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Analytical treatment of biased diffusion in tubes with periodic dead ends
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Effective mobility and diffusion coefficient of a particle in a tube with identical periodic dead ends
characterize the motion on large time scale, when the particle displacement significantly exceeds the
tube period. We derive formulas that show how these transport coefficients depend on the driving
force and the geometric parameters of the system. Numerical tests show that values of the trans-
port coefficients obtained from Brownian dynamics simulations are in excellent agreement with our

theoretical predictions. [doi:10.1063/1.3567187]

. INTRODUCTION

Effect of dead ends on diffusive transport has been
discussed in different contexts. Examples include transport
in dendrites,! extra-cellular diffusion in brain tissue,” intra-
tissue diffusion of water and other substances in muscles,’
diffusive transport in soil,* and linear porous media.>~’ The
present paper deals with biased diffusion in tubes with peri-
odic dead ends schematically shown in Fig. 1. Because of the
complex geometry of the tube, the problem is too complicated
to be solved by conventional methods of the mathematical
physics.® In the present paper we suggest a new approach that
allows us to overcome the difficulties and to derive approxi-
mate formulas for the effective mobility and diffusion coef-
ficient of a point particle, Eqs. (2.2) and (2.3). The formulas
show how these transport coefficients depend on the driving
force and geometric parameters of the tube. To test the ac-
curacy of our approximate theory we compare its predictions
with the results obtained from Brownian dynamics simula-
tions finding excellent agreement between the two. This study
is an extension of our recent works on unbiased diffusion in
tubes with periodic dead ends.’

Such tubes represent a special case of linear porous
media with periodically varying geometry. Transport in such
systems has been actively studied for the last few years.5!3
Varying geometry of the system creates periodic entropy
potential along the tube axis. This potential can be smooth or
change abruptly as shown in Fig. 2. The entropy potentials
created by periodic dead ends can be considered as a periodic
set of entropy traps since a particle entering a dead end
interrupts its motion along the tube axis (Fig. 1).

When developing a theory of transport in such systems,
the key step is to reformulate the problem in terms of a one-
dimensional description. Such a description depends on the
type of the system. For example, unbiased diffusion in tubes
of smoothly varying geometry can be analyzed using the re-
duction to the generalized Fick-Jacobs equation'*!” and suc-
cessive application of the Lifson—Jackson formula'® for the
effective diffusion coefficient. This approach fails when the

) Author to whom correspondence should be addressed. Electronic mail:
dll@xanum.uam.mx. Permanent address: Departamento de Fisica, Univer-
sidad Autonoma Metropolitana-Iztapalapa, 09340 Mexico DF, Mexico.

0021-9606/2011/134(12)/124109/8/$30.00

tube geometry changes abruptly such as in the tube shown
in Fig. 2(b). Here one can use a different one-dimensional
description. In this description a contact of two segments of
the tube, which have different radii, is considered as a par-
tially absorbing boundary.!®-? The effective trapping rate for
such a boundary can be found by means of boundary homoge-
nization. Based on this description, one can find the effective
diffusion coefficient in a tube of alternating diameter in the
absence of the driving force.

An alternative approach is required to analyze unbiased
diffusion in tubes with periodic dead ends.” In this approach
the focus is on the particle lifetime in the tube between its
successive trappings by the dead ends, and on the particle res-
idence time in the dead end. Here we generalize this approach
and use it to derive the formulas for the effective mobility
and diffusion coefficient in the presence of an external driving
force acting on the particle, Eqs. (2.2) and (2.3). The outline
of the present paper is as follows. In Sec. II we (i) discuss the
model, (ii) give the formulas for peg(F) and Deg(F'), and (iii)
present the results of the numerical tests. Derivations of the
formulas are given in Sec. III. Section IV contains concluding
remarks.

Il. MODEL, RESULTS, NUMERICAL TESTS

Consider a point Brownian particle in a tube of radius
R with identical periodic dead ends separated by period /,
schematically shown in Fig. 1. In our model the dead end is
formed by a cavity of volume V,,, that is connected to the
tube by a cylindrical channel of radius a and length L. It is as-
sumed that a < R, [, while L and V,,, can be arbitrary. The
particle motion in such a system in the presence of an exter-
nal driving force F can be characterized by effective drift ve-
locity, veg(F), or effective mobility, pe(F) = verr(F)/ F, and
effective diffusion coefficient, Deg(F'). The goal of the theory
is to find these functions. Diffusion coefficient and mobility
of the particle in the absence of constraints are denoted by
Dy and wo, o = B Dy, where B = 1/(kpT) with the standard
notations kg and T for the Boltzmann constant and absolute
temperature.
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FIG. 1. A tube with identical periodic dead ends [panel (a)] and its one-
dimensional model [panel (b)].

A. Results

The effective diffusion coefficient of the particle in the
absence of the driving force, D¢g(0), is given by a simple
formula’

Vtube
0 Vtube + Vde '
where Viype and Vg are the volumes of the cylindrical part
of the tube of length I and the dead end, Viye = mw R?l, Ve
= Vi + Viav, and Vo, = wa®L is the volume of the connect-
ing channel. One can use D¢g(0) to find p.:(0) by the Einstein
relation, pef(0) = B Deg(0).

As shown in Sec. III, the effective mobility is indepen-
dent of the driving force. Thus, we have

De(0) = D, 2.1

Vlube

_— 2.2
0 Vtube + Vde ( )

Meft(F) = peir(0) = BDefr(0) = 1
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FIG. 2. Tubes of periodically varying geometry and corresponding entropy
potentials. Variations of the geometry can be smooth [panel (a)] or abrupt
[panel (b)].
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The formula for Dg(F) is more complex. In Sec. III, we de-
rive the following formula for the ratio Deg(F)/ Defr(0),

Des(F) -1 dee F/z _
De£:(0) (Veube + Vie)? | tanh (F/2)
nRz(r(%e) o
FaatiaF [ 2.3)

where F = BFI, while (t4) and (rdze) are the first and second
moments of the particle lifetime in the dead end. These mo-
ments have been found in Ref. 7, where it is shown that the
ratio (rdze) /{t4.)? entering into Eq. (2.3) can be expressed in
terms of the geometric parameters of the dead end,

2 2 2
<rde) =1+ (Vcav> + 4_L Vcav + l (E) ) (2'4)
2( 7:de>2 Ve wa | Ve 3\ Vae
While peg(F) is independent of F', Deg(F) monotonically in-
creases with the driving force approaching its large- F asymp-
totic behavior, Deg(F) o< FZ as F — o0.
Formulas for the effective mobility and diffusion coef-

ficient, Egs. (2.2) and (2.3), are main results of the present
paper.

B. Numerical tests

To check the accuracy of our results, Eqgs. (2.2)
and (2.3), we compare theoretically predicted effective
drift velocity, ver(F) = petf(F)F, and diffusion coefficient,
D.(F), with those obtained from Brownian dynamics sim-
ulations. The comparison is made assuming that there are
no connecting channels, i.e., L = 0. In this case the ratio
(r(fe)/(rde)z, Eq. (2.4), is equal to four, and Eq. (2.3) takes

the form
Den(F) _ | Vi, F/2 N 7 R? P
Dess(0) (Viube + Vae)* | tanh (F/2) 2al = |’

(2.5)

In Fig. 3 we show veg(F) and D.g(F) obtained numeri-
cally by circles while solid lines show theoretically predicted
dependences.

According to Eq. (2.2), the effective mobility is indepen-
dent of the driving force. As a consequence, the effective drift
velocity is proportional to the driving force (Ohm’s law) and
given by

Vlube

_ 2.6
0 Vlube + Vde ( )

Veff(F ) =M

We will assume that the dead end cavities are spheres
of radius R.,, connected to the cylindrical part of the tube
by small apertures of radius a, a < R,,. Thus, the system
geometry is characterized by four-dimensional parameters: R,
I, a, and R 4y, and, hence, three-dimensionless parameters:
I/R,a/R, and Ry /R.

Panel (a) in Fig. 3 shows veg(F) and Deg(F) at differ-
ent values of the tube period, //R = 0.5, 1.0, and 2.0, at
a/R = 0.05 and R.,y/R = 1.0. Panel (b) shows the results at
different sizes of the connecting aperture, a/R = 0.03, 0.05,
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FIG. 3. Dependences vefr(F) and Degr(F') at different values of the geometric parameters of the tube: //R = 0.5, 1.0, 2.0, a/R = 0.05, and Rcay/R = 1.0 in
panel (a); [/R = 1.0,a/R = 0.03, 0.05, 0.07, and Rcay/R = 1.0 in panel (b); [/R = 1.0,a/R = 0.05, and Rcyy/R = 0.5, 1.0, 2.0 in panel (c). Solid lines are
drawn using the theoretical predictions, Eqs. (2.5) and (2.6); symbols represent results obtained from Brownian dynamics simulations.

and 0.07, at//R = R/ R = 1.0. Panel (c) shows the results lil. DERIVATION

at different values of the cavity radius, Rew/R = 0.5, 1.0, In this section we derive the formulas for the effective
and 2.0, at //R = 1.0 and a/R = 0.05. One can see excel-  mobility and diffusion coefficient. First, we map the particle
lent agreement between the theoretically predicted and nu- motion onto a random walk. Then we find the random walk

merically obtained results.

propagator and use it to obtain the desired results.
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FIG. 4. Random walk equivalent to the particle motion in a tube with
identical periodic dead ends.

A. Random walk

Let us label each dead end with number n, n
=0, =1, £2, .... These numbers enumerate the sites of the
random walk, each site of which contains mobile and immo-
bile states (Fig. 4). Consider a particle that starts from the
tube cross section containing the entrance to the dead end
with n = 0. We will assume that the random walk is in the
discrete mobile state of the site with n = O until the particle
enters the dead end or touches for the first time one of the
cross sections containing entrances into the neighboring dead
ends with n = 1. We consider the particle entrance into the
dead end as a transition of the random walk from the mobile
to immobile state of the same site. The first particle touch of
one of the cross sections containing entrances into neighbor-
ing dead ends, we consider as a transition of the random walk
between mobile states of the neighboring sites. Repeating this
procedure we can map the particle motion onto the random
walk as shown in Fig. 4. The random walk can jump between
neighboring sites only when it is in a mobile state, from which
it can also jump to the immobile state of the same site.

The random walk is described by a two-component prop-
agator, P, ,(t), « = m, im, which is the probability of find-
ing the random walk on site # in state « at time ¢. The com-
ponents of the propagator satisfy,

Poo(t) = f Salt — 1) Jna(t)d, 3.1
0

where S,(¢) is the survival probability of the random walk
in state o for time ¢, and J, o(¢) is the probability flux en-
tering the state (n, ) at time ¢. Transitions among the states
(Fig. 5) are described by splitting probabilities Wy and W,
W, 4+ W_ 4+ Wy = 1, and probability densities of the wait-
ing time distributions ¢4 (¢), ¢o(t), and @i, (?), normalized to
unity. The splitting probabilities W, and W, are probabilities
that the random walk starting from state (n, m) makes a step

J. Chem. Phys. 134, 124109 (2011)

w_ w,
D — m —
WO l | goim
im

FIG. 5. Possible transitions of the random walk.

to states (n = 1, m) and (n, im), respectively. Introducing the
probability fluxes escaping from the mobile state of a site at
time ¢ on condition that the random walk enters this state at
t =0,wi(t) = Wipi(r) and wo(t) = Woeo(t), we can write
the survival probability in this state as

Sml(t) =1 — / [wi) +w_(t") +wo(th]dt'.  (3.2)
0

Respectively, the survival probability in the immobile state is

Sim(1) =1 —/ Pim(t")dt’. (3.3)
0

The fluxes J, o(¢) satisfy balance equations,

Jnm(?) = 8,,08(1) +/ [wit = )i m(@)
0

Fw_(t = )y 1m(®) + Gim(t — 1)y im(1))] dt,
(3.4)

t
am® = [ wate = 1,01 (35)
0

where the first term on the right-hand side of Eq. (3.4) is due
to the initial condition according to which the random walk
starts from the mobile state of the site withn =0 at¢ = 0.

The Laplace transforms of the probability fluxes w.(¢)
and wo(t) as well as the splitting probabilities W and W, are
derived in Appendix A. The results are (the Laplace transform
of function f () is defined by f(s) = [, e~ f(t)d1),

1 BFI

ze"P(iT)

Wa = R I Ko (BFL ’ (3.6)
COS (T) IBFDO Sin (T)
W, ! (3.7)
0 ’ .
4 PEDo th(ﬂ)
2
,BF)2 (ﬁFl)
2 2

, (3.8)

s BF\* 5 BF\’
= Ll hill/—=— el
0+<2>COS Do+<2>



124109-5 Biased diffusion in tubes with dead ends
W_(s) = exp (=B FI)W(s), (3.9
Wo(s) = 21 ;
1+ % Do +(ﬂ2F> coth 11130 +</32F)
(3.10)

where « is given by k = 4Dya /(7 R?). The expressions above
show that the ratio of probabilities W and W_, W_/W,
= exp(BF1I), is independent of the presence of the dead ends

(s+kca\,)cosh(L/i —i—/cchl—smh( | — )
Dy D

J. Chem. Phys. 134, 124109 (2011)

since it depends only on the tube period /. One can also
find the Laplace transforms of the probability densities ¢ (¢),
@+(s) = wx(s)/ Wx. Then one can check that these Laplace
transforms are identical ¢, (s) = ¢_(s) and, hence, @, (¢)
= @_(t). Although these might seem unexpected, in fact, they
are straightforward consequences of the results obtained in
Ref. 21.

In addition, we will use the Laplace transform of the
probability density of the particle lifetime in the dead end,
¢im(t), which can be found in Ref. 7,

@im(s) =

where kcay
4Dy /(ma).

and ko are ke =4Doa/Vey and kep =

B. Solution for the propagator

After the Laplace transformation, Egs. (3.4) and (3.5)
take the form:

Jnm(8) = 8.0 + W4()Jn—1,m(s)
AW () ns 1m(8) + Gim($) T im(s), (3.12)
Jnim(8) = Wo($) Ty m(s).

Substituting fn’im(s) in Eq. (3.13) into Eq. (3.12) and intro-
ducing the notation,

(3.13)

Wi(s)
1 — Wo($)@im(s)
we can wEite a closed-form equation for the Laplace trans-
forms of J,, m(s),

e (s) = (3.14)

1
——————%n0
1 — Wo(s)Pim(s)
i Fymt () + A= Tyt m(s).

jn,m(s) =

(3.15)

This equation can be solved by means of the generating func-
tions. The solution obtained in Appendix B has the form

1 (ﬁ+(s))"/2
1 —Wo($)Pim(s) \d_(s)

1 (2./7@(5)&_(5))'"'
X — . , (3.16)
K(s)—1 K(s)

where K (s) is K(s) = 1 + /T — 44 (5)ii_(s). Respectively,
according to Eq. (3.13) J,.im(s) is given by

T im(8) = Wo($)F, m(s).

Jum(s) =

(3.17)

JsDo
(25 + kegy) cOSh (L |2 ) (Kch F+ s 0(s—|—kcav)) sinh (L Di
0

, (3.11)

Next we can find the Laplace transforms of the two com-
ponents of the propagator. According to Egs. (3.1)—(3.3) they
are given by

Pyim(s) = Si(8)Ju.m(s)
_ 1—w+<s>—;us> Wo(s) Jon(s) GI8)
and
Py im(s) = Sim(5) . im(s)
_ WO(S)(IS Gim(s)) - hn(s). (319)

The ratio 13,,,“(5) / f’_,,,a(s) is independent of « and given by

Pra(s) _ Jum(s) _ (fms))" _ <W+¢+(S)>"
Pooa(s)  Joam(s)  \d-(s) W_p_(s))
(3.20)
As has been mentioned above, @, (s)=¢@_(s) and
W_ = Wyexp(—BFI). As a consequence, we arrive at
the relation,
Poa(s) _ Paal)
— = . =expmBFl), 3.21
Boru)  Ponall) p(mBFI) (3.21)

that is the fluctuation theorem for biased diffusion in tubes
with periodic dead ends.

C. Effective mobility

Having in hand the two-component propagator, we can
find the long-time asymptotic behavior of the mean particle
displacement along the tube axis, (Ax(t)) = (x()) — x(0),
where x(¢) is the particle coordinate along this axis at time
t. Then we can find the effective drift velocity,
d(Ax(1))

dt

verr(F) = lim (3.22)
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and the effective mobility, pes(F) = vege(F)/ F. For this pur-
pose we define P,(¢) as a sum of the components of the prop-
agator,

Py(t) = Pym(t) + P im(?). (3.23)
Evidently P,(¢) satisfies the normalization condition:
Y Pn=1 (3.24)

Using P,(t) we can find the mean displacement of the random
walk in time 7,

o]

Z nP,(t).

n=—00

(n(1)) = (3.25)

Since at large ¢t (Ax(t)) = [(n(t)), we can write veg (F) as

(3.26)

To find the long-time asymptotic behavior of (n(t)) we
use the small-s expansion of the Laplace transform of this
function. This Laplace transform, (7i(s)), can be found using
the relations in Egs. (3.16), (3.18), and (3.19). The result is

Wi(s) —w_(s)
s (1 =W (s) = W_(s) = Wo(5)Pim(s))”
Using the relations in Egs. (3.8)—(3.11) we find that as s — 0,

(A(s)) = (3.27)

7 R*DySF
52 (Vtube + Vde) ’

This implies that the large-¢ asymptotic behavior of the mean
displacement of the random walk is given by

T R*DyBF
(Vlube + Vde) )

Substituting this into Eq. (3.26) and dividing the result by
F we arrive at the expression for the effective mobility in
Eq. (2.2).

The expression in Eq. (2.2) can be alternatively obtained
from consideration of the probabilities of finding the particle
in mobile and immobile states at time 7. These probabilities
are defined as

(A(s)) — (3.28)

(n(1)) = (3.29)

Pyt)= Y Pua(t), a=m, im. (3.30)

n=—00
Using the relations in Egs. (3.16), (3.18), and (3.19) we find
that the ratio of the Laplace transforms of P,(¢) is given by
Pa(s)
im(s)

L —=Wi(s) = W_(s) — Wols)
Wo(s) (1 = @im(s))

(3.31)
|

(i*(s)) =

(W4(5) +W-(5)) (1 = Wo($)Pim (5)) +W.(5)* + W_(5)* —
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As s — 0 this ratio tends to a constant,

ﬁ () Vtube
im —— .
s=>0 Py 1m(s ) Vde
This implies that time spent in the mobile state by the
particle observed for sufficiently long time ¢ is equal to

t Viube/(Viube + Vae). During this time particle’s mobility is
o, so that its displacement is given by o Ft Viupe/(Viube

(3.32)

+ V). The fact that this displacement must be identical to
verr(F)t leads to the expression for the effective mobility in
Eq. (2.2).

The second derivation shed some light on the reason why
the effective mobility in tubes with periodic dead ends is in-
dependent of the driving force. This independence is a con-
sequence of the fact that the fractions of time spent by the
particle in the cylindrical part of the tube and in the dead
ends are independent of the driving force. As follows from
Eq. (3.32) these fractions, respectively, are Viype/(Viube + Vae)
and Vie/(Viube + Vo)

D. Effective diffusion coefficient

The effective diffusion coefficient is defined as

1 d ) )
Dei(F) = = hm n o [(Ax(1)*) — (Ax(1))?], (3.33)
where (Ax(t)z) is the mean squared displacement of the par-
ticle in time ¢. At large ¢ (Ax(t)?) is simply related to the
second moment of the displacement of the random walk,
(Ax(t)?) = I>(n?(1)). Since at large t (Ax(t)) = [(n(1)), we
have

— (n()?]. (3.34)

The long-time behavior of (n(¢)) can be found from the small-
s expansion of (7i(s)) in Eq. (3.27). To find the long-time be-
havior of (n?(t)) we first find the Laplace transform (A2(s))
and then obtain the desired asymptotic behavior using the
small-s expansion of (A2(s)).

The mean squared displacement of the random walk is
defined as

(n*(1)) = Z n P, (). (3.35)
Its Laplace transform,
(@) = Y n?Py(s), (3.36)

n=—00

can be found using the relations in Egs. (3.16), (3.18),
and (3.19). The result is

6V (s)W_(s)

s(1—w4i(s)—

(3.37)
W_(s) — Wo()Pim(s))?
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One can find the small-s expansions of (i(s)) and (72(s)) us-
ing the relations in Egs. (3.8)—(3.11). Inverting these expan-
sions one can find the leading terms of the large-¢ behavior of
(n(r)) and (n%(¢)), and then Deg(F) by means of Eq. (3.34).
Eventually, this leads to the formula for Deg(F) given in
Eq. (2.3).

IV. CONCLUDING REMARKS

While unbiased diffusion in linear systems of period-
ically varying geometry has been studied both analytically
and numerically, biased diffusion has been studied mainly
numerically. The focus of such studies is on the depen-
dences of the effective mobility, ues(F), and diffusion co-
efficient, D.g(F'), on the driving force, F, and the system
geometry. It has been found that in systems of different
types these dependences are qualitatively different. In sys-
tems of smoothly varying geometry p.q(F') monotonically in-
creases from pe(0) << Lo to pefr(00) = o. When the geom-
etry changes abruptly p.g(F) monotonically decreases from
Hetr(0) K o to wefr(00) < efr(0). Effective diffusion coef-
ficient at finite F is larger than its value at F = 0, D.g(0)
< Deg(F), in both cases. When the tube geometry changes
abruptly D.g(F) monotonically increases with the driving
force. Its large- F' asymptotic behavior is given by Deg(F)
F2. In the case of smoothly changing geometry dependence
Deie(F) is nonmonotonic: Deg(F) first increases with F,
reaches its maximum, and then decreases approaching its
asymptotic value Deg(F) = Dy.

Tubes with periodic dead ends have a specific feature,
namely, in such tubes it is possible to develop an analytical
theory of biased diffusion. This is done in the present pa-
per, in which we derive approximate formulas for p.e(F) and
Dei(F), Egs. (2.2) and (2.3). The theory predicts that the par-
ticle effective mobility is independent of the driving force and
given by pegt(F) = pett(0) = B Desr(0). The independence of
the effective mobility of the driving force is sharply in contrast
with the dependences p.(F) mentioned above. At the same
time, dependence D.g(F) in tubes with periodic dead ends
is similar to that in periodic systems with abruptly chang-
ing geometry: the effective diffusion coefficient monotoni-
cally increases with the driving force approaching its asymp-
totic behavior Des(F) o F? as F — oo. The theoretically
predicted dependences i (F) and Deg(F) are in excellent
agreement with the results obtained from Brownian dynamics
simulations.
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APPENDIX A: LAPLACE TRANSFORMS OF FLUXES
wa (t), wo(f) AND SPLITTING PROBABILITIES W, W,

To find the Laplace transforms of fluxes w(¢) and wy(¢),
W (s) and wo(s), as well as splitting probabilities W, W, we
describe the particle motion in the tube as one-dimensional
biased diffusion along the tube axis on the interval of length
2] terminated by absorbing end points at x = %[. The particle
starts from the tube cross section located at x = O (center of
the interval) that contains the entrance into the dead end with
n = 0. We describe the particle entrance into the dead end as
trapping by a §-function sink of strength « located at x = 0.
Justification for this can be found in Ref. 7. The sink strength
is determined by the particle diffusion coefficient, the tube
radius, and the radius of the aperture, k = 4Dga /(7 R?).

Let G(x, t) be the particle propagator or the Green func-
tion that satisfies
G d {

— = Dy—

d
ePFy — [e_ﬂFxG] —k8(x)G , -l <x <,
ot 0x d

X

(A.1)

with the initial condition G(x, 0) = 4(x) and boundary condi-
tions G(—[,t) = G(,t) = 0. After the Laplace transforma-
tion, the equation takes the form

R d v d o gren A
sG = Do {e“ d—[e pE G]}+(1 —kG)d(x) ,

X

(A.2)

-l <x<l,

where G(x,s) is the Laplace transform of the propaga-
tor. Solving this equation with the boundary conditions
G(—1l,s) = G(,s) =0 we obtain
G(x,s) = P2 A{sinh [0 (I + x)] H(—x)
+sinh[o(l — x)] H(x)}, —l <x <],

(A.3)

where H(x) is the Heaviside step function, 0% =s/Dy
+ (BF/2)%, and
1

A= — . (A4)
k sinh(ol) + 2Dyo cosh(ol)

Flux w(¢) from the mobile to immobile state of the site
is defined as wo(t) = kG(0, t). Using the solution for the
Laplace transform of the propagator, Eq. (A.3), we obtain
the expression for the Laplace transform of wq(¢) given in
Eq. (3.10). The probability Wy of the particle entrance into
the dead end is given by

o0
Wo = / wo(t)dt = wo(0). (A.5)
0
Using this relation we obtain Wy in Eq. (3.7) from wW(s) in
Eq. (3.10).

Flux w.(¢) is defined as w4 (t) = —DydG(x, t)/0x|x=;.
Respectively, the Laplace transform of this flux is given by
wi(s) = —DodG(x, 5)/dx|y=;. Substituting here the Laplace
transform of the propagator, Eq. (A.3), we obtain the
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expression for W, (s) given in Eq. (3.8). The probability W
is given by
o0
Wy = f wi(t)dt = w4 (0). (A.6)
0
Using this relation we obtain W, in Eq. (3.6) from w_(s) in
Eq. (3.8).
Flux w_(¢) is defined as w_(¢) = DydG(x, t)/0X|x=—;.
Respectively, the Laplace transform of this flux is given by

W_(s) = —DydG(x, s)/dx|c—_;. Using Eq. (A.3) we find that
the Laplace transforms w_ (s) and Ww_(s) satisfy the relation

Ww_(s) = wi(s)exp(—BFI).

As a consequence, similar relation is fulfilled for the fluxes
w4 () and w_(¢):

(A7)

w_(t) = wi(t)exp(—BFI). (A.8)
The probability W_ is given by
w_ :/ w_(t)dt = w_(0). (A9)
0

As a consequence of Egs. (A.7) and (A.8), probabilities W,

and W_ also satisfy similar relation:
W_ = Wyexp(—BFI), (A.10)

from which it follows that the probability W_ is given by
Eq. (3.6).

APPENDIX B: SOLUTION TO EQ. (3.15)
Let F(6) be the generating function defined as

FO)= ) " Jyn(s)

(B.1)
n=—oo
Using Eq. (3.15) we find that F(0) satisfies
1
FlO)= ——————
1 = Wo(s)Pim(s)
+ (A4(s)e” + a_(s)e™ ) F(6). (B.2)
Solving this equation we obtain
1
F(0) = — — - T -
(I = Wo($)@im(s)H(L — 14 (s)e’” — i_(s)e™"")
(B.3)

We use this solution for the generating function to find
Jn,m(s)v

Jum(s) = 1 / i e " F6)de. (B.4)

27 J_,

Carrying out the integration we arrive at the formula for
Ju.m(s) given in Eq. (3.16).

J. Chem. Phys. 134, 124109 (2011)

IE. Santamaria, S. Wils, E. De Schutter, and G. J. Augustine, Neuron 52,
635 (2006).

2A. Tao, L. Tao, and C. Nicholson, J. Theor. Biol. 234, 525 (2005); L.
Tao and C. Nicholson, ibid. 229, 59 (2004); J. Hrabe, S. Hrabetova, and
K. Segeth, Biophys. J. 87, 1606 (2004); S. Hrabetova and C. Nicholson,
Neurochem. Int. 45, 467 (2004); S. Hrabetova, J. Hrabe, and C. Nicholson,
J. Neurosci. 23, 8351 (2003).

3R. E. Safford, E. A. Bassingthwaighte, and J. B. Bassingthwaighte, J. Gen.
Physiol. 72, 513 (1978); M. Suenson, D. R. Richmond, and J. B. Bassingth-
waighte, Am. J. Physiol. 227, 1116 (1974); E. Page and R. S. Bernstein,
J. Gen. Physiol. 47, 1129 (1964).

4A. Pinner and P. H. Nye, Eur. J. Soil Sci. 33, 25 (1982); P. S. C. Rao, R. E.
Jessup, and T. M. Addiscott, Soil Sci. 133, 342 (1982); J. R. Philip, Austral.
J. Soil Res. 6(1), 21 (1968).

SR. C. Goodknight, W. A. Klikoff, and I. Fatt, J. Phys. Chem. 64, 1162
(1960).

SP.N. Sen, L. M. Schwatrz, P. P. Mitra, and B. I. Halperin, Phys. Rev. B 49,
215 (1994).

L. Dagdug, A. M. Berezhkovskii, Yu. A. Makhnovskii, and V. Yu. Zitser-
nam, J. Chem. Phys. 127, 224712 (2007); ibid. 129, 184706 (2008).

8D. Reguera, G. Schmid, P. S. Burada, J. M. Rubi, P. Reimann, and
P. Hinggi, Phys. Rev. Lett. 96, 130603 (2006); P. S. Burada, G. Schmid,
D. Reguera, J. M. Rubi, and P. Hénggi, Phys. Rev. E 75, 051111 (2007);
P. S. Burada, G. Schmid, P. Talkner, P. Hinggi, D. Reguera, and J. M.
Rubi, BioSystems 93, 16 (2008); P. S. Burada, P. Hidnggi, F. Marchesoni,
G. Schmid, and P. Talkner, ChemPhysChem 10, 45 (2009); P. S. Burada,
G. Schmid, and P. Hénggi, Philos. Trans. R. Soc. London, Ser. A 367,
3157 (2009); P. S. Burada, Y. Li, W. Rieler, and G. Schmid, Chem. Phys.
375, 514 (2010); P. S. Burada and G. Schmid, Phys. Rev. E 82, 051128
(2010); P. Hénggi, F. Marchesoni, S. Savel’ev, and G. Schmid, ibid. 82,
041121 (2010).

9B. Q. Ai and L. G. Liu, Phys. Rev. E 74, 051114 (2006); J. Chem. Phys.
126, 204706 (2007); ibid. 128, 024706 (2008); B. Q. Ai, H. Z. Xie, and
L. G. Liu, Phys. Rev. E 75, 061126 (2007); B. Q. Ai, ibid. 80, 011113
(2009); J. Chem. Phys. 131, 054111 (2009).

10N, Laachi, M. Kenward, E. Yariv, and K. D. Dorfman, Europhys. Lett.
80, 5009 (2007); E. Yariv and K. D. Dorfman, Phys. Fluids 19, 037101
(2007); K.-L. Cheng, Y.-J. Sheng, and H.-K. Tsao, J. Chem. Phys. 129,
184901 (2008).

'E Marchesoni and S. Savel’ev Phys. Rev. E 80, 011120 (2009); F. March-
esoni, J. Chem. Phys. 132, 166101 (2010); M. Borromeo and F. March-
esoni, Chem. Phys. 375, 536 (2010); M. Borromeo, F. Marchesoni, and
P. K. Ghosh, J. Chem. Phys. 134, 051101 (2011).

128 B. Chen, J. Chem. Phys. 134, 014902 (2011).

I3A. M. Berezhkovskii, V. Yu. Zitserman, and S. Y. Shvartsman,
J. Chem. Phys. 118, 7146 (2003); ibid. 119, 6991 (2003); O. K. Dudko,
A. M. Berezhkovskii, and G. H. Weiss, J. Phys. Chem. B 109, 21296
(2005); M.-V. Vazquez, A. M. Berezhkovskii, and L. Dagdug, J. Chem.
Phys. 129, 046101 (2008); Yu. A. Makhnovskii, A. M. Berezhkovskii,
and V. Yu. Zitserman, ibid. 131, 104705 (2009); Chem. Phys. 367, 110
(2010); A. M. Berezhkovskii, L. Dagdug, Yu. A. Makhnovskii, and V. Yu.
Zitserman, J. Chem. Phys. 132, 221104 (2010); A. M. Berezhkovskii and
L. Dagdug, ibid. 133, 134102 (2010); L. Dagdug, M.-V. Vazquez, A. M.
Berezhkovskii, and S. M. Bezrukov, ibid. 133, 034707 (2010); L. Dag-
dug, A. M. Berezhkovskii, Yu. A. Makhnovskii, V. Yu. Zitserman, and
S. M. Bezrukov, ibid. 134, 101102 (2011); Yu. A. Makhnovskii, A. M.
Berezhkovskii, L. V. Bogachev, and V. Yu. Zitserman, J. Phys. Chem. B
(in press).

14R. Zwanzig, J. Phys. Chem. 96, 3926 (1992).

15D, Reguera and J. M. Rubi, Phys. Rev. E 64, 061106 (2001).

l6p, Kalinay and J. K. Percus, J. Chem. Phys. 122, 204701 (2005); Phys. Rev.
E 72, 061203 (2005); ibid. 74, 041203 (2006); ibid. 78, 021103 (2008).

17R. M. Bradley, Phys. Rev. E 80, 061142 (2009).

188 Lifson and J. L. Jackson, J. Chem. Phys. 36, 2410 (1962).

19p Kalinay and J. K. Percus, Phys. Rev. E 82, 031143 (2010).

20 A. M. Berezhkovskii, A. V. Barzykin, and V. Yu. Zitserman, J. Chem. Phys.
131, 224110 (2009).

21L. Dagdug and A. M. Berezhkovskii, J. Chem. Phys. 131, 056101 (2009).


http://dx.doi.org/10.1016/j.neuron.2006.10.025
http://dx.doi.org/10.1016/j.jtbi.2004.12.009
http://dx.doi.org/10.1016/j.jtbi.2004.03.003
http://dx.doi.org/10.1529/biophysj.103.039495
http://dx.doi.org/10.1016/j.neuint.2003.11.011
http://dx.doi.org/10.1085/jgp.72.4.513
http://dx.doi.org/10.1085/jgp.72.4.513
http://dx.doi.org/10.1085/jgp.47.6.1129
http://dx.doi.org/10.1111/j.1365-2389.1982.tb01744.x
http://dx.doi.org/10.1097/00010694-198206000-00002
http://dx.doi.org/10.1071/SR9680021
http://dx.doi.org/10.1071/SR9680021
http://dx.doi.org/10.1021/j100838a014
http://dx.doi.org/10.1103/PhysRevB.49.215
http://dx.doi.org/10.1063/1.2805068
http://dx.doi.org/10.1063/1.3010709
http://dx.doi.org/10.1103/PhysRevLett.96.130603
http://dx.doi.org/10.1103/PhysRevE.75.051111
http://dx.doi.org/10.1016/j.biosystems.2008.03.006
http://dx.doi.org/10.1002/cphc.200800526
http://dx.doi.org/10.1098/rsta.2009.0068
http://dx.doi.org/10.1016/j.chemphys.2010.03.019
http://dx.doi.org/10.1103/PhysRevE.82.051128
http://dx.doi.org/10.1103/PhysRevE.82.041121
http://dx.doi.org/10.1103/PhysRevE.74.051114
http://dx.doi.org/10.1063/1.2737453
http://dx.doi.org/10.1063/1.2813420
http://dx.doi.org/10.1103/PhysRevE.75.061126
http://dx.doi.org/10.1103/PhysRevE.80.011113
http://dx.doi.org/10.1063/1.3200923
http://dx.doi.org/10.1209/0295-5075/80/50009
http://dx.doi.org/10.1063/1.2710894
http://dx.doi.org/10.1063/1.3009621
http://dx.doi.org/10.1103/PhysRevE.80.011120
http://dx.doi.org/10.1063/1.3402779
http://dx.doi.org/10.1016/j.chemphys.2010.03.022
http://dx.doi.org/10.1063/1.3535559
http://dx.doi.org/10.1063/1.3526745
http://dx.doi.org/10.1063/1.1561615
http://dx.doi.org/10.1063/1.1615758
http://dx.doi.org/10.1021/jp051172r
http://dx.doi.org/10.1063/1.2955447
http://dx.doi.org/10.1063/1.2955447
http://dx.doi.org/10.1063/1.3224954
http://dx.doi.org/10.1016/j.chemphys.2009.11.005
http://dx.doi.org/10.1063/1.3451115
http://dx.doi.org/10.1063/1.3489375
http://dx.doi.org/10.1063/1.3431756
http://dx.doi.org/10.1063/1.3561680
http://dx.doi.org/10.1021/j100189a004
http://dx.doi.org/10.1103/PhysRevE.64.061106
http://dx.doi.org/10.1063/1.1899150
http://dx.doi.org/10.1103/PhysRevE.72.061203
http://dx.doi.org/10.1103/PhysRevE.72.061203
http://dx.doi.org/10.1103/PhysRevE.74.041203
http://dx.doi.org/10.1103/PhysRevE.78.021103
http://dx.doi.org/10.1103/PhysRevE.80.061142
http://dx.doi.org/10.1063/1.1732899
http://dx.doi.org/10.1103/PhysRevE.82.031143
http://dx.doi.org/10.1063/1.3271998
http://dx.doi.org/10.1063/1.3179679

