the same reasons
that were given for AN, Taking D(A) = U;,_; D(A) and defining Af = A, f if
f € D(A,), we see that the martingale problem for A is well posed. The distri-
bution of XV (0) (denoted by M) converges to 7. From (4.33) we know that for
any positive integer m, the process followed by the first m levels of X has genera-
tor A,,. Hence, X is the unique solution to the martingale problem corresponding
to (A, ).
Let

yn =inf{r > 0:4" (t) =0}
and for any 0 <t < yy define

AN (@)

(4.35) V=23 1; Sx 1y-

Observe that

Al (1) Al (1)

. 1 alN (1) 1 AN
=y ,; xw = (T AN (1) ,; x| =h"OZn ().
The process hN converges to the constant process heq. Therefore, yy — oo in

probability and for any ¢ > 0, 2V (t) — oo in probability. Define Z to be the pro-
cess

Z(1)

Z(1) = ;

> 0.

Then Z(0) has distribution 7y and since (X7, 7 N) = (X, 2) along the subse-
quence ky, we must have that (X N zZv) = (X, 2) along the same subsequence.

Notice that for any ¢, Z (1) = Z(t) implies that Z\/" (t) = Z™ (t). From the ex-
changeability of XV (1) we get that for any f € CN B((E x [0, 1])™),

EGXN@, ... XN =E(f, 20" ®) = E((f, 28" @)
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for any 0 <t < yy. Passing to the limit along the subsequence ky, we obtain

E(f(X10),.... Xm(®)) = E(f. Z" (1))

for any ¢ > 0. It shows that conditional on Z(¢), X1(¢), X2(¢), ... are i.i.d. random
variables with distribution Z(¢). Hence, for any r > 0, X (¢) is exchangeable with
de Finetti measure Z(t). Therefore,

1
(4.36) Z(@n) = lim ;;5&(0 a.s.
1=

and if {.7-}2 } is the filtration generated by the process Z, then

E(f(X1(0), ..., XmO)F) = (f, Z" 1))

Conditioning (4.33) with respect to {}}Z }, we obtain that

t
(.27 ) = [ (Anf.2" ) ds
is a martingale. If we define an operator A by

AF(w) = (Am f, ™)

for F () = (f, ™), then this definition agrees with the definition of the Fleming—
Viot generator A given in Section 2 by (2.4). The martingale problem for A is well
posed and, hence, Z is the unique solution to the martingale problem for (A, 7).

From the discussion above it is clear that (X%, Z N) = (X, Z) where Z =
heqZ and Z is a Fleming—Viot process with generator A. Since the process
4" has the same distribution as the process ZN, we also have oV = heqZ in
Dty (Ex(0,17)[0, 00). This proves part (B) of Theorem 2.3 with the process v be-
ing the same as the process Z.

REMARK 4.4. The approach of particle construction that we used to prove
part (B) of Theorem 2.3 can also be used to show that the distributions of 2" (0) =
,uN (znv) converge along the entire sequence. Since ty — 0 a.s., we first do a ran-
dom time change yV (which is a bijection from [0, c0) to [0, oo) depending on
the population size n™) such that yN (tny) — p a.s., where p is a positive ran-
dom variable. We then use the particle construction XN (1) = ()A( {V (1), X év (®),...)
similar to the one used here, except that the birth, death and immigration rates
are altered according to the random time change. Next we show that the process
XN converges on the random time interval [0, yN (tny)] as N — oo. With a bit
more work it is possible to conclude from this convergence that the distributions
of uN (zy) converge as well.
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4.3. Proof of Theorem 2.7. The membrane molecules are doing speed D
Brownian motion on the sphere of radius R, which we call E. Suppose the sphere
E is embedded in R3 with its center at the origin. Let B = (B, B>, B3)T be a
Brownian motion on E with speed D and let W = (W, W, W3)T be a standard
Brownian motion in R3. Henceforth, let (-, -) denote the standard inner product in
R3 and let || - || denote the corresponding Euclidean norm. From Stroock [39] it
follows that we can express B as the solution of It6’s equation

BBT
R2

B
(4.37) dB=«/5(I— >dW—Dﬁdt.

From above, it is immediate that for any ¢ > 0,

(4.38) E(B;(t)) = B;(0)e~2P!/ R fori =1,2,3.

LEMMA 4.5. Let B and B be two independent speed D Brownian motions on
the sphere E. Then for any t > 0,

E(IB(t) - B)|*) = 2R2(1 _ (BO. BO) —ZDr/RZ)‘

RZ ¢
PROOF. This result is a consequence of the simple calculation below:
E(IB(t) - B
= E((B1(t) — B1(1))* + (B2(t) — B2 (1) + (B3 (1) — B3(1))*)
= E(B(t) + B3(t) + B3(t)* + B} (1) + B3(t) + B3 (1)*
— 2B1(1)B1(t) — 2B1(1) By (1) — 2B3(1) B3(1))
=2R*> —2E(B1()E(B1(1)) — 2E(By(1)) E(Bx (1)) — 2E(B3(1)) E(B3(1))

= 2R2<1 - weth/R2> [using (4.38)].

R U

Recall the definition of S}, given by (2.8) and the definition of the process X. We
assume that we are at stationarity and, hence, we can also assume that X is defined
for all r € (—o0, 00). At any fixed time ¢ the sequence X (t) = (X1(¢), X2(¢),...)
is exchangeable and its de Finetti measure Z(¢) has the same distribution as v(¢).
Thus, the distribution of two molecules sampled from v(¢) is the same as the distri-
bution of the first 2 levels X (¢) and X,(¢). Fori = 1,2 let X;(¢t) = (Y; (1), C; (1)),
where Y;(¢) € E and C;(¢) € [0, 1]. From the calculation in Section 2 we can write

(4.39) Sp=E(I1() = 2()IPIC1(t) = C2(1)).

The process determined by the first two levels of X evolves according to the gen-
erator A, given by (4.34) with m = 2. From the definition of A it is clear that
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level 2 looks down to level 1 at rate 2kpo, where o = (1 — heq)/ heq. Moreover,
at both the levels there is an immigration event at rate koncr, in which a molecule
with a uniformly chosen type in E x [0, 1] is inserted at that level. In between
these lookdowns and immigrations, the molecules at levels 1 and 2 are diffusing
on the membrane according to independent speed D Brownian motions.

The quantity S, can be calculated by tracing back the history from time 7. Let
712 be the last lookdown time between the first two levels and t; be the last immi-
gration time at level i for i = 1, 2. The random variables 71>, 71 and 1 are indepen-
dent and exponentially distributed with rates 2k, konoe and kopor, respectively.
Let 7 be the minimum of 7, 7> and 717 and so it is an exponential random variable
with rate 2(kon + k).

The molecules at levels 1 and 2 will be in the same clan provided t = 19».
Molecules at levels 1 and 2 were at the same place at time # — T and have been
doing independent speed D Brownian motions on the sphere E since then. Using
Lemma 4.5, we get

E(IY1(t) = Y2()|?1C1 (1) = C2 (1))
(0,0]
=4R2(k0n +kfb)05f (1 _e_zos/R2)e_2(kon+kfb)as ds
0

B 2D
~ ((kon + kp)ax + D/R?)’
This proves Theorem 2.7.
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