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Abstract. We consider a diffusing particle that randomly switches conforma-
tional state. Motivated by various scenarios in cell biology, we suppose that (a)
the diffusion coefficient depends on the conformational state and/or (b) the parti-
cle can only pass through a series of gates in the domain when it is in a particular
conformational state. We develop probabilistic methods to analyze this case of
diffusion with temporal heterogeneity, and use these methods to calculate the
expected residence time in portions of the domain before absorption at a bound-
ary. We find several new phenomena not seen in recent studies of diffusion with
spatial heterogeneity, some of which are counterintuitive. In particular, the ex-
pected residence times can be non-monotonic functions of (i) the initial distance
from the absorbing boundary and (ii) the diffusion coefficients. We focus on one-
dimensional intervals, but show how the analysis can be extended to spherically
symmetric d-dimensional domains.
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1. Introduction

A fundamental quantity in the mathematical theory of random walks and diffusion
processes is the occupation time [18, 16], which was originally defined as the time spent
by a Brownian particle in Rt = [0, 00) within a time window of size ¢. That is, given
the Brownian motion X (t) € R, the occupation time 7' is

T::/O O(X (7))dr, (1.1)

where ©(X) denotes the Heaviside function. The residence time T is an example
of a Brownian functional. Since X(t), ¢ > 0, is a Wiener process, it follows that
each realization of a Brownian path will typically yield a different value of T', which
means that T will be distributed according to some probability density P(T,t|xg,0)
for X(0) = xo. The statistical properties of a Brownian functional can be analyzed
using path integrals, and leads to the well-known Feynman-Kac formula [17]. For
a general review of Brownian functionals and their applications, see Ref. [19]. An
immediate generalization of equation (1.1) is to take

T::/0 Iy (X (7)))dr, (1.2)

where X (t) € R? is a continuous stochastic process and Iy (x) denotes the indicator
function of the set V' C R?, that is, Iy/(z) = 1 if # € V and is zero otherwise. (Note
that for one-dimensional (1D) motion, ©(x) = Ip+(z).) More recently, occupation
times have figured prominently in a variety of physical applications under the
alternative name of residence times. Examples include the non-equilibrium dynamics
of coarsening systems [11, 20], ergodicity properties of anomalous diffusion [10, 21],
simple models of blinking quantum dots [22], fluorescent imaging [1], and branching
processes [12]. Since a residence time concerns the amount of time that a Brownian
particle spends in some bounded or partially bounded domain M C R?, a natural

(a) (b)

Figure 1: Schematic diagram of two possible trajectories for a Brownian particle that
randomly switches between two conformational states n = 0,1 according to a two-
state Markov chain with transition rates «, 5 (temporal heterogeneity). (a) Switching
between different diffusion coefficients Dy, D;. (b) Brownian particle can only pass
through a pore when in the state n = 0.
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extension is to replace the upper limit ¢ by a stopping time such as the first passage
time (FPT) to reach a section of the boundary M. This type of residence time
has recently played an important role in the calculation of mean first-passage times
(MFPTs) in spatially heterogeneous media [9, 23, 24].

In this paper we use probabilistic methods (conditional expectations and the
strong Markov property) to determine the stopped residence times of a Brownian
particle in a bounded domain with temporal rather than spatial heterogeneity. The
introduction of temporal heterogeneity is motivated by the idea that macromolecules
in cell biology often switch between different conformational states [2]. For simplicity,
we will assume that a particle can randomly switch between two conformational
states labeled n = 0,1 and that this switch has two possible effects: (i) the diffusion
coefficient depends on the state n and (ii) there are pores separating different spatial
domains and the particle can only pass through a pore when in the state n = 0, say.
Thus the pore acts like a stochastic gap junction [6, 7). These two cases are illustrated
in Fig. 1. The analysis of residence times with a switching diffusion coefficient is
presented in section 2, and the extension to stochastically-gated residence times is
presented in section 3. In particular, we show how temporal heterogeneity can lead
to counterintuitive behaviors, such as the non-monotonic dependence of expected
residence times on the initial distance from an absorbing boundary and on the diffusion
coefficient.

2. Residence times without gating

2.1. Brownian particle with temporal heterogeneity

Consider a Brownian particle diffusing in the one-dimensional (1D) domain of length
L shown in Fig. 2. The domain is partitioned into cells of size I, ml = L, with a pore
or gate at each junction z = ki, k = 1,...(m — 1)l. Suppose that particle switches
between two conformational states labelled n = 0,1 such that n(t) € {0,1} evolves

. . B . .
according to a two-state Markov chain, 0 = 1, with the matrix generator
«

A:(_ﬂﬁ O‘a). (2.1)

We assume that the two conformational states have distinct diffusion coefficients D,,,
n = 0,1 as illustrated in Fig. 1(a). We then distinguish between two scenarios.

(i) Ungated: the particle can pass through the pores in both conformational states so
the cell junctions have no effect.

IR | | S

x=0 x=(k-1)I x=KkI x=(k+1)I x=ml

Figure 2: One-dimensional domain of length L partitioned into m cells of size [ with
gap junctions at the interior points x = ax = kl, k=1,m — 1.
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(ii) Gated: the particle can only pass through a pore in conformational state n = 0,
see Fig. 1(b).

In this section we focus on the ungated case, and consider the effects of gating in
section 3. Let X (¢) be the position of the particle at time ¢, which evolves according
to the piecewise stochastic differential equation (SDE)

dX (t) = \/2D,, dW (t), (2.2)
when n(t) = n € {0,1}. Here W(t) is a Wiener process with (dW(¢)) = 0 and
(AW (£)dW (")) = 6(¢t — t')dtdt’.

Assuming the initial conditions X(0) = x,n(0) = mng, we introduce the
probability density p,(z,t|xg, ng,0) with

P{X(t) € (z,z + dx), n(t) = n|zg, no} = pn(z, t|xo, ng, 0)dz.

It follows that p,, evolves according to the forward differential CK equation (dropping
the explicit dependence on initial conditions) [14, 2]
Opn 62pn (-777 t

)
=D + E A =0,1 2.
ot T a2 2 nmPm(z,t), n=0, (2.3)

Now suppose that there is an absorbing boundary condition at = 0 and a reflecting
boundary condition at x = L:

Opn (L, t)
pn(0,t) =0, e 0 (2.4)
Given the first passage time
T :=inf{t > 0: X(t) =0}, (2.5)

we define the (stopped) residence time in the interval (ag, ax+1) according to
T
Tr = / Loy ) (X(1))dt, k=0,...,m—1. (2.6)
0

Note that 327" ' Tx = T almost surely.
In this paper we are interested in calculating the mean residence times 7" (o),
where

7 (%0) = Eggm[Ti], (2.7)

with 7 the residence time in the interval (a,ax+1) and E, ,,, denotes expectation
with respect to the stochastic process conditioned on X (0) = z¢ and n(0) = m. Given
the solution p,(z,t|zo, m,0) to the CK equation (2.3), we have

AR41 o0
W)= 3 [ dn [ dtp(otlaam,0). (2.8)
n=0,1" %k 0

Setting g, (xo,t) = Zn:O,l pn(x, |z, m,0), the backward CK equation takes the form

Igm 0@ (0, 1) T
W = Dmaix(g) +n§1 Amnqn(xovt)' (29)
The associated boundary conditions are
a m L7t
gn(0.0) =0, QmED

83:0
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It follows that 7" evolves according to

Dm + > AL = —Tiap.anin) (@), (2.10)

83:0 n=0,1

supplemented by the boundary conditions

7"(0) =0, 7' (L)=0.

2.2. Probabilistic formulation

One could determine the mean residence times 7" by explicitly solving the piecewise
differential equations (2.10). However, this becomes considerably more involved in
the gated case, see section 3. Therefore, we will consider an alternative, probabilistic
formulation of the above process, which will allow us to apply methods developed in
previous work to the analysis of gated residence times [7]. In addition to simplifying
the analysis, our approach has a number of other advantages. First, it provides insights
into the nature of sample paths that contribute to the residence times. Second, the
method can be extended to Brownian particles moving in a potential V', for which
equation (2.2) becomes dX(t) = V(X)dt + /2D, dW(t). Although the resulting
Chapman-Kolmogorov equation cannot be solved exactly, except for special choices
of V, qualitative aspects of the dynamics can be obtained using the probabilistic
approach, see for example [4, 5].

For ease of notation we drop the subscript on the initial position xy. Before
proceeding, it is useful to recall a few basic definitions from probability theory.

Conditional expectations and the tower property. Consider a sample space ) with
o-algebra F and probability measure P. In the case of two random variables on the
probability space (2, F,P), we define the conditional expectation of Y given X by

E(Y]X) = / yp(y|X)dy,

where p(y|X) is the conditional probability density with respect to X. This definition
can be generalized to conditional expectation with respect to a o-algebra (instead of
with respect to a random variable), see [13, 15]. The conditional expectation satisfies

E(Y]X)) //yp ylz)p(x)dydr = /ypz(y,x)dydx =E(Y),

where p, is a joint probability density. Using a similar argument, one can also derive
the tower property

E(E(Y X1, X2)[X1) = E(Y[X1).

Stopping times and the strong Markov property. Let X = {X(¢),t € Rt} be a
continuous stochastic process defined on (2, F,[P). The o-algebra generated by the
stochastic process X up to time ¢t then corresponds to sets of sample paths, realizations
or trajectories {X(s),0 < s < t}. A stopping time 7 is a time that depends on the
path {X(¢),t € R}, and is thus a random variable. A defining feature of a stopping
time is that one knows at time ¢ whether or not 7 < ¢, that is, knowledge of the sample
path {X(s),s < t} is sufficient to determine whether or not 7 < ¢t. It immediately
follows that the first passage time (2.5) is a stopping time. Given any stopping time
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T with respect to X, if the stochastic process Y (¢) = X(¢t+T)— X (T) is independent
of {X(s),s < T} then X is said to satisfy the strong Markov property.

We will make repeated use of the strong Markov property and conditional
expectations in the following. Define the first time the particle reaches position
y € [ag, am] when the jump process is in state n € {0,1},

sy o= 1inf {t > 0: {X(t) =y} N {n(t) = n}}. (2.11)

For any stopping time S, we denote the o-algebra generated by the process
{(X(t),n(t))}:_, until time S by F(S). If x € [ao, a], then by the tower property of
conditional expectation and the strong Markov property, we have that

7% (1) = Bon[Telsg <7150 <o 1+ Ban([Tila <7l <so |
= Ex,n[lsgk <T182k<s}lkEx,n[77€|]:(Sgk)”
ol <7l s, Bonl TeIF ()]
=Pun({sa, <T}N{sq, <sa, )7 (ar)
+Pon({ss, <TrN{sy, <so })7i(ar). (2.12)
Since we will be using similar arguments throughout the paper, it is worthwhile
deconstructing this result. The first equality simply states that conditioning the
residence time 7j on the particle entering the interval [ag,a41] is trivial when
x < ag, since T, = 0 otherwise. The second equality is an application of the tower
property, whereas the third uses the strong Markov property and the fact that there

is no contribution to the residence time prior to first entering the interval [ag, axi1].
Similarly, if « € [akt1, am], then

T (z) = Eﬂc,n[nlsgk+l<sl 1] +Ex7n[77€15(11 o |

P+ k+1 <s“k+1
= IP’QWL(SE)%+1 < s}lk+1)7',?(ak+1)

+ (1 =Pyn(sd , <sb  ))7h(aks1). (2.13)

kg1 ki1
In order to use (2.12) and (2.13) to calculate 75, we will obtain explicit expressions
for the splitting probabilities
pi(@) == Pon({sq, < TN {sq, <sq.}) € [0,a]
() == ]P’I,n({sik <T}in {s}lk < sgk ), x€]0,a
qp(z) = ]P’gg,n(sgwrl < s}lkﬂ), T € [akt1, Qm).
We will find it convenient to work with the following sums and differences

. 0 1 . 0 1
Sri=1 471, Ari=T — T,

with S,, Ay, Sz, Ap, and S, A, defined analogously. In these new variables, (2.12)
and (2.13) become
3(Sp(x) + S5(2))Sr(ar) + 3 (Sp(z) — Sp(2))Ar(ar), € [0, ax]
Sr(x) = (2.14)
Sr(aps1) + (Sq(z) — 1)Ar(ap41), T € [ag41, am)

3(Ap(@) + Aj(2))Sr(ar) + 3(Ap(x) = Ap(@))Ar(ar), @ €[0,ax]
A (z) = (2.15)
Aq(x)AT(ak+1)7 WS [ak+17 Q)
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Following our previous work [3, 4, 7] one can show that A, and .S, satisfy the
following ODEs on (ag, ai)

LA, -T A, =0, (2.16a)

LS, -T'_A, =0,, (2.16b)
where

d2 Dlﬁ + Doa
=— Ipi=— 2.1

L= T D1 Dy (2.17)
with boundary conditions

Ap(ag) = Splag) =0, Ap(ag) = Sp(ag) = 1. (2.18)

Further, A; and S satisfy (2.164)-(2.16b) and (2.18), except the boundary condition
for Aj at © = ay is Ap(ag) = —1. Tt follows that

Ay =—A,, (2.19)
and thus

L(S,+S;) =0 (2.20a)

L(S, —S;) —2I_A, =0, (2.200)

with boundary conditions

(Sp + 5)(a0) =0, (Sp + Sp)(ar) =2

(Sp — Sp)(a0) =0, (Sp — Sp)(ar) = 0.
Similarly, A, and S, satisfy (2.16a)-(2.160) on (ak+1, @) with boundary conditions

Ag(art1) = Sqlarsr) =1

Ay (am) = Sp(am) = 0.
We can now solve these boundary value problems explicitly and obtain exact
expressions for A,, S, + S5, Sp — S5, Ay, and S;.  Setting a; = jl for each
j€40,1,...,m}, we have

A,(z) = csch(y/I'4kl) sinh(y/I' ),

(Sp + Sp)(@) = 2/ (kl),

20'_ [kl sinh(y/T 4 @)csch(y/T4kl) — ]

(Sp — Sp)(x) = Tkl )
Ay(x) :sech(\/ft(m— (k+1))l) cosh (\/ﬁ(ml—x)),
S0 = -1+

It remains to determine A, and S; on [ak, ar+1]. Again, following our previous
work [3, 4, 7] one can show that A, and S; satisfy the following ODEs on (ay, ax+1)

LA, —T A = —v_ (2.21a)
LS, —T_A, = —v4, (2.21b)
where
Dy £ Dy
T+ =

DDy
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Differentiating (2.14) and (2.15) and imposing continuity yields the boundary
conditions

St(ax) = g (Splar) + Sp(a))S-(ax) + 5(S)(ax) — Shlax)A-(ax)

Al(ar) = Ay(ar)Ar(ak) (2.22)
St(ak+1) = Sg(an+1)Ar(ak+1)
Al (ar41) = Af(ar+1)Ar(an1). (2.23)

We have used (2.19) in (2.22) and (2.23). Again we can solve this boundary value
problem explicitly and obtain explicit expressions for S; and A,. In particular, with
a; = jl for each j € {0,1,...,m}, we have that

Ar(x) = g—; - Lsech(\/ﬁml) [cosh (\/ﬁ((kj +1—m)l —x))
+ cosh (\/ﬁ((k +m)l — z)) + cosh (\/IT((k‘ —m)l + 1))
—cosh (T ((k+1-m)l + x))},

ef\/ﬁ(2kl+l+x)

S, (z) = ™ [Qeﬁ(zk””w) (»,_r_ (T (K212 — 2(k + D)l + 22) + 2)
— T3 (K12 = 2(k + Dl +2%))
4 D_(eVTH — 1)eVT+H ((eﬁ@““) + VT _ 1) tanh(y/Tymi)
+ sech(\/ﬁml)e‘/ﬁ(m*lmﬂﬂx) — 1)
—y T (e T (kl+2z) | oV/T+ (kl+1422) n oV/ T+ (3kI+D) + e\/ﬁ(Bk—&-Z)l)]
2.3. Results

In applications, one is not typically interested in the initial discrete state n(0).
Therefore, in the following we will assume that n(¢) starts in its invariant measure,

o B
o+ B’ a+ B
and set 7, = p()T,g + p17.. Thus all of our numerical results will be in terms of 7
rather than the components 7. We fix the units of length by setting { = 1 and taking
a baseline switching rate to be « = 8 = 1. Within the context of cell biology we would
typically have [ = 1um and « = 157! so that D varies between 0.01 — 10um?s~1.
Plotting the various explicit formulae reveals that diffusion with temporal disorder
exhibits some qualitative behavior not seen in diffusion with spatial disorder [9, 23, 24].
In particular, Fig. 3 shows that 74 (z) (the expected residence time in [ag, ax+1] before
absorption at ag given initial position z) is not monotonically increasing in z. For
diffusion without temporal disorder, 7i(x) is monotonically increasing in x because
starting further away from ag increases the first passage time to ag and therefore can
only increase the time spent in [ax, ag1]. However, this line of reasoning is violated
if the diffusion coefficient changes in time. To see this, suppose D; > 1 so that the
particle is absorbed at ag almost immediately once the diffusion coefficient becomes
D;. Hence, the only appreciable residence time in [a,ar+1] is accumulated when
the diffusion coefficient is Dy. Further, suppose that Dy < 1 so that the particle

B(n(t) = 0) = po = B(n(t) = 1) = p1 =

1
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0.8

ka (I)

Figure 3: Expected residence time is non-monotonic in starting position. Here,
Dy = 0.01, D; = 10, ag = 0,1 = 1, and a,, = 3. The monotonically increasing
green dashed curve is with Dy = D; = 1(0.01) + £(10) and thus with no temporal
heterogeneity.

71 (235D /11 (z; Dy)

Figure 4: Increasing the diffusion coefficient can increase the expected residence time.
The ratio of 71(x;5Dg) to 71(x; Dg) is plotted as a function of initial condition x.
71(z, Dy) is the expected residence time in [a1, as] with diffusion coefficient Dy = 0.01
when n(t) = 0 and diffusion coefficient D; = 100 when n(t) = 1. 71(z,5Dp) is the
same expected residence time except the diffusion coefficient is 5 times larger when
n(t) = 0. Notably, this ratio is greater than one for most initial conditions. Here,
ap=0,l=1, and a,, = 3.
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is unlikely to move very far from its initial position before the diffusion coefficient
becomes D;. Thus, if the initial condition is outside of [ak, ax+1] (or inside [ak, agi1]
but near ax or agy1), then 7, (z) will be much less than if x was closer to the center
of [ag, agy1].

In addition, Fig. 4 shows that increasing the diffusion coefficient can actually
increase the expected residence time. To see how temporal disorder can yield this
counterintuitive result, suppose that Dy < 1, Dy > 1, and z ¢ [ag, ak+1]. Thus, the
particle will not accumulate much residence time in [ay, ar41] before absorption at ag
because it is unlikely to enter [aj, axt1] when the diffusion coefficient is Dy (because
x ¢ lag,ar+1] and Dy < 1), and the particle will be absorbed almost immediately
once the diffusion coefficient becomes Dy (because D1 > 1). However, increasing Dg
increases the probability that the particle will enter [a, ar+1] and thereby increases
the expected residence time in [ag, ag+1] before absorption at ag.

We now investigate how 7 (z) depends on the switching rate a4+ . In the slow
switching limit (o + 8 < 1), the diffusion coefficient is very unlikely to switch before
the particle is absorbed, so the expected residence time is simply the average

Ti(2) & poT (z; Do) + p1T'(w; D1), (2.24)

where T'(x; D) is the expected residence time given that the diffusion coefficient is
always D, which is of course a classical object. On the other hand, in the fast switching
limit (a4 > 1), switching between diffusion coefficients Dy and D; averages to an
effective diffusion coefficient pg Do+ p1 D1 (see [8]) so that the expected residence time
becomes

0.6 | | == slow switching limit

slow switching
= fast switching

0.5 | | mmm fast switching limit

71(2)

Figure 5: Expected residence time 74 (x) as a function of initial condition, x, for various
switching rates, a + 8. Here, Dy =1, D; =10, a9 =0, [ = 1, and a,,, = 3. The green
curve has o = 0.1, 8 = 0.2. The red curve has a« = 0.4, 8 = 0.8. The black curve is
(2.24) and the blue curve is (2.25).
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Fig. 5 shows that 74 (z) decreases from (2.24) to (2.25) as the switching rate o + 8
increases.

2.4. Higher spatial dimensions

The above analysis of residence times can be extended to higher spatial dimensions.
Following [24], consider a Brownian particle diffusing in a spherically symmetric
domain with an absorbing inner boundary at radius ag and a reflecting outer boundary
at radius a,,. Thus, the radial position of the particle X (¢) € [ag, a,] evolves according
to the SDE
dX(t) = Dni((t)l dt + /2D, dW (t), (2.26)

when n(t) = n € {0,1}. As in section 2.2, we would like to compute the expected
value of Ty as a function of starting position with 7 the residence time in the interval
[ak,ar+1]. The analysis is almost identical except that the differential operator £ of
equation (2.17) becomes
d—1d d2 Dlﬁ + DQOé

— + 7 9 I‘:I: =

r dx  dz? DDy

The resulting analytical expressions are considerably more complicated, and require
the use of a symbolic package such as Mathematica. For the sake of illustration, the
relevant expressions in the two-dimensional case are given in the appendix.

In Fig. 6 we illustrate how the expected residence time in the k-th interval,
[ak,ak+1], grows as a function of k for different spatial dimensions, d € {1,2,3}.
We find that this expected residence time grows like k%!, which is the size of the

(2.27)

01

8.1072

6-10~2 3D

41072 \ 1D

2-1072 k 2D

7 (a1)/Sk(d)

0 5 10 15 20 25 30 35 40 45 50

Figure 6: Expected residence time in the k-th interval grows like k%! in spatial
dimension d. The ratio 74 (a1)/Sk(d) is plotted as a function of k, where Sk(d) is the
size of the d-dimensional annular region defined by a radius between a; and ajy1,
defined in (2.28a)-(2.28¢). Here, Dy =3, D1 =50, a =1, 8 =1, a9 = 0.05, [ = 1,
and a,, = 100.
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d-dimensional annular region defined by a radius between ay and ayx41. That is, let
Sk(d) denote the size of this k-th region in dimension d. Hence,

Sk(1) = (k+ 1) —kl=1 (2.280)
Sk(2) = m(ag + (k + 1)) — w(ap + kl)* =~ k (2.28b)
Sk(3) = %W(ao + (k+1)1)% - %W(ao + k)3 ~ k2. (2.28¢)

Fig. 6 shows that the ratio 74(a1)/Sk(d) is constant for large k.

3. Gated residence times

Now, suppose that each internal boundary at x = a;, is stochastically-gated. That is,
there is a Markov jump process n(t) € {0,1},

B
0=1,
(03
so that the particle cannot pass through x = ay, if n(t) =1 (see Fig. 1(b)). Moreover,
we take the diffusion coefficient to depend on the conformational state, n(t), as in
section 2. Of course, if we want to consider the effects of the gating only (and not the
switching diffusion coefficient), we can take Dy = D;. For the sake of simplicity, we
focus on the 1D problem.
Following section 2, we would like to compute the expected value of T as a
function of starting position, so we again decompose 7, = poTp + p17¢ with
Define the splitting probability r} by
T (T) = Px,n(sgk <T),
where s is as in (2.11). If « € [0,a;), then by the tower property of conditional
expectation and the strong Markov property, we have that
T () = Ez,n[nlsgk <7l = ]Ex,n[lsgk<TEx,n[77€|F(52k )]
= Pun(sa, < T)Ea.0lTi]
= 7 (x) 7T (ag). (3.1)
Further, if x > ag41 then
T (x) = Ew,n[]Ew,n [77€|-7:(52k+1)” = Eak+1,0[77v]
— 7(axs). (3.2)
Thus, we now need to determine the splitting probability rg () in order to determine
Tr(x). We will do this three steps.
First, we show that if € (aj,a;+1), then r?(x) is an average of 79(a;) and
rY(a;+1). By the strong Markov property,

rp(x) = Pr?n(sgk <T| sgj < 82 )van(sg_j <52 )

aji1 aji1
'HPz,n(Sgk <T] 32_7 > 52j+1)Px,n(52j > 52_j+1)
= Paj,o(sgk < T)Pz,n(sgj < 52j+1)
+Paj+1,0(32k < T)Px,n(sgj > sng)

= rp(a;)[1 = P} (@)] + ri(a;41)7; (@),
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where ' (7) := Pwm(sgj > sgjﬂ). Following our previous work [3, 4, 7] one can show
that p} satisfies the following ODEs on (a;,a;+1)
DoLp) + B(p; —P)) =0, (3.3a)
Dlﬁp] + a(pj ) =0, (3.3b)
where L is the differential operator defined in (2.17), with boundary conditions

N d _ d _ _
p}(aj) = @p}(%‘) = %Z’}(%‘H) =0, and Pj(a;41)=1.

One can solve this boundary value problem explicitly and obtain explicit expressions
for p%. In dimension d = 1:

BD3*? (sinh ((—jl 4+ 1/2 + 2)A) + sinh (LA))
ZﬂDS/2 sinh (LA) + aly/Do(aDy + BDy) cosh ($A)

N a(—jl + 1+ z)\/Do(aDy + BDy) cosh (A7)
ZBD?’/2 sinh ( ) + al\/mcosh (%A) 7

P)(z) =

(3.4)
RV vDy (BDysinh ($A) — aDg sinh ((—jl +1/2 + z)A))
P = S D inls (LA) + aly/Do(aDo T 5D cosh (L)
N a(—jl + 1+ z)\/Do(aDy + BDy) cosh (A7)
26D§/2 sinh ( ) + al\/mcosh (% )
(3.5)
where
B
A= DT + o (3.6)
Finally, to determine r{ it remains to find the k — 1 constants, {r{(a;) ;:11

Similar to the argument above, one can show that if 1 < j < k, then r,g(aj) is an
average of its neighbors, r{(a;_1) and 79(a;j11),

ri(a;) = (1= Qz)ra(aj—1) + Qjra(aj+1), (3.7)
where @); is found by solving a certain boundary value problem. In particular,
Q; = @?(aj) where g} () satisfies

DoL) +B(q; —q;) =0, € (aj_1,a;) U (aj,a;41),

Dlﬁ@l—l—a(@? —q%) =0, ze€ (aj_l,aj)u(aj,aj+1),
with boundary conditions

d d d d
—0 _ 4 _ 4 _ 4 _ 4 _ 0 _
q;(aj-1) = 7-75(aj-1) = --G5(0;) = --G5(0;) = --G5(a541) =0, Gj(az41) =1,
and continuity conditions
d d

—0 _ -0 —0 _ —0

Qj(of) = Qj(0+)a and d.ri_qj(aj) = ﬂq]'(aj)-
In the case of uniform spacing, aix = kl, and one space dimension d = 1, symmetry
ensures that ); = 1/2. Thus in this case, rearranging (3.7) yields that the constants
{r,‘g(aj)}le satisfy a discretized Laplace equation

rp(aj—1) — 2rQ(a;) +rR(a;41) = 0,
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with boundary conditions 79(ag) = 0 and 7{(ay) = 1. Thus,

o, y_J
ri(aj) L
Putting this together, we have that

d 1d
%7“2(@1@) = E%ﬁg(ak)-
Now, with this explicit value of r}}, we can find an explicit formula for 7, =
pm’,? + p1 T]i. In particular, following our previous work [3, 4, 7] one can show that ;"
satisfies the following ODEs on (ax, ag+1)

DoLT + B —7) = —1 (3.8a)

DiLry; +a(r) — 7)) = —L. (3.8b)
Differentiating (3.1) and (3.2) and imposing continuity yields the boundary conditions

d d 1d_

%Tg(ak) = Tz?(ak)%rg(ak) = Tf(ak)%%pg(ak), (3.8¢)

d

ﬁﬁg(ak) =0, (3.8d)

d

%Tg(akﬂ) = 0. (3.8¢)

We have used that %r,ﬁ (ar) = 0 to obtain the no flux boundary conditions for 7.
Solving this boundary value problem explicitly, we find that the expected residence
time in the k-th interval, 7. (z) = po7P(z) + p17(2), is

B 1

o QAOzDQ(Oé + ﬁ) (O(DO —|— ﬁDl)Q

(a(DO — Dy)esch(IA) cosh ([(k + 1)l — z] A)

() [QABZ(a + B)\/DoD:(aDo + BD1)

+ Dy(a+p) coth(lA)) — (aDy + BD1)
(AaDO (aQ(kl — ) ((k +2)1 — @) + 28(a(kl — 2)((k + 2)l — 2) — Do + D)
+ B2(ki — 2)((k + )l — 7)) — 2+ B)*(aDo + D)),

where A = 1450 (ax) and Py, is in (3.4).

In Fig. 7, we investigate how the expected residence time 74 (x) depends on the
switching rate a+ 3. Asin section 2, we find that the expected residence time decreases
as the switching rate increases. We further find that the gates have no effect on the
particle in the fast switching limit. We have observed this phenomenon in other works
([3, 4, 7]), and there are multiple ways to understand it. The simplest explanation
follows from the behavior of Brownian motion at fine spatial scales; namely, any time
a Brownian particle hits a boundary, it hits it infinitely often. Thus, even if n(t) =1
when the particle hits x = ay, the particle will hit x = a; many times shortly after
the first hit, and n(¢) must be equal to zero at one of those times if it is switching
at a sufficiently high frequency. Indeed, if a Brownian particle starts on a boundary
that switches between reflecting and absorbing, then the expected absorption time
vanishes as the switching rate increases [4, 5].
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8,

= slow switching /—_

as med. switching
= fast switching
6| | = ungated

Figure 7: Gated expected residence time 75 (x) as a function of initial condition, z, for
various switching rates, a + 8. We see that the gates have no effect on the particle in
the fast switching limit. Here, Dy = D; =10, a9 =0, [ = 1, a,, = 3, and the spatial
dimension is d = 1. The black curve has a = 8 = 0.1, the green curve has o = 8 =1,
the red curve has a = § = 100.

4. Discussion

In this paper, we considered diffusion in a spherically symmetric d-dimensional domain
and assumed that the particle randomly switches conformational state according to
a Markov jump process. Motivated by various scenarios in cell biology, we supposed
that (a) the diffusion coefficient depended on the conformational state and/or (b) the
particle can only pass through a series of gates in the domain when it is in a particular
conformational state. We calculated the expected residence time in certain portions
of the domain before absorption at a boundary.

Our work can be viewed as a temporal analog of the work on diffusion in spatially
heterogeneous media [9, 23, 24]. That is, while these previous studies supposed that
the properties of the diffusing molecule change in space, we allowed the properties to
change in time. In order to study this case of temporal heterogeneity, we developed
probabilistic methods to analyze the problem. We found several new phenomena not
seen in diffusion with only spatial heterogeneity, some of which are counterintuitive.

There are a number of possible extensions of our work. One is is to allow the rate
at which the conformational state switches to depend on the position of the particle,
thus resulting in a certain mix of spatial and temporal heterogeneity. This extension
is natural because in cell biology, the change in conformational state of a molecule is
often governed by binding or unbinding to a different molecule whose concentration
varies across the cell. Another extension would be to consider a diffusion coefficient
that depends on space (as in [24]) in the presence of stochastic gates. We expect that
this analysis will depend crucially on whether one chooses the Ito, Stratonovich, or
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kinetic interpretations of the stochastic integral.

Appendix

In this appendix, we collect some explicit formulas from section 2 for the two-dimensional case. Let
I, and K, denote modified Bessel functions of the first and second kinds, respectively, and introduce
the set of functions

Jmn(z,y) = In(y/ F+$)Kn(\/ﬁy)~
‘We then have the following expressions for the various functions used to determine the residence time
in (ag,ak41):
Joo(, a0) — foo(ao, x)
Ap(z) =
Joo(ak;ao) — foo(ao, ax)
2log (42)

tox (1)

2r_ <log( )foo(ao,ak + log (a )foo ao, +10g( >foo(a: ao) + log (42) foo(ak,ao)>

(Sp + 5p)(2) =

(Sp — Sp)(x) = —
P P Ty log <a—0) (foo(ak,ao0) — foo(ao,ar))

)= fro(am, ) + for(z, am)
fro(am, ary1) + for(ars1,am)
_ Ty =T )[f10(am, ar+1) + for(ak+1, am)] + T [f10(am, x) + foi(z, am)]

Sq() Ty [fio(am,ar+1) + for(ak+1,am)]
A (z) = Vi [Fk(flf) + Fi(z) — Gy(a) — ék(m] - liolam, ao) + for(ao, am)]
-(z) = T4 [fio(am,ao0) + foi(ao, am)] ,

where
Fi.(z) = v- fio(am, z)[ary1 fo1 (a0, ary1) — ak fo1(ao, ar)]
Fy(z) = v— fo1 (x, am)[ak+1 fro(art1,a0) — ag fro(ax, ao)]
Gi(z) = 7= fio(am, ao) [ak fro(ak, ) + ak+1fo1 (=, axt1)]
Gr(x) = - for(ao, am) lag for (@, ar) + aky1f10(ak41,2)]

and

S: (@) = <[f01(a0, @) + F10(am, a0)] [Hy(@) + 4axy—T— (fro(ar, a) + fo (ax, ax))]

+4T_ [Fi(e) + Fi(e) — Gr(z) — Gi(@)] ) (4Fi/ > (f10(am, ao) + fo1(ao, am») o

where
Hy(z) = ( 2ak7 r_ \/F+10g( ) +2ak7+F /2log( ) +2ak+17 I_ \/F+log( )
ag ak
3/2 ao 3/2 3/2
_2ai+1’Y+F+/ log (a) - aﬁ’y_F_\/F_._ + ai’)q_F_‘_/ + Qai_‘_l’y_f‘_\/F_._ log(ak) — 2a%+1'y+F+/ log(ak)

f2a%+17_1"_ VT4 log(z) + Za%_,_ly_,_l"ip log(x) +v-T— /T2 — *y_,_l"i/QzQ)
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