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Abstract

In a cellular medium, the plasmic membrane is a place of interactions between
the cell and its direct external environment. A classic model describes it as a fluid
mosaic. The fluid phase of the membrane allows a lateral degree of freedom to its
constituents: they seem to be driven by random motions along the membrane. On
the other hand, experimentations bring to light inhomogeneities on the membrane;
these micro-domains (the so-called rafts) are very rich in proteins and phospholipids.
Nevertheless, few functional properties of these micro-domains have been shown and
it appears necessary to build appropriate models of the membrane for recreating the
biological mechanism.

In this article, we propose a random walk model simulating the evolution
of certain constituents—the so-called ligands—along a heterogeneous membrane.
Inhomogeneities—the rafts—are described as being still clustered receptors. An im-
portant variable of interest to biologists is the time that ligands and receptors bind
during a fixed amount of time. This stochastic time can be interpreted as a measure-
ment of affinity/sentivity of ligands for receptors. It corresponds to the sojourn time in
a suitable set for a certain random walk.

We provide a method of calculation for the probability distribution of this random
variable and we next determine explicitly this distribution in the simple case when we
are dealing with only one ligand and one receptor. We finally address some further
more realistic models.
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1 Introduction

1.1 The biological context

In a cellular medium, the plasmic membrane is a place of interactions between the cell and
its direct external environment. A classic model describes it as a fluid mosaic. The fluid
phase of the membrane allows a lateral degree of freedom to its constituents: they seem
to be driven by random motions along the membrane. As a first estimate, the membrane
could be viewed as a two-dimensional manifold on which the constituents are driven by
a Brownian motion. This makes the local concentration of constituents independent from
their localization on the membrane. In other words, the membrane should be homogeneous.
In fact, experimentations brought to light inhomogeneities on the membrane. Indeed, dif-
ferent liquid phases were observed. Certain constituents tend to group in clusters inside
membrane domains, forming dense receptor spots (sometimes called rafts) and depleted
zones elsewhere, instead of covering homogeneously the membrane surface. These micro-
domains are generally very rich in proteins and phospholipids, but few functional properties
have been shown. Nowadays, the systematical presence of certain proteins and lipids in dif-
ferent liquid phases has become a marker of such inhomogeneities.

Cellular response to changes in the concentration of different chemical species (the so-
called ligands) in the extracellular medium is induced by the ligand binding to dedicated
transmembrane receptors. The receptor-ligand binding is based on local physical interac-
tions, ligand molecules randomly roam in the extracellular medium until they meet a recep-
tor at the cell surface and possibly dock. The binding mechanism, an important feature for
the biologists, provides a way of measurement of the affinity/sensitivity of the ligands for
the receptors.

We refer the reader to the paper by Caré & Soula [2] for an accurate description of the
biological context.

In this article, we simplify the cellular medium by reducing it to the dimension one
and by discretizing Brownian motion, that is we propose a naive one-dimensional random
walk model to simulate the extracellular traffic of ligands along a heterogeneous membrane.
Inhomogeneities—the rafts—are described as being a set of still monovalent receptors on the
membrane.

An important variable of interest to biologists in the aforementioned binding mechanism
is the docking-time, this is the time that ligands and receptors dock. Actually, this variable
is proportional to the time spent by ligands on receptors during a fixed amount of time—the
duration of observation—with the rule that if several ligands meet simultaneously the same
receptor, they are counted only one time because of the effect of the steric hindrance.

We propose a method of calculation for the probability distribution of this random vari-
able. Next, we shall consider particular cases and we shall determine explicitly this dis-
tribution in the simple case when we are dealing with only one ligand and one receptor.
Finally, we sketch more realistic models by introducing a circular random walk or Brown-
ian motion and we give some information about how to extend the results we have obtained
for the one-dimensional random walk to these cases.
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1.2 The random walk model

The cellular boundary is modeled as the (discrete) integer line Z = {..., —1,0,1,... }. Set
N=1{0,1,2,... }and N* = N\{0} = {1, 2,... }. Weare given r receptors a1, . ..,a, € Z
such that a1 < -+ < ar, R = {a1,...,a,} and ¢ ligands which are modeled as ¢ inde-

pendent identically distributed Bernoulli random walks with parameter p € (0,1). The
steps of each random walk take the value +1 with probability p and —1 with the probabil-
ity ¢ = 1 — p. The / ligands thus induce an /-dimensional random walk (S(¢)),cn on Z¢
with, for any ¢ € N,

S(t) = (S1(¢),...,Se(r)).

¢
Set £ = U &; where the £;’s are defined by
j=1

Ej={(x1,...,2) €2l :x; eRYy =TIV x R x 2.
The £€;’s can be viewed as unions of hyperplanes parallel to the j-th axis of coordinates;

N
indeed, £; = U £;j where the £;;’s are the hyperplanes
i=1

Eij={(x1,...,x) €2y = a;} =277 x {a;} x 2577,

The time spent by ligands on certain receptors during a fixed amount of time, say n (n €
N*), is given by

T, =#{tef{l,....n}:S() €€} = Igeey
=1

this is the sojourn time of the random walk (S(¢)),cn in the set £ up to time n. Indeed,
S(t) € € means that there exists two indices ¢ € {1,...,r} and j € {1,...,¢} such that
S;j(t) = a;, that is, at least one ligand is located at one receptor. Moreover, if several ligands

Sji, .. ,Sj, meet simultaneously a same receptor a; at a certain time ¢, i.e., Sj, (¢) = --- =
¢

Sj.(t) = a;, then S(1) € U £;; and they are thus counted only one time in the quantity
j=1
Iisweey-

It is clear that the computations of the expectation and the variance of T . are easy.
Computing the probability distribution of T . is quite more complicated. Our aim is to
describe a possible way for computing this latter. We provide matrix equations which may
be solved by using numerical schemes.

1.3 Settings

We shall adopt the following convention for the settings: the roman letters will be related to
the dimension 1 (scalars) while the bold letters will be related to the dimension ¢ (vectors
or matrices). We shall also put the space variables (z,y,2 € Z,X,y,z € Z¢, etc.) in
subscript and the time variables (¢, 3, k,n, etc.) in superscript. The letters ¢, 5,1, m, etc.
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will be used as indices, e.g., for labeling the receptors. Be aware of the difference between
¢ and 7, between 7 and j. The letters p, q,r, p, q,r, etc. will be used for defining certain
probabilities, the letters G, H, K, G, H, K, etc. for defining certain generating functions
or matrices. the letters S, S for defining random walks, the letters n, 7,7, T for defining
certain times.

The settings Px and E, denote the probability and expectation related to the
(-dimensional random walk (S(:)),en started at a point x € Z’ at time 0. When the in-
dex of a one-dimensional random walk (S;(¢)),cn will not be used, we shall relabel it as
any generic one-dimensional random walk: (S(¢)),en. The settings P, and E, denote the
probability and expectation related to the random walk (S(¢)),en started at a point = € Z
at time 0.

We introduce the first hitting time of the random walk (S(¢)),en in E:

T, =min{t e N* : S(1) € €}
if there exists an index ¢ such that S(¢) € &; else we set T, = +oo. Similarly, we introduce

the first hitting times of the single or multiple levels a;, a;/, aj» together with that of the
set R for the random walk (S(¢)),en:

To; =min{e € N*: S() = a;},
Taja; = min{s € N*: S(1) € {aj,a;}} = min(Ta.,TaJ_/ ),
Tagagam = min{c € N*: S(v) € {aj,aj,a;,}} = min(7, ,Ta]/,Ta]N)
T, = min{t € N*: S(1) € R} = min(7,,,...,7,,)

with the same convention: min()) = 4oc.
Let us define several family of probabilities: for x,y € Z¢, 1,k,n € Nand j € N*,

Piy = Px{S(1) =¥} = Po{S() =y — x},
Ay = Pu{r, =3.8(7,) =y},
rgikm - X{Tn,s - k}a
We plainly have qﬁzl, =0ify ¢ € and r,(f’") = 01if £ > n. We also introduce their related
generating functions: for |ul, |v] < 1,

Z piyut,

quyu] u'e,S(r,) =y),

9]
Kx(u7f0) — Z I‘g(k7n)uk’l}n — Z Ex(uTn,&' ’Un)’
n=0

k,neN:
k<n

together with their associated matrices:

G(u) = (Gry(u) ycpr Hw) = (Hyy(w) o Kluv) = (Kx(u,v)) o,

The matrices G and H are infinite squared-matrices and K is an infinite column-matrix.
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1.4 Background on 1D-random walk

In this part, we supply several well-known results concerning classical distributions related
to the one-dimensional Bernoulli random walk. We refer to [3], [5] or [6]. In order to
facilitate the reading and to make the paper self-contained, we shall provide many details.
In particular, we shall focus on the proofs which use generating functions since they serve
as a model of the main tool we shall use throughout the paper. The proofs which do not
involve any generating functions will be postponed to Appendices A and B.

1.4.1 Location of the random walk

Set, forz,y € Nand ¢ € N,
oo
p;(,;u)y = ]P);):{S(L) = y}, G{L’,y(u) = Zp‘%)yuL
=0
‘We have

(v) L (t+y—2)/2 (1+z—y)/2 L 2 (P (y—x)/2
Pry = | tha—y |P q =\ ttz—y (pq) ;
2 2

with the convention that (/) = 0 for &« ¢ Nor a > «. By putting @w,, = pif z > y,
(v)

wey = qifr <y, w,, =1if z =y, we can rewrite p, as

" , s ja—l/2
pm,y <L+2—y> (pQ) <w27y>

lz—yl/2
pq L 12,1
Guy(u) = < 2 > Z (H:vy) (pq)"*u.
wx7y LeN: >z —yl, 2

¢ and x —y with same parity

and next

By performing the change of index ¢ — 2. + |« — y| in the foregoing sum, we derive

lz—y| oo 2) _
=0

W,y

In order to simplify this last sum, we shall make use of the hypergeometric function
F (5L 52:7 4 1;¢) defined, with the usual notation a,,, = a(a+1)(a+2)... (a+m—1),

by
I+1 1+2 N (BB o = (2m 1\ (™
P ) = ;WC = ("))
By invoking Formula 15.1.14 of [1], p. 556, namely
F<l+_1[+_2[ 1C> 2! _ 2 (1—\/1—C>l
(1+vI—¢)'vi-¢ V1-¢ ¢ ’

2 72
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we derive the relationship

> <2m+l>cm_ 1 <1—~/1—4<>l 12
=\ m CVI=4AC 2¢ ' '
Set
1+ A(u) 2qu _ 1—A(u)
—_ /1 _ 2 + — — —
We deduce from (1.2) and (1.1) the following expression of G ,,(u):
( [Béz‘i];y itz >y,
1 .
Gay(w) = { A(w) ifz =y, (1.3)
+ T—
7[B 22]) ’ if x <y.

1.4.2 Hitting times of the random walk

Let us now consider the family of hitting times related to (S(¢)),en started at © € Z: for
any a,b,c € Z such that a < b < ¢, set

7, =min{t > 1:S5() = a},
rop = min{e > 1: 5() € {a,b}},
Tabe = min{L >1: S(L) € {CL, b, C}}

We still adopt the convention min() = +oo. In certain cases depending on the starting
point z, certain hitting times are related. In fact, we have

T, itz <a,
Ta,b_

T, ifxz>b,
and
7, ifx<a,
T, ifz€la,b),
Ta,b,c = ’ .
Tpe ifx € (bcl,
T ifx > c.

[

Notice that when the starting point is a, time 7, is the return time to level a; when the start-
ing point is b, time 7, , . depends on times 7, ;, and 7; .. Let us introduce the probabilities

q:g'],Zl = PLL‘{Ta = ]}7

¢y = Bu{r,, = 2,8(r,y) = a} = Bofr, = 3,7, <7},

+
qij,l,b =P{7,5 =25(7,,) = b} =B{n, = 3,7, <7, },
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together with their related generating functions:
= Sl = i)
:vab quab - m ’Ta<Tb)’

)+
:vab quab u' 7—b<7-a)'

One-sided threshold

For calculating the probability distribution of 7,, we invoke a “continuity” argument
by observing that, for y € N*, if S(3) = a then 7, < J, that is there exists an index
le{1,...,} such that 7, = [. This leads to the following relationship:

PAS() = a} =P{S() =a,7, <3} =D _PBufr, =}Bu{S( 1) = a}
=1

or, equivalently,

J
Pl => " qlple.
=1
Then, the generating functions satisfies the equation

Gm,a(u) - 5&,1‘ + Hx,a(u)Ga,a (u)
from which we deduce, by (1.3),

Gy a(u) .
d f
Cnalt) if x # a,
Hwﬂ(u) = ) (1.4)
1-— Ga,a(u) if x = a,

([B~(uw)]*® ifz>a,

=931—A(u) ifx = a, (1.5)

L[BT(w)]*~® ifz <a.

By using the hypergeometric function F' ( Ll 1 1;¢ ) defined by

29 92
I 141 N (D)) e o om + 1\ [ C\™
F<2 l+1§> mzz:o(l—|—1)mm!C _mzz:o2m+l< m )(Z) '

and referring to Formula 15.1.13 of [1], p. 556, namely

l
F<1’1+1 1<> ol l:2l<1—\/1—c>’
2" 2 (1+ /1_C) ¢
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we derive the relationship

f: ! <2m+l><m:<l—m>l. 16

2m +1 m 2¢

m=0

We then extract from (1.5) and (1.6), for x # a,

- (E2) S5 e (50

: Wz.q = 274 |z —al 7

pq [=al/2 |:C — CL| J 7/2,.9
2 E : pla—a| | (P0)" 0.
z,a JEN: 3>z —al, J 2

7 and  —a with same parity

We finally obtain
[z —al ( J ) s (g \T?
¢ = | jife—a ) 00)"* | =~
wa T e =

that is, for = # a,

r—a r—a —r T—a
=1y, A (L Jpteaizgoraor
2

For z = a, we have, by considering the location of the first step of the walk,
Pof{r, = 3t = PPuri{r, =5 — 1} + ¢Pur{r, =1 - 1}

which leads to

1
qv), = . (é)(m)m”ﬂ-
2

Two-sided threshold

For calculating the probability distribution of 7, ,, we use the strong Markov property
by writing that for = € (a,b)

Hyo(u) =Ez(u™) = Ey(ue, 7, <1) + Ez(u, 7 < 7,)
=E;(u™, 7, < 1) +Ez(u™, 7, < 7,)Ep(u)

= H;,a,b(u) + Hbﬂ(u) H;r,a,b(u)'
Similarly,
H$7b(u) = H;,a,b(u) + Ha,b(u) H;,a,b(u)

and we obtain that H;Chb(u) and H__, ;(u) solves the linear system

Hyo(u) HY ,,(w) + H_, (u) = Hy o(u),
H;r,a,b(u) + Ha,b(u) H;a,b(u) = x,b(u),
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the solution of which writes

+ (u) _ Ha,b(u) Hx,a(u) - Hm,b(u)
z,a,b Hap(u) Hpg(u)—1 7

_ (u) _ Hb,a(u) Hx,b(u) - H:v,a(u)
z,a,b Heyp(u) Hpg(u) — 1

Plugging the following expressions of H, ,(u) and H, p(u)

Hyo(u) =B (w)*~* ifz>a
H,p(u) = Bt (u)* ifz <b
into (1.7), we get that the generating function of 7, ; is given by
E;(u"t) = Ey(u™, 7, < 7)) + Ep(u™, 7 < 7,)

where, for x € (a,b),

and then

E,(u"at) =

(1.7)

(1.8)

(1.9

The generating functions (1.8) can be inverted in order to write out explicitly the distribution
of 7, ,. The inversion hinges on the decomposition of a certain rational fraction into partial

fractions. The details are postponed to Appendix A. The result writes

(z—a)/2
(])* _ g z—a—1 I P I
qx,a,b—2<p> [ ; cos <b—a> 5m<b—a>

1<i<(b—a)/2

. (lx—a)T lm T
51n<ﬁ> <2y/pq COS(E)) ]u ,
)+ N : 4
= 2 S
Q2.a,b [ 2 (b—a) sm(b_a)
1<i<(b—a)/2

m< ) s l:>>1uf-

(1.10)
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In the particular case x = a, we have

Eq(u™e,7, < 1) = puEgq1(ue, 7, < 1) + quEq_1(ue, 7, < 7))
Eo(u™, 1y <7,) =puBqii(u™, 7 <7,)+ quEqs_q(u™, 7 <7,)

which simplifies into

Eo(uTe, 7, < 1) = puEqpq(ue, 7, <) + quE (u™),
(1.11)
Eq(u™, 7 < 7,) =puEqpi(u™, 7 < 7,).
Similarly, for z = b,
Ey(u™, 7, < 1) = quEp_1 (0o, 7, < T3), (1.12)
Ey(u™, 7, < 7,) = quEp_1(u™, 7 < 7,) +puE,(u™1). '

Three-sided threshold
At last, the probability distribution of 7, ;, . is characterized by its generating function
Ey(u'ere) = Ey(u'e, S(7,4..) = a) + Ex(u™,S(7,,,.) =)
+E,(u", S(Ta7b76) =c)
=E;(u, 7, < Tb7c) +E;(u™, 7 < TM) +E,(u"e, 1. < Ta7b).

We already observed that all the above generating functions can be expressed by means of
those of 7, , and 7, . when the starting point x differs from b. When z = b, we have

Ep(uabe, S(Ta,b,c) =b) = Ep(u™, Tp < 7—a,c)
=pupy(u™, 7y < 1)+ quEy_;(u™, 1 < T,). (1.13)

These probabilities can be expressed by means of (1.8).

1.4.3 Stopped random walk

In this part, we consider the families of generic “stopping”—probabilities:
e P{S(y) =y,)<7,} (@€ R)forx,y € (—oo,a] orz,y € [a,+0);
o P{S(y) =v,0 <7} (a,b € R,a < b)forz,y € [a,bl;
e P{S() =v,0 < Tupef (@bceERa<b<c)forz =y =0

These probabilities represent the distributions of the random walk stopped when reaching
level a, a or b, a or b or c respectively. They can be evaluated by invoking the famous
reflection principle. Since this principle will not be used in our further analysis, we postpone
the intricate details to Appendix B. The result in the case of the one-sided barrier is, for
r,y<aorz,y > a,

ARG
Pm{s(]) =y,) < Ta} = pgj,)y - <6> pmj,2afy

= KH%—@;) - <J+§+‘Z, B a)] putv=o)2qlte=v)/2 - (1.14)
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In the particular cases where x = a or y = a, we have the following facts: for x € Z and
Yy=a,
]P)JB{S(j) = (Z,j S Ta} = ]RL'{TG, = j}’

andforx =aandy € Z,

PAS() =v,0 <7} =pPus1i{SOU-1) =y, 0-1<7,}
+ an—l{S(] - 1) =Y,]— 1 S Ta}'

These last probabilities can be computed with the aid of (1.14).
In the case of the two-sided barrier, the result writes, for x,y € (a,b),

PAS() =9,7 < 7o}

o l(b—a) y—a
_ Z (1_7) p(J) _ (E) p(J)
— q z,y—2l(b—a) q z,2a—2l(b—a)—y

l=—0

_ o Oty—2)/2 (+z—y)/2 S J _ J
ot 3 (e o) = (g o))
(1.15)

The above sum actually is finite, limited to the indices [ such that % <l < g(bftg for

the first binomial coefficient and such that % << % for the second one.
In the particular case where = € {a,b} or y € {a,b}, we have the following results. For

x € la,b], ify = a,

PAS(0) =a, 5 <7t =P, =7, <7} = qi{Z;b,

and, if y = b,
Px{s(]) =b,7< 7-a,b} - qgl—;ﬂ

These probabilities are given by (1.14). For y € [a, b], if z = a,

P{S() =90 <7} =P {SU-1) =y, 0 - 1<7,,}
+qP1{SO—-1) =y, y—-1< 7.},
and if x = b,
Py {S() =y,0 < 7o} =pPori{S(—1) =y, -1 <7}
+qPy 1 {S(—1) =y,7—1<7,,}.

These probabilities are given by (1.14) and (1.15).
Finally, concerning the three-sided barrier, we simply have

P{S() =b,3< 7,4} =pPp1i{SG—-1)=by—-1<7}
+qPy {SO—-1)=by—-1<7,,}
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2 Methodology

The aim of this part is to describe a method of calculation for the probability distribution of
T, ¢ which could be numerically exploited.

2.1 The probability distribution of S(:)

We have, for x = (z1,...,2¢),y = (y1,...,y) € Z°,
¢
piy = Px(Vj € {1..... 0}, 5;(0) =w;} = [ B, {5() = 5}
j=1

l
H ( ) >]p[6+2§—1(yj _$j)]/Qq[b+2§:1($j—yj)]/2.

T —y;
j=1

In the above formula, pﬁf)y does not vanish if and only if forall j € {1,...,¢}, z; —y; +¢

is even and |z; — y;| < ¢. Then the associated generating function is given by

Gy (u) = <£>[Z§—l(yj_$j)]/2i [ﬁ <@>] (pun)L/Q- @1

=0 Lj=1
Set
¢ L
2
A(gl""’gf;z): Z [H <L+§j>]zb/ :
veNzmax(j6y |- 1€, Lj=1 ~ 2
0,67 500y & with same parity
The function A does not vanish if and only if &, . . . , £ have the same parity. By performing
/o is an index such that [¢; | is the maximum of
the &1, ..., |&|, in the sum defining A, we get

00 ¢ 2+ |£0
A(Ela cee 755;2) = Z|£j0‘ Z [ < |§J015J>] L
=1

J

The quantity (2.1) can be rewritten as follows.

Proposition 2.1 Foranyx = (21,...,2¢),y = (y1,...,ye) € Z¢,

D [ (wi—=;)]/2 )
Gxy(u) = <5> A(x1 — Y1, 20 — Yo pqu’).

We can express the function A by means of hypergeometric functions. To see this, we

set « = [¢; | and B; = KJ“H&J and assume, e.g., that §;; < 0 so that §; = 0. In the
case where {; > 0, we would have o — ;= 0. Invoking the duplication formula for the
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Gamma function, we write

S22+ a M2+ a+1)
1;[<L+ﬁj> HP”FﬁJ (4o —p5;+1)

7j=1
l o a
e § SR G G
mt/2 i Fe+B+1)I(t+a—6+1)
o)t [P+ 2T+ 232))

72 i icjerjrj T+ B+ D]l Tt a =B +1)

Therefore, using the generalized hypergeometric function
oo
S PR e (al)m"‘(as)m z
T B, By W;(l)m---(ﬁt)m !
L(By) ... T'(B)
) )

L(a)...T(as) “= T(m+ p1)...T(m+ ) m!’
we obtain
A(gl""agf;z)
g0t [F(i)r(“—“)]z a
z
BECE [Ticjcrjrjo UBj + D1 i<jco Dl = B + 1)
o (@ D2 (et D)/2, (a4 2)/2 . (a+2)/2
S /81+17-"7ﬂg+17a_/81+17"'7a_55+1 ’ :

with the convention that in the list (a+1)/2,..., (a+1)/2,(a+2)/2,...,(a+2)/2 lying
within the function 94 F5,_1 above,the terms (o« + 1)/2 and (« + 2)/2 are repeated ¢ times
and in the list 1 + 1,..., B¢ + 1 the term Bjo + 1 which equals one is evicted. Observing
that the coefficient lying before the hypergeometric function can be simplified into

24 [C(3Hreg2)”
wt/2 ngjgﬁ,j;éjo L(B;+1) ngjge I(a—Bj+1)
¢ l
~ame - 1)
H] 1/8_] H] 1(a_/8] =1
we finally derive the following expression of A(&y, ..., & 2).
Proposition 2.2 We have
T(k 3
A(gl""agﬁa H( JO> JO
€5, 141 |§j0\+1 |§j0\+2 €5, 1+2
... ey '
XopFop—1 47z
\53‘0;&1 Y1 |§JO\+§Z 41, |§JO\ 3 Y1 ‘5j02|*52 1
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|§J0 H‘fl |§J0 H‘fl ‘510 | &

3, 115,

‘5]0 | 5(
\5]0

+1,.
\ S 14

+1,. +1,

orFop_1 above, that of the two term
evicted.

In the list +1 lying within the function

| g + 1 which equals one is

2.2 The probability distribution of 7,

Fix 3 € N*. Notice that fory = (y1,...,y,) € &, the event {1, = 5,S(7,) = y} means
that S(v) ¢ 8 forall . € {0,1,...,7— 1}, and S(y) = y. Moreover, the event {S(.) ¢ £}

is equal to ﬂ{S ) ¢ R} which means that S;(¢) ¢ R forall j € {1,...,¢}. Thus
j=1

) =P{ve € {0,1,...,5—1},Vj € {1,....£}, S;(:) ¢ R and S,(j) = y;}

)4
= H]ij{w €{0,1,...,9—1}, Sj(t) ¢ Rand S;(y) = y;}

4
= HPJBJ{S(]) =Y5,J < TR}'
j=1

The quantity P, {S(7) = y;,7 < 7, } is nothing but the probability of the one-dimensional
random walk stopped when reaching the set R. Notice that one of the y;, 1 < j < £, at
least, lies in R. It can be depicted more precisely as follows. Since the steps of the random
walk are &1, the random variable 7, under the probability IP;; is the first hitting time of the
nearest neighbors of z; lying in R, that is,

o if z; € (—00,a1) (resp. z; € (a,,+00)), then 7, =7, (resp. 7, =7, );

o if x; € (a;,a;41) for a certain index i € {2, .. — 1} then 7, =7, 4.5
e if x; = ay (resp. xj; = a,), then 7, = = Tay,a0 (T€SP. Ty | o)
e if v; = a; foracertainindex i € {2,...,r — 1}, thenr, =7, | o o .

As a byproduct, we have

o if z; € (—o0,a;1) and y; € (—o0,aq] (resp. z; € (a,,+00) and y; € [a,, +00)),

then
Poi{S() = 45,0 < 7} = B, {S() = 45,0 < 70y }
(resp. B {S(1) = 5,0 < 7} =B, {SU) = y5,0 < 70, 1)
o if x; € (a;,a;41) and y; € [a;, a;41] for a certain index ¢ € {1,...,7},

PJBJ{S(]) = yj’j S TR} = PJBJ{S(]) = yj’j S Tai,ai+1};
e ifx; =ayand y; € (—o0,ay) (resp. z; = a, and y; € (a,,+00)), then

P {S0) =y 0 <%} =B {S0) = yj.0 < 7, }
(resp. Py, {S(7) = 45,0 < %} =B {S00) = yj,0 < 70, 1)
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e if z; = ay and y; € [a1,az] (resp. z; = a, and y; € [a,_1,a,]), then

Pe{S() =0 S} =B {S() = 95,0 < Tayan
(resp. P, {S(9) = 45,0 < 7} = P, ASW) = v5,0 < Ty 100 1)

e if x; = a; for a certain index ¢ € {2,...,7 — 1} and y € [a;—1,a;) (resp. y €
(ai,aHl]), then
P:BJ{S(]) =Yj5,) < TR} P:BJ{S(]) =Yl = <T Ta;_ 1,a1}
(resp. B, {S(9) = 45,7 < 7} = Py {S () = 459 < Tuy iy 1)

e if x; = y; = a; for a certain index ¢ € {2,...,7 — 1}, then
PoidS(0) =40 <%} =P, {S0) = 45,7 < Tay 1 as,0001 -

In the other cases, the probability ;. {S(7) = y;,7 < 7, } vanishes.

All these probabilities belong to the following families of generic “stopping”-
probabilities which are explicitly given in Section 1.4.3. With all this at hand, we can
completely determine the joint probability distribution of (7, S(7,)).

The marginal probability distribution of 7, can be easily related to that of 7, according
as

Polr, >} = P e {0,1,....9— 1} ¥j € {L,.... ¢}, S;() ¢ R}

4
_ prj{w €{0,1,...,5—1}, S;(1) ¢ R}

l
7j=1

The probabilities P, {7, > 7}, 1 < j < £ can be easily computed with the aid of the
distributions described in Section 1.4.2.

We propose another possible way for deriving the distribution of (7., S(7,)) which is
characterized by the generating matrix H(u). If S(¢) € &, then 7, < «. Hence, using the
strong Markov property, we derive, for x € Z and y € &, the relationship, for . € N*,

P {S(1) =y} = ZZPX{T 2,8(1,) = 2}P,{S(t — 5) = ¥}

1=1z€&
or, equivalently,
t=J
pxy = ZZszp;,y .
1=1 zc&

Therefore, taking the generating functions, for x € Z andy € £,

Gx xy xy T Z px yu = 5xy + Z qgcj)ng,y])uL

1,)EN* zcE:
1<e
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which can be rewritten as

Gry(u) =bxy + Y Hya(t)Gry(u), (2.2)

ze€&

which leads, when restricting ourselves to x € £, to the matrix equation (2.3) below. Setting

I, for the identity matrix (dx,y) yce» We have the following result.

Theorem 2.3 The generating squared-matrix H(u) of the numbers qg(])y x,ye & jeN,

which characterizes the joint probability distribution of (t.,S(T.)), is a solution of the
following matrix equation:

1, — H(u)|G(u) =1,. (2.3)

This means that the generating functions Hy y(u), X,y € &, are the solutions of a system
of an infinity of equations with an infinity of unknowns which seems difficult to solve.

2.3 The two first moments of Tn’ .

¢
We already observed that {S(:) ¢ £} = ﬂ{Sj(L) ¢ R}. As a byproduct, for x =
j=1
(z1,...,2¢) € Z°,

l
P{S() ¢ €} = HIP&J-{S(L) ¢ R}

or

12 l

PfSe&=1-J[a-B,{S)ery)=1-]] (1 Y B {S(0) = al-}).
=1

j=1 j=1
Now, the expectation of T , can be easily computed as follows:
n n £ r
E (T, )= PSS e&t=n-> ] (1 =Y B {S() = ai}>. (2.4)
=1 =1 j=1 i=1
The second moment of T , could be evaluated as follows:
n n
Ex(T2,) =D D Pu(S(1).80) € £}
=1 y=1

=) P {S() €€} +2 DY Pi{S(1),S(y) € E}.
=1

1<e<y<n
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The foregoing double sum can be computed according as

S PSS EEL= 3 S PSH) =yIRASU-1) € £}

1<<y<n 1<i<y<nyec€
n—1 n—t
=D D PAS() =y} ) Py{S() €&}
1=1ye€ =1

n—1
= D PuAS() =y}Ey(T, )

1=1ye€

Consequently,

n—1
EX(Ti’g) = EX(Tn,s) + 2 Z Z PX{S(L) = y}EY(Tn—L,g)‘
1=1ye€&

where Ex(T, ) and the Ey (T, _ .),1 < ¢ <n— 1, are given by (2.4).

2.4 The probability distribution of T,

We now propose a way for computing the distribution of T’ . under Px which is determined

by the family of numbers B 0 < k<.

For1 <k <n,if T , =k, then T, < n, say T, = 7 for a certain j € {1,...,n}.
Moreover, the sojourn time in £ up to 7, is only 1, and that after £ up to n, which is
identical in distribution to T, __ ., equals & — 1. Hence, using the strong Markov property,
we derive the relationship, for 1 < k < n,

n
Px{Tn,e =k} = Z Z Px{Te =DJ S(Te) = y}Py{Tnfj,S =k—1}
J=lye€
or, equivalently, for 1 < k < n,
k - k
—1n—
r,(< m) _ Z Z qg)},rg n=j)
J=1ye€

Therefore, taking the generating functions, for x € Z¢,

[e o]

Kx(u, 'U) — r}((O,n)vn + Z r;k7n)ukvn
n=0 k,neN*:
k<n
(o]
=Sl ST gy R 2.5)
n=0 k,n,gEN*, y€E:

k<n and 3<n-+1—k

On the other hand,
r0™ = P{T,, = 0} = P{r, >n}
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and the corresponding generating function is

rmyn = Z <1 - ZPX{Tg = k}) V"
n=0 n=0 k=0
1 o o "
k=0 n=~k
1 S 1 —Ex(v7e)
= — Py =k}=———" 2.
1—wv Zl—v {re } 1—-v 2.6
k=0
In view of (2.6), (2.5) can be rewritten as
1 —Ex(v™e)
Kx(u,v) = 1 +u Z Hy y(v)Ky (u,v), (2.7)

ye€
This leads, when restricting ourselves to x € &, to the following result.

Theorem 2.4 The generating column-matrix K (u,v) of the family of numbers Px{T, , =
k}, x € &, k,n €N, is a solution of the following matrix equation:

T, — wH )| K(u0) = ——[1

— v

—H(v)]. (2.8)

£

The above matrix 1, is the column-matrix consisting of 1, that is (1) H(v) is given

by (2.3) and H(v) is defined by

xe&’

H(v) = (EX(UTE))xeg = (Z Hx,y(v)> =H(v)1,.

yee xeE

In other words, the generating matrix Ky (u,v), x € &, are the solutions of a system of an
infinity of equations with an infinity of unknowns which seems difficult to solve.

Remark 2.5 A slightly simpler equation may be obtained by setting

- 1

_u(l—v)]l

.
In fact, by (2.8),

I, — uH(v)]f{(u,v) = [I, —uH()] | K(u,v) — ﬁ]l€

1 ~ 1 -

= ;1. —H(v)] - m[llg — uH(v)].

Thus, the modified generating function K (u, v) satisfies the matrix equation

u—1

! Tl

— uH ()] K (u,v) 1,. (2.9)

£
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Finally, for a starting point x € Z‘\ €, K (u,v) can be expressed by means of the
Gxy(u) and Ky (u,v), y € €. Indeed, by (2.2), we have for x € Z*\ € and y € &,

GX7y (u) = Z Hx,z(u)Gz,y (U)7

zc&

that is, by introducing the row-matrices Gy(u) = (Gxy(u))ycg and Hx(u) =
(Hx,y(u))yee, the matrix Hy (u) solves the equation

Gx(u) = Hx(u)G(u).
Next (2.7) yields for x € Z*\ €

1 —Ex(v7e)

Kx(u’ U) = 1 —v

+ uHy (u) K (u, v).

3 Particular cases

In this part, we focus on the particular cases where £ = 1 or 7 = 1. When ¢ = 1, we are
dealing with one ligand which can meet several receptors while in the case r = 1, we are
concerned by one receptor which can be reached by several ligands.

3.1 Case/=1

In this case, our model is a one-dimensional random walk model and we have £ = R. We
adapt the general settings by putting

n
T, r= Z Lisyerys
=1
and by writing, for 1 < 4,5 < r,t € Nand j € N*¥, the following probabilities:

p\) = Pu{S() = a3},
qz(,]]) = ]P)ai{TR = ]aS(TR) = CL]} = Pai{TR = Taj = ]},
7nz(km) = Pai{Tn,R = k}

We also introduce the generating functions
o0
Giglu) =3 plut,
=0
o0
Hm‘(u) = Z qz(,]}uj = Eq, (u™, S(TR) = a’j)v
1=1

o0
Ki(u,v) = Z rgk’n)ukv" = ZEai(uTn,R)v",
n=0

k,neN:
kE<n
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together with the related (finite) matrices

G(u) = (Gi7j(u))1§i7j§r7 H(u) - (Hid(u))lgl”jgrv K(”?”) - (Ki(u7v))1§igr'

Referring to Section 1.4, we explicitly have

(v) . < L >p(L+ajai)/2q(L+aiaj)/2-

pm = | t+ai—a;
(B
1AT if a; > aj,
Gij(u) = § A(u) it a; = aj,
(B
Alw) if a; < aj.

The matrix H(u) is three-diagonal. More precisely, we have H; ;(u) = 0 for |i — j| > 2
and
Hw(u) = Eai (uTai ’Tai < Tai—170i+1 )’
Hiﬂ‘Jrl(u) = Eai (’lLTai‘H s Tagy < Ta,; ),

Hiyi—l(u) - Eai (uTaFl »Ta;_q < Tai)'

These quantities are explicitly given by (1.11), (1.12) and (1.13) in Section 1.4 which ex-
plicitly contains the matrix H(u).
The functions H; ;(u) can be also obtained by equations (2.2) which read here

Gij(u) =0ij+ > H;p(u)Ghj(u).
k=1

This can be rewritten in terms of matrices as in (2.3), by introducing the unit rxr-matrix

Ir = (5i,j) <i,5<r’
1sijs G(u) =1+ H(u)G(U)

and then
H(u) =1, — G(u)~ " (3.1)

Remark 3.1 An alternative representation of H(u) can be obtained as follows. Let us
introduce the probabilities

(]) n . .
o _ _ o) _ ) piy ifiFE]
pi,j = Pai{Taj - .7}7 pz,] - {6;7‘(7] if i = ]

and their generating functions

), Ta;y T — (), 5 _ JLij(u) ifi# ]
Lij(u) =) pliu! = Bo (W), Lij(u) =) 5ju’ = ) iz
J=1 J=1 o
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together with their related matrices

L(u) = (Li7j(u))1§i7j§r’ f‘(u) = (f’i,j(u))lgiJér'
~(7)>

Actually, the p;”;’s are associated with time 7,,, = min{c € N': S(¢) = a;}. Notice that 7,
and 7,, commde when the starting point dlffers from a;; in the case where the walk starts
at a;, 7,, = 0 while 7, is the first return time at a;. We observe that

'OZ(?J) =Po{m <7, a; =7}
—1

<

Z ]Pa ) = a’k}Pak {Taj =J—}

1 k=1
T

+ > Po{r, =251) =q;} = quzk‘ gjb.

k=1 =1 k=1

L

This implies the following relationship for the corresponding generating functions:

u) = Z H () Ly j(u)
k=1

or, equivalently,

from which we deduce B
H(u) = L(u)L(u) ™"

As a check, we notice that L(u) — L(u)
I:(u) - L(u) = diag(l - Li,z‘(u))lgigr = diag(l/Gi,i (u))1§i§r

and then, by (1.4), G (u)[L(u) — L(u)] = L(u) which entails L(u)L(u) ™' = I, — G(u) .
n

is a diagonal matrix:

Finally, the functions K;(v), 1 < i < r, are given by equation (2.7) which reads here

Ki(u,v) = % Z ,v),

and the equivalent matrix equation (2.8) writes

[T, — wH(0)[K (1, 0) = —— [1, — H(v)].

1-v
The above column-matrix ﬁ(v) is defined by
H(v) = (Eq, (UTR))lgigr = H(v)1,.
The solution is the finite column-matrix
K(w,0) = 1 [T, — b (0)] 1, — (o)
— L, — «H(©) L, — H)]1,. (32)

1—w
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Remark 3.2 Referring to Equation (2.9), we see that the modified generating function

K(u,v) = K(u,v) — ﬁ]lr is given by

~ u—1

K(u,v) = W@ o) 1, — uH(v)] " 1, (3.3)

Remark 3.3 By inserting the expression (3.1) of H(v) by means of G(v) into (3.2), we
get that

T — uH(w) I — H)] = [(1 - 0T+ uG(0) ] G ()]
(1 —u)G(v) + ul,] L.

So, K(u,v) can be expressed in terms of G(v) as

K(u,0) = —— [(1 — w)G(v) + ul,] 1,

1—vw

This representation is simpler than (3.2). Nonetheless, it is not tractable for inverting the
generating function K(u, v) with respect to u. ®

Expanding [I, — uH(v)] ! into >3° , u*H(v)¥, we get by (3.2) (or (3.3))

S wtHE) T — Hw)1,

k=0

1
K pu—
(u0) = 7=
from which we extract the following proposition.

Proposition 3.4 The probability distribution of T, . satisfies, for any k € N,

S ((BadT = K)o, ) 0" = —— HME, ~ HO)JA, (3.4)

1—w

n=k
where each sides of the equality are column-matrices.

We could go further in the computations: expanding 1/(1 — v) into > > jv", we obtain
by (3.4) that

i <(T§k,n)>1§i§r> vt <§: U") H(v)"[I, — H(v)]1,.

O]

Introducing the matrix Q) = (4; ; , we rewrite H(v) as 0%, Q(v*. Then,

)1§i,j§r

Ho =3 | 3 Q.. |v

1=k Llseees Ly ENF:
L1t =t
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= i Z Q(Ll) o Q(Lk) _ Z Q(Ll) o Q(Lk+1) ot

1=k \ i1t €N Lot ENT
L=t atetiegr=e
Next,
o
> o™ | Hw)*[I, — H(v)]1,
n=~k
oo n
[ S eveeen Y avque, ||
n=k | .=k U] seeest g ENF: 10t ENT
et =t Lttt =e

We finally deduce the result below.

Theorem 3.5 The probability P, {T, ,, = k} is the i-th term of the column-matrix

> Q.. — > Q.. Q.

L1seey L EN*: L]yeees Lk+1€N*:
k<ip+-+ep<n k<tg+-Fipy1<n

The expectation of 7, ,, can be derived by evaluating the derivative of its generating func-
tion at u = 1. Indeed,

2K (1) = T HO)[L — uH ()] 1~ H()1,

Since
H(v)[I, - H(v)] ' = [I, = (I, = H@))|[L, -H(v)] "' = [I, - H(v)] ' ~ L,
we get the expectation of 7', . when the random walk starts at a receptor at time 0:

- (@ -HW" -1)1,.

B, (T
(B —

n,R))lSiSr

Next, the second moment of T, . can be extracted by computing the second derivative of
its generating function at u = 1:
O’K 2

S (0) = —— HE)I, - uH(©)] [T, - H)1,
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Since

H(v)’[L. — H(v)] 7 + H(v)[L, — H(v)] ™'
= H(v)[I, — H(v)] *[H(v) + (I, — H(v))]
= [I, — (I, — H(v))][I, - H(v)]
= [, —H(v)] 2 - [I, - H(v)] !,

we get the variance of T/ . :

1

(vara (T, ) <ie, = 7 (L —H@)]™ = L = H(@) ™) 1,

3.2 Caser=1

¢
In this case, we have one receptor: R = {a}, and then £ = U E; where £; is the
j=1
hyperplane 7771 x {a} x Z*3. Formulas (2.3) and (2.8) in Theorems 2.3 and 2.4 do not
simplify.

33 Case/=1landr =2

We have in this case £ = R = {a1,a2}. We work with the modified generating function

K (u,v) given by (3.3). We have to invert the 2x2-matrix Iy — uH(v). Here, H(v) reads

H(U) = <H1’1(U) HLQ(U)) = <Ea1 (UT‘”?TM < Taz) Eal (UTG27Ta2 < Tg )>
H271(’U) H2,2(U) EaQ (UTal > Tag < Tag) EaQ (UTa2 » Tas < Tal)

The entries of this matrix are given by (1.11) and (1.12). Setting
A(u,v) =1 —u[H1,1(v) + Ha2(v)] + u’[Hy1(v)Ho2(v) — Hi2(v)Ha (v)],
we have

11 [1—uHjs(v)  uHz:(v)
I — uH(v)] " = Alu,v) ( uHi(v) 11— UHM(UD

and then, by (3.3),

) B u—1 1+ u[Hy 1 (v) — Ha2(v)]
m%W—muwmmm<%wwiw—H$MO'

34 Casel/=r=1

We have in this case £ = R = {a}. The sojourn time of interest reads now

Tn,a = Z ]l{S(L):a}-
=1
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We are dealing with the local time of the one-dimensional random walk at a. We adapt the
settings by putting

P =B {S(1) = a} = B{S(x) = 0},
¢V =Pufr, =3} =P{7, = 3},
T(k,n) — ]Pa{Tn,a — k} = ]P)O{Tn,o = k/’}a

and

Glu) =Y pYu, H(u) =3 ¢V =E,(u).
=0 =1
We explicitly have

W_ (¢ y2 o L (7 22
p <L/2 (Pg)’=, q < >(pq) ,

S -1\0/2
1 1
G(u):m, H(u):l—% =1—A(u)
By (3.4), we have
> ptmyn = % [1— A(v)]*.
n=~k

In this case, we can explicitly invert the previous generating function. Indeed, by invok-
ing (1.2), we get

Z plen),n (1- 4pqv2) <Z vl) Z ok <2m + k> (pqv2)m+k
m

n==k =0 m=0
> > /2m—k
=2k (1 1—4 ! M2,
< + v+ ( pq);_zv)g_k( . >(pq) v

The foregoing double sum can be easily transformed as follows:

ivl i <2mm_ k) (pg)™v*™ = i <[n/§:—1 <2mm_ k) (pq)m> v

=2 m=k n=2k+2 m=k

and then
> > /2m —k > /2m —k
(kmn),m _ 2k m, 2m m, 2m+1
>k [mz( RS of Gl [

00 [n/2]—1
+(1—4pg) > ( > <2mm_k>(pq)’”>v”]-

n=2k+2 m=k
Hence, by identifying the terms in v", we find that for even n

n/2—1

r(kin) = ok [(nn;2k> (pg)™? + (1= 4pg) ) <2mm_ k> (pq)m] (3.5)

m=k
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and for odd n, observing that (¥ = -(kn—1)

vanish in this case,

(n-3)/2
plkm) — ok [(?n__kl)_/b (pg)" V2 4 (1 —4pg) Y <2mm_ k) (pq)m]-

m=k

since the last step of the random walk cannot

In the two above formulas we adopted the convention that Zlm: = 0 when £ > [. At this
stage, we see that in the particular case of the symmetric random walk (corresponding to
p=q= %), the foregoing formulas simply reduce to

(72)
/2] if n is even
n—k ’
plen) _ ) 2
(n—k—l)
P ifnisodd.
Going back to (3.5), we get for even n:
r n/2—1 n/2—1
—k 2m — k 2m — k
(k) — ok | (™ n/2 _4 m41
Rt [P (VR vl Gy T D ol G T
r n/2—1 n/2
k| (n—k /2 2m —k 2m — k:—2 m
=2 (n/2>(pq + ) < N ICOREE S (pq)
L m=k m=k+1
[ X2 om -k om —k — 2
_ ok k m— _ m—r- m
=2"(pg)* + ) K . > 4( o )}(pq) ]
L m=k+1
r n/2 (2 k )
= 2% (pg)* + AR S (B2 4k — 2m)(pg
o0+ 3 )(pa)"
n/2—k
2m+k—2) 9 m
= (2pg)* |1+ Z mlim £ )] (k* — k —2m)(pq) ]

Consequently, we have obtained the following result.

Theorem 3.6 The probability distribution of T, , is given, for even n, by

n/2—k
BT, = b} = 2o |1+ 3 %(kﬂ—k—zmxpw]
2 St R

and for odd n by P{T, , = k} = B,{T,_, , = k}. Whenp = q =  (case of the symmetric
random walk), this distribution reduces, for even n, to

(Z/é“)
-k

PO{Tn = k} =
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In particular, we have

n/2 (Qm)
on _ 1 m m

This quantity, which represents the probability IP,{T’, ; = 0} is nothing but the probability
B {7, > n}.

4 Further investigations

In a more realistic model, the plasmic membrane should be viewed as a closed curve and its
roaming constituents should be modeled for instance by random walks on the finite torus
Z/NZ ={0,1,...,N — 1} for a fixed possibly large integer N (with the usual rule N =0
[mod NJ) or by Brownian motions on the continuous torus R /Z.

Moreover, the rafts could be built by aggregating several receptors, that is by choosing

several sequences of successive receptors: {a1,a1+1,...,a1+l1—1}, {az,a2+1,... a2+
Iy — 1},...,{ar,ar+1,...,ar + 1, — 1} witha; +1; < a9, a9 +1s < as,...,a,_1 +
lr—1 < a,, where the [1,...,l, are the length of the rafts. The effect of this kind of non-

homogeneous repartition of receptors on the binding distribution could provide a possible
functional property of rafts. In addition, the localizations and the lengths of the rafts could
be random and then we should also consider that the numbers a4, ..., a, and [1, ... [, are
random variables.

So far we concentrate on diffusion-limited reaction neglecting the binding duration.
But in the reality, ligand-receptor binding induces some delay in the mechanism, that is
when a ligand meets a receptor, they bind during a certain (possibly random) amount of
time before unbinding. So, we should also introduce convenient delayed random walk or
Brownian motion for recreating the real biological process.

In Subsection 4.1, we give some information about a possible random walk model on
the torus Z/NZ and in Subsection 4.2, we address possible continuous models involving
Brownian motion on the line R or on the torus R/Z.

4.1 A random walk model on Z/NZ

For building a model on Z/NZ with a deterministic set of receptors R’ = {a1,...,a,}, we
introduce an /—dimensional random walk (S'(:)),en on the finite set (Z/NZ)*. Set

¢
= [(Z/NZ)J’*1 x R x (Z/NZ)I| .
j=1
This set is finite: #&' = ¢r N*~!, and the sojourn time of interest writes here

n
T,o =) speey
=1

For tackling the computation of the probability distribution of T’ _,, we observe that we

can pass from the one—dimensional random walk (S5'(2)),en on Z/NZ to a walk on Z in
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the following manner: set, for : € N,
S()=95"()+aN

where «, is the number of upcrossings of level 0 (i.e. times o such that S'(c — 1) =
N —1,5(0) = 0,5 (0 + 1) = 1) minus that of downcrossing of 0 (i.e. times o such
that S'(c — 1) = 1,5 (0) = 0,5 (0 +1) = N — 1) up to time ¢. Then, (S(¢)).,en is a
random walk on Z. Conversely, S’(:) = S(:) mod N = S(¢) — N[S(¢)/N]. Notice that
in our new setting, we mark with primes all quantities related to the walks on Z/NZ and
(Z/NZ)*, while those related to the walks on Z and Z¢ are not marked with any prime.

In this correspondence, the set of receptors R’ in Z/NZ becomes an infinite set R =
R' + NZ = {a; + mN,...,a, + mN;m € Z} of receptors in Z and the subset €' of
(Z/NZ)* becomes the subset of Z*

=/ <Zj_1 xRfo_j>. (4.1)

j=1
Of course,

T, o= Iispee)-
=1

The analysis done in the case of the walk on 7! (associated with the set (4.1) now) can
be carried out for the walk on (Z/NZ)" exactly in the same way mutatis mutandis: the
generating matrix K'(u, v) of the family of numbers Px{T’ ., = k},x € £, k,n € N, is
given by

1[1

K’ =
(w0) = - II,

, —uH'(v)] I, - H'(v)]1

g’

where I_, is the identity matrix on £": T_, = (dx,y)
sisting of 1, that is (1) nd

,» 1, is the column-matrix con-
x,yeE £

xeg/’ a

H' (v) = I, - G'(v)L.

In the foregoing definition of H'(v), G/(v) is the matrix generating function of the proba-
bilities PL{S'(¢) = y}, x,y € £ which are given by

0
P(S'() =y} =[] B, {5'() = s}
j=1

The probabilities related to the case £ = 1 can be evaluated as follows. For z,y € Z/NZ,

P{S'(1) =y} => P{S() =y + kN}
kEZ

L L —x LTT—Y—
= Z (H—y—a:—f—kN)p( Hy—a+kN)/2 o (ta—y—kN)/2
2

keZ:
(z—y—t)/N<k<(z—y+)/N
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Let us have a look to the case ¢ = r = 1. For this we introduce the following families
of hitting times related to (S(¢)),en: for a, b, ¢ € Z such that a < b < ¢,

7., =min{t > 1:5() € {a,b}},

a,

Tabe = min{e > 1: S() € {a,b,c}},
and that related to (S’(¢)),en: for a € Z/NZ,
7 =min{t > 1:5(t) = a}.
It is clear that, if the starting point of (S(¢)).en is a,
Ty = Ta—N,a,a+N*

Because of this relationship, the probability distribution of time 7, can be explicitly written
out. In the same way as (1.13), we have

H'(v) = Ef (v74) = By (u70) = B (u7-0) = pu, () + guE._, (o7-¥2).

Invoking (1.9) and the fact that B* (v) B~ (v) = ¢/p, we obtain

E, (vON) = B+(0)N — B-(0)N
_ Bt (v) — B~ (v) q B*(v)N-1 = B~(v)N-1
Bt ()N — B~ (v)¥ * p BT(w)N—=B-(v)N
— B~ (vMBT()V-1 = (1 — BB~ (v)V-1
E_I(UTO,N)_ (1 B ( ) )B ( ) (1 B ( ) )B ( )

which entails

ey | (4 N Bt (v) — B~ (v) B+(U)N*1 _ B*(U)N—l
H'(v) = [(p) +1}pv BN — B (¥ + 2qv 7 .

Finally, the probability distribution of the sojourn time T, , is characterized by the gener-
ating function, as in (3.4),

SR, = k" = o [ @)1~ B )]
n=k

It seems difficult to extract the probabilities IP)(’){T:L’O =k}, 1 < k < n, from this last
identity.
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4.2 Brownian models on R and R / 7

At last, we evoke the continuous counterpart to our model in the one-dimensional case.
Analogous continuous models hinge on linear Brownian motion (that is the membrane is
viewed as the real line R) and circular Brownian motion (in this case, the membrane is
modeled as the torus R/Z). In both cases, the rafts (clustered receptors) are viewed as
intervals [a1,b1],...,[ay,b;] of R or R/Z, and ligands move like independent Brownian
motions (B1(s))s>0,-- -, (Be(s))s>0 on R or R/Z. Set

B(s) = (Bi(s), ..., B(s)) forany s > 0,

and
R = U ai, bil, CJ [Rﬂ'*l x R x RH] CJ [ R/Z)Y 1 x R x (R/Z)’H].

The process (B(s))s>0 is a Brownian motion on R’ or (R/Z)*. The time that ligands bind
with rafts up to a fixed time ¢ is given by the sojourn time of (B(s))s>0 in &:

t
T, . :/0 Iip(s)cey ds.

In the case of linear Brownian motion (¢ = 1), the computation of the probability distribu-
tion of T, . will be the object of a forthcoming work ([4]).

Appendix

A Distribution of the first hitting time for the random walk

The generating function (1.7) writes

o L+ A — 1= A
[T+ AP = [T = A

H,,(u) = (2pu)
Let us introduce the rational fraction defined for x,y € N such that z < y, by

(140"~ (-0 _ Tnmo” o)™
1+¢)Y — (1 =) Z[(y 01)/2] (273+1)<2m

m=

fx,y(o =

We want to decompose this fraction into partial fractions. The poles of f; , are the roots of
the polynomial S~ V72 (5,2.1)¢*™ which are those of (1 + ¢)¥ — (1 — ¢)¥ except for

0. It is easily seen that they consist of the family of numbers (; = % = itan(lm/y)

for 1 <1 <y — 1 such that [ # y/2. Moreover, the function ¢ — f, ,(¢) is even, so we

decompose it as
O[

leN:
1<i<y/2
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with g = lim¢ ¢, (¢? — () f(¢). We have

A+ 0= 26 (1+G)T-0-¢)

lime g (G0 Ty (T4 (-

= 2(—1)""t cos¥ 2~ 3<lﬂ> sin(l—ﬂ> sin(lx—ﬂ>.
Y Y Y

Therefore,
f@=2 Y (o B ) )
Y o CZ —|—tan2(%)
1<i<y/2

Let us apply this formula to H , (u) = (2pu)’~% f,_4p—a(A(u)). Since

A(u)? + tan? I = ! 1 — 4pq| cos? I u?l,
b—a cos? (%) b—a

we get that

cos 1 (3175 sin (3177 sin (“5=07)

1 — 4pq | cos? (bl7r )]u?

b—
HY ) =202pu)>™ >
lEN:
1<i<(b—a)/2

Using the expansion

- _i[él cosz< il )]]uzﬂ
1 — 4pq [cos? (3= I —)]u? - P b—a ’

we find

]:O leN:
1<l<(b—a)/2

_ J
b—a b—a

Performing the change of index 7 — (7 + « — b)/2 into the above sum, we obtain

Hy () = i 2<§>(“)/2[ 3 COSb“(bl__wa) Sin<sza>

)=b—zx leN:
1<i< (b—a)/2

o (1522) () ]

from which we finally derive the expression (1.10) of the probability ay,

U ) »- In a quite analo-

gous way, we can deduce the probability q(]) from H_,,(u) = (2qu)l“ “fb,Lb,a(A(u)).
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B Distribution of the stopped random walk

As mentioned in Section 1.4.2, the stopping-probabilities can be evaluated by invoking the
famous reflection principle. We provide the details in this Appendix.
One-sided threshold

Our aim is to compute the probability of the random walk stopped when hitting the
threshold a: P, {S(y) = y,7 < 7,}. We begin by first evaluating P,{S(y) =y, 7, < 7}. We
have, for x,y € Z such that x,y < aor z,y > a,

7—1

PAS() =y, <2} =Y Bufr, = t}P{S( — 1) = y}.
=1
The reflection principle stipulates that

y—a
BAS( 1) =y} = <§> B{S(— 1) = 20— y).

Hence,
-1 y—a
PASG) =y <2} = 3 Bafry = 1} <§> BAS( — 1) = 2a - )
=1

_ <§)yam{s<g> —2-y,7, <}

_ (1—’>ya B.{S() = 2a - y}.

q

In the last equality, we used the fact that  and 2a — y are around a and then the condition
7, < 71is redundant. Therefore,

BS() = 4.5 < 7.} = Ba{S(5) = 4} — (g)“m{sw 20— y)

which is nothing but (1.14).
Two-sided threshold

Here, we aim to compute the probability of the random walk stopped when hitting one
of the two thresholds a and b: P,{S(7) =y, < 7, ,} under the assumption z € (a,b). For
this, we introduce the successive hitting times of levels a and b (with the usual convention
min () = +o00):

0, =T,, O+1 =min{y)> oy :5(y) =0}, ooye =min{y) > o941 :5() =a},
So =Ty, So41 =min{y > ¢y 0 S(y) =a}, syt =min{y > gy 0 S(y) = b}

Notice that if 7, < 73, then 0741 = ¢ and if 7, > 7, then ;1 = 07. In both cases, we see

that
. o if7, < o1 ifT, <1
mln(al,q) - . @ b ) ma‘X(Ulvgl) - . “ b
g ifrt,>m7 Q41 ifT, >1
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and that
max(07, ) = min(ors1, 41)-

With these properties at hands, we write the event {7, ;, < 7} as follows:
{Ta,b < .7} = {Ta < Ty Ty < ]} U {Ta > Ty Ty < .7}

= <U{Ta < Ty 09 <) < 021+2}> U <U{Ta > Tpys <)< €21+2}>

leN leN
= <U{Ta < Ty 02 < J = §2l+1}> U (U{Ta > TG <J S U2l+1}>
leN IEN

= U{miD(UQI,CQJ) < ) < max(og41, S241) }-
IeN

Now, the probability of the stopped random walk can be written as
PAS() =9,7 < 7o}

=PA{S0) =y} = D> _P{S()) =y, min(og,5n) <y < max(op1,5241)}.  (B.1)
1=0

Let us evaluate the term lying within the sum (B.1):

P.{S(y) = y, min(og, co1) < 7 < max(o9r41,S2141)}
= P.{S(y) = y, min(og, s21) < 7} — P{S(9) = y, max(oa41,24+1) < 7}
=PA(S() =y, 00 <) U(SU) = y,52 < 9)}
—PA{(S0) = y,00141 <3) N (S() = ¥, 52141 <)}
=P.{S0) =y,0u <3} +PA{S() = y,5u < 3}
—PA{(S() = y,0m <) N (SO =y,52 <)}
—PA{S0) =y o1 <3} —B{SQ) =y, c2u1 <3}
+ P {(S(7) = y, 0241 <) U(SQ) =y, 241 <)} (B.2)

‘We observe that

PA(S(7) =y, 00141 <) U(S(9) = ¥, 2141 <)}
= B:{S(9) = y, min(on+1,s2141) < 7}
=P{S(y) = y, max(oy, <) < 7}
=P A{(S0) =y, 00 <) N (SO) =y,5u <}

Thus, two terms of the sum (B.2) cancel and it remains

P.{S(y) = vy, min(oa, <) < 7 < max(o41,52+1)}
=P.{S() =y, 0m <3} +BAS() = y.su < 3}
—PAS0G) =y, 00001 <3} = PA{S0) = v, s < 3} (B.3)
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By using the principle of reflection with respect to level a, we get for the first term of the
sum (B.3):

BA{SO) = goom < 7} = 3 Bolow = JB{S( — 1) = 4)

@
I

—_ =

<

— (2 o —1) =2a—
lm{am—}(q) BAS( — 1) = 20— y)

L

|

In the last step, we used the fact than, when x,y € (a,b), 2a —y < a and then the condition
S(y) = 2a — y,09;—1 < jis enough to assure o(2l) < j. Similarly, reflection with respect
to level b yields

Il
N
Q|3

y—a
) P,{S() = 2a — y,0m < J}

Q3

y—a
> P.{S(3) = 2a — y,09-1 < 3}. (B.4)

P{S(y) = 2a — y,09-1 < 3}

2a—b—y
— <§> PAS() =y+2(0b—a),09-2 < 3} (B.5)

So, the following recursive relationship entails from (B.4) and (B.5):

a—b
P{S() = g, 01 < g} = (g) BAS(G) =y +20—a)ou0<s).  (BS)

By iterating (B.6) with respect to index [, we plainly obtain

l(a—b)
P{S(3) =y, 00 < 3} = (g) P{S(y) =y+2l(b—a),1, <} (B.7)

A last application of the principle of reflection to (B.7) supplies

y—a+l(b—a)
) P.{S(3) =2a —2l(b —a) — y}. (B.8)

p

Po{S() =y, 0m <j} = (5

Analogously, concerning the second term of the sum (B.3), we successively have
P{S() =y, 0241 <3}

l(b—a)
::<§> P{S()) =y — 2l(b — a),01 < 3}

p\Y o)
:<5> P{S(j) = 2b+ 2l(b — a) — y, 7, < 7}

NGRIC)
- (5) BAS() =y — 20+ Db - )} (B.9)
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We obtain in a quite similar manner the two last terms of (B.3):

PAS() =y, 52 < 3}

—b—I(b—a)
_ (S)y B {S(5) = 2b + 2l(b — a) — y}

p\y-a- (1) (b-a)
_ (5> B{S(s) = 2+ 21 + 1)(b—a) — ).
(B.10)

P.{S(7) = y,s2+1 < 3}

R GRL)
- (5) P,{S(s) =y + 2(1 + 1)(b— a)}.

Finally, by summing (B.8), (B.9) and (B.10), we deduce from (B.1) and (B.3):

P{S() =y, 7 <}

00 D y—a+l(b—a) 0 D ([+1)(b—a) )
<5> pm,2a72l(bfa)fy - <5> pr,y*2(l+1)(b*a)
=0

—a—(1l b—a —( b—a
. p y—a—(I+1)( )p(]) (p (I+1)(b—a) 0
q z,2a+2(l1+1)(b—a)—y q px,y+2(l+1)(bfa)

() » l(b—a) D y—a 0 )
= z : <_> <_> b, 2a—2l(b—a)—y P, y—2l(b—a)
q q ’ )

l=—00

+P{S() = y}

from which (1.15) ensues.
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