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Joint distribution of multiple boundary local times
and related first-passage time problems with multiple targets
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CNRS — FEcole Polytechnique, IP Paris, 91128 Palaiseau, France
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(Dated: September 1, 2020)

We investigate the statistics of encounters of a diffusing particle with different subsets of the
boundary of a confining domain. The encounters with each subset are characterized by the boundary
local time on that subset. We extend a recently proposed approach to express the joint probability
density of the particle position and of its multiple boundary local times via a multi-dimensional
Laplace transform of the conventional propagator satisfying the diffusion equation with mixed Robin
boundary conditions. In the particular cases of an interval, a circular annulus and a spherical shell,
this representation can be explicitly inverted to access the statistics of two boundary local times.
We provide the exact solutions and their probabilistic interpretation for the case of an interval and
sketch their derivation for two other cases. We also obtain the distributions of various associated
first-passage times and discuss their applications.

PACS numbers: 02.50.-r, 05.40.-a, 02.70.Rr, 05.10.Gg
Keywords: Diffusion-influenced reactions, Boundary local time, Statistics of encounters, Surface reaction,
Robin boundary condition, Heterogeneous catalysis

I. INTRODUCTION

Diffusion-controlled reactions and related stochastic processes in an Euclidean domain © C R? are typically de-
scribed by the propagator (also known as the heat kernel or the Green’s function), G4 (z, t|zo), that is the probability
density of the event that a particle started from xg € 2 at time 0 has arrived in a vicinity of a point & € (2 at time
t without being killed (or reacted) on the boundary 02 of the domain E—B] For ordinary diffusion, this propagator
satisfies the diffusion equation (for any starting point xy € ),

0,Gy(z,t|zo) = DAG,(z, t|z0) (x € ), (1)
subject to the initial condition G4(x,t = 0|x) = d(x — =p) and the Robin boundary condition on 0€2:
8an(.’IZ, t|$0) + qu(m,t|m0) =0 (.’13 € 89)7 (2)

where D is the diffusion coefficient, A is the Laplace operator (acting on x), 6(x — @) is the Dirac distribution, and
Oy, is the normal derivative on the boundary 02, oriented outward the domain €. The parameter ¢ characterizes
the reactivity of the boundary and ranges from ¢ = 0 (an inert reflecting boundary with Neumann condition) to
+0o0o (a perfectly reactive boundary with Dirichlet condition). The intermediate case of 0 < ¢ < 400 corresponds to
partial reactivity of the boundary which can represent overpassing a reaction activation barrier M], the coarse-
graining effect of microscopic spatial heterogeneities of reactive patches ], stochastic activity of the target
(open/closed channels, switching between conformational states of a macromolecule) [23-26], and other microscopic
mechanisms m—@] (see an overview in ﬂﬁ]) The propagator determines most commonly employed characteristics of
diffusion-reaction processes such as the survival probability, the reaction time distribution, and the reaction rate, that
found numerous applications in physics, chemistry and biology ] Importantly, the propagator and all related
quantities depend on ¢ implicitly (as a parameter of the boundary condition) that makes the study of this dependence
and its eventual optimization challenging.

To overcome this limitation, we proposed an alternative description of partial reactivity in terms of the boundary
local time that quantifies the encounters of a diffusing particle with the boundary of a confining domain ] The
boundary local time ¢; naturally appears in the stochastic differential equation for reflected Brownian motion X
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M] and can be expressed in terms of the residence time of X; in a thin boundary layer 9€),

a—0

t
D
gt = lim E /dt/ @(CL — |8Q - Xt/|)a (3)
0

residence time in 9,

where ©(z) is the Heaviside step function, which represents the indicator function of a thin layer of width a near
0 00, = {x e : |x— 0909 < a}. Note that the prefactor D/a renders ¢; to be in units of length. We also
stress that the boundary local time should not be confused with the point local time, which was thoroughly studied in
the past (see [50-152] and references therein). For reflected Brownian motion on the half-line, the distribution of the
boundary local time has been studied long ago m, @] In a recent paper, we proposed a general spectral approach
to obtain the distribution of the boundary local time for Euclidean domains with smooth boundary by using the
Dirichlet-to-Neumann operator ﬂﬁ] This approach was further extended in ] to get the joint probability density
P(x, ¢, t|xp) of the position X, of the particle diffusing in a domain Q with reflecting boundary, and of its boundary
local time /¢; at time ¢, given that it has started from a point g at time 0. This so-called full propagator was shown
to be related to the conventional propagator G, (x, t|xo) via the Laplace transform:

(x,t|xo) = [ dle 9 P(x, 0, txo). (4)

o\

Here, the surface reactivity parameter ¢ appears explicitly in the prefactor e~ which comes from the assumption
of constant boundary reactivity. Other reaction mechanisms with encounter-dependent reactivity were introduced
and studied in [46] (see also Sec. [¥] below). We emphasize that the propagators Gy(z,t|x) (with ¢ > 0) and
Go(x,t|xo) (or its extension P(x, ¢, t|xg)) correspond to the distinct cases of reactive and reflecting (inert) boundaries,
respectively. As the particle may react and thus disappear in the former case, the associated diffusive processes are
usually distinguished in the literature. However, as argued in [46] (see also [32, 33, 35] and references therein), the
diffusive process in the presence of a reactive boundary is just reflected Brownian motion in a domain with reflecting
boundary, which is stopped at an appropriate random time. This property is reflected by Eq. (), in which the full
propagator P(x,{,t|xo) characterizes reflected Brownian motion and the prefactor e~% incorporates the stopping
condition (see Sec. [Il below for details and extensions).

In many chemical and biological applications, the reactive boundary is not homogeneous, while a reactive patch
or a target is not unique. For instance, many traps can compete for capturing the diffusing particle, and one is
interested in knowing the capture time for a given trap in the presence of its competitors M] Even a single trap
can be surrounded by inert obstacles or by a reflecting boundary. When considering an escape problem, the escape
region is usually a subset of the reflecting boundary. In all these situations, setting the homogeneous Robin boundary
condition (2) on the whole boundary is not appropriate, as one has to dlstlngmsh surface mechanisms on different
regions of the boundary. For this purpose, a spectral approach with a space-dependent reactivity was developed @

In this paper, we propose a complementary approach and bring some probabilistic insights onto this problem when
the reactivity is piecewise constant. In this case, one can consider different reactivity regions by partitioning the
boundary 02 into m non-overlapping subsets I';:

i=1

In order to characterize the encounters with different parts I'; of the boundary, we introduce the associated boundary
local times /i:

¢
i3 D / s
Et_i%;/dt O(a—|T; — Xuv|) (i=1,...,m). (6)
0

If the joint distribution of the boundary local times £ was known, one could investigate various encounter properties
such as “How many times the particle has arrived on a given partially reactive trap before being absorbed by its
competitors?”, “What is the first moment when the particle has visited each trap a given number of times?”, etc. In
other words, the joint distribution of the boundary local times will provide conceptually new insights onto diffusion-
controlled reactions, far beyond the conventional first-passage times. To our knowledge, such joint distributions were
not studied earlier.



In this paper, we aim at obtaining the joint distribution by extending the probabilistic arguments from @] In
Sec. M we generalize Eq. (@) to a multi-dimensional Laplace transform and discuss some of its properties. However,
the numerical inversion of the multi-dimensional Laplace transform is challenging. For this reason, we restrict our
attention to three basic domains (an interval, a circular annulus and a spherical shell) for which the inversion can be
performed explicitly (Sec. [). In fact, we derive an exact formula for the joint probability density for the case of
an interval, and discuss its straightforward extension for two other domains. We illustrate the properties of the two
boundary local times and their correlations. Section [[V]is devoted to various first-passage time problems. We first
recall the basic first-passage times to perfectly and partially reactive boundary and then derive the probability density
of the first time when two boundary local times exceed prescribed thresholds. In other words, we fully characterize
the first moment when both subsets of the boundary have been visited a prescribed number of times. In Sec. [V] we
discuss some further extensions and consequences of the obtained results for diffusion-controlled reactions.

II. GENERAL SOLUTION

The joint distribution can be derived by extending the probabilistic arguments from ] For this purpose, let us
introduce the propagator G, ... 4. (, t|zo) satisfying the diffusion equation () with mixed Robin boundary conditions:

8an1)~~~7Q7n (m7t|$0) +q7, Gq1;~~~7Q7n ($7t|w0) = O (w € ]‘—‘7/)7 (7)
with nonnegative parameters qi,..., ¢, characterizing each reactive part I'; of the boundary. In other words, we
extend the constant reactivity parameter ¢ from Eq. (2) by a piecewise constant function taking the values q1, ..., Gm

on different subsets I'; of the boundary. As discussed in , @, @, @], the Robin boundary condition describes
partial reactivity of the boundary: the diffusing particle hitting the boundary can either react, or be reflected. To
define properly the reaction probability II at each encounter, one can introduce a thin layer of width a near the
reactive part I';, for which II; = agq; /(1 + ag;) (and if the particle is not reacted, it is reflected at distance a from the
boundary). For a finite ¢; and small a, one has II; ~ ag;. In the limit ¢ — 0, the probability of the reaction event
goes to 0 but the number of returns to the boundary goes to infinity, yielding a nontrivial limit. If all attempts to
react are independent, the probability of not reacting on the boundary up to time ¢ is

P, = ]Emo{f[l(l — I )N } (8)

where j\/ti,a is the number of encounters with a thin layer near I'; up to time ¢, and E, denotes the expectation with
respect to the probability measure associated with reflected Brownian motion in €2, started from @o. In the limit
a — 0, this number is related to the boundary local time: N, ~ (}/a ] so that

Py~ Emo{exp <—ZH1N'§G)} — Emo{exp <—Zqi€§> } (9)
i=1 i=1

Adding the constraint for the arrival position of the particle to be in a vicinity of @, one gets the probabilistic meaning
of the conventional propagator, i.e., the probability density of finding the survived particle in a vicinity of x:

Gy, (@, tlT0) = {exp< Zqz > Xt—w)}- (10)

If P(x, l1,...,0m,t|To) is the joint probability density of the position X; and of all boundary local times £%, the above
expectation reads

Gar.ogm (T, t|T0) = /d£1 e~ Nt .../dem e~ dmbm P(x, 0y, ... U, t|T0). (11)
0 0

This is the extension of Eq. (@) derived in ] Formally, the joint probability density of the boundary local times
0}, ..., and of the position X; can be obtained from the propagator G, . . (z,t|Z¢) by performing the m-fold
Laplace transform inversion.

The (marginal) joint probability density of the boundary local times £}, ..., 1" is simply

Plo,lr, .. o, tlmo) = /dwp(w,zl,...,zm,ﬂwo) (12)
Q



(we use the notation o for marginalized variables). Integrating Eq. ([II) over & € Q, one gets

oo oo

Sar g (o) = /dé1 et .../dém eIt Po 0y, ... Ly, tlxo), (13)
0 0
where
S (t0) = [ 42 G (@ tha0) (1)

Q

is the survival probability up to time ¢ in the presence of reactive traps, which obeys the backward diffusion equation:

8iESql,...,qm (t|$0) - DASql,...,qm (t|$0) (.’130 S Q)v (153“)
OnSq,....qm (t1®0) + @i Sqy..q,, (tl0) =0 (w0 € T4), (15b)

subject to the initial (terminal) condition Sy, .. 4. (t = 0lxg) = 1. Note also that the Laplace transform (I3) allows
one to determine joint positive-order integer moments of the boundary local times:

ak1+-~-+km

Eoo { (1] ... [P} = (—1)f1tthm Jim 8 t 16
oAl = (=1) G0 OgF Oghr a1, (t|20) (16)

for any integer ki, ..., k; > 0 (in turn, using Eq. (), one gets the moments under the additional constraint of being
in x at time t).
As reflected Brownian motion is a Markovian process, the conventional propagator G, ... q.. (€, t|@o) gives access

to the joint probability density of k positions ', 22, ..., 2" at successive times 0 < t; < tp < ... < t as
Gar,otm (mla til@o) Gay,....qm (5'52, o — t1|cc1) oG (mkv b — tkfl|mk71)- (17)
The same property holds for the full propagator, which determines the successive positions 7 and values of all
boundary local times ¢/ (j =1,...,k, i =1,...,m) at times t1,to,...,tx:
P(il)l,f%, ce ,fm,tllilto)P(w2,£% —fi, N f — f to — t1|:c )
Pk e — b 1,...,efn—fﬁ;1,tk—tk_l|m’f . (18)

Even though Egs. (I @3) give access to the joint probability densities P(x,fq,...,0n,tlxo) and
P(o,lq,...,Lm, tlxo), these expressions are in general rather formal because the propagator G, .. . (z,t|zo) and
the survival probability Sy, .. 4. (t|xo) are rarely known analytically, whereas the numerical inversion of the (multi-
dimensional) Laplace transform can be unstable @] For this reason, obtaining these joint probability densities in a
more constructive way (such as, e.g., the spectral approach in ]) remains an open problem.

Lacking yet a general constructive approach, we further focus on joint probability densities for three basic domains:
an interval, a circular annulus between two concentric circles, and a spherical shell between two concentric spheres.
The boundary of these domains naturally splits into two disjoint parts I'y and I's, so that we are limited to m = 2. In
two and three dimensions, the rotational symmetry of these domains reduces the computation to a one-dimensional
setting for which the joint probability densities can be derived analytically. This derivation relies on the explicit form
of the propagator in the Laplace domain (with respect to time ¢, denoted by tilde throughout the paper):

Gor an (. plo) = /d Gor an (@, tlz0), (19)
0

which obeys the modified Helmholtz equation
(p = DA)Goy g5 (@, pl2o) = S(x —m0)  (x €Q), (20)
with Robin boundary conditions

=0 (i=1,2). (21)
xzel';

(8716111412 (:E,p|.’130) + qiéq1,q2 (:B,p|.’130)>

Note that the Laplace-transformed propagator also allows one to describe diffusion-influenced reactions for mortal
particles @—@] In the next section, we present the detailed derivation for an interval, while its extension to an
annulus and a spherical shell will be sketched in Sec. [ILGl



IIT. EXACT EXPLICIT SOLUTION

For an interval (0, b), the boundary consists of two endpoints, I'y = {0} and T's = {b}, and the Laplace-transformed
propagator satisfying Eqs. (20, 1)), is known explicitly [62] (see [63] for details):

g 08 (20)0°(2), 0<z<um,
DGq1,q2($ap|$0)= X{U(O) () <z <uxg

O(zo)v®(2), zo <z < b, (22)

where
v%(z) = 1 sinh(azx) + a cosh(ax),
v’(z) = gosinh(a(b — z)) 4+ a cosh(a(b — ),
= (o® 4 q1q2) sinh(ab) + a(q1 + ¢2) cosh(ab),

with @ = y/p/D. We aim at evaluating explicitly the inverse double Laplace transform with respect to ¢; and g2
(denoted as £5 ) to get the full propagator:

P(.’L‘,fl,fg,pmo) = ['2_1{6;111412 ($,p|$€o)}, (23)

i.e., the Laplace transform (with respect to time t) of the joint probability density of the position = and two boundary
local times ¢; and /5 at endpoints I'; and I's, respectively. Even though an extra Laplace inversion will be needed to
get P(x,01,0s,t|xp) in time domain, this is much simpler than the original double Laplace transform. Moreover, it
is common to operate with diffusion characteristics in the Laplace domain, in particular, when studying first-passage
times (see below).

A. DMoments of the boundary local times

Before deriving the full propagator, we start by looking at the positive moments of two boundary local times:
Mi s (8) = Eao {1627 [67]*2 . (24)

According to Eq. (I6]), the Laplace transform of these moments can be obtained by integrating the propagator
G, q.(x, p|z0) over z and differentiating with respect to g1 and go:

ok1tke

M/ﬁ,kz(p) = (_1)k1+k2 glh#lz(plxo)v (25)

q1,92—0 8(111“ aq§2

where

b
1
S‘h q2 (z,plwo) /dfl? q1,q2 (z,plwo) = m (26)
0

X {qlqg (sinh(ab) — sinh(a(b — 20)) — sinh(azg)) + o sinh(ab)
+ agy (cosh(ab) — cosh(a(b — x¢))) + ags (cosh(ab) — cosh(az)) } .

For instance, one gets the Laplace transform of the mean values,

cosh(a(b — z9)) cosh(axg)

M = M, = 27
1o(p) Da? sinh(ab) 0.1(p) Da? sinh(ab) ’ (27)
second moments,
~ 2 cosh(ab) cosh(a(b — x¢)) ~ 2 cosh(ab) cosh(aug)
Mao(p) = L Mos(p) = , 28
20(P) Da* sinh?(ab) 02(P) Da* sinh?(ab) (28)



and the cross-moment

sinh(axg) + sinh(a(b — zq))

Ml,l(p) = Da? sinh(ab)(cosh(ab) — 1) '

(29)

Even so the inverse Laplace transform of these moments can be computed exactly by the residue theorem, we just
provide the asymptotic behavior of the mean values:
e at short times,

4(Dt)3/267zg/(4Dt)

Eq, {4 } = 9vDi Vg (30a)

VT
4(Dt)3/2e—(b—wo)2/(4Dt)

(,TO < b),
_ 2
Eq, {67} ~ 2mﬁ(b 7o) (30b)
7 (zo = b);
e at long times
t  2b% — 6bxg + 372 322 — v?

Eao {0}~ 20t B {8}~ 20+ (31)

60 6b

Performing the same analysis for the second moment, we get the long-time behavior of the variance, which does not
depend on xy and b in the leading order:

var{(; } ~var{(}} ~ 2Dt + O(1) (t = 0). (32)
Finally, we get
M171 ~ —Dt/3 + 0(1) (t — OO)7 (33)

so that the correlation between two boundary local times approaches —1/6 at long times. As expected, the correlation
is negative: when ¢} is larger than its mean, the particle spent more time on the endpoint I'1, and thus ¢7 is expected
to be smaller than its mean.

B. Derivation of the full propagator

Let us focus on the case 0 < z < z¢ and write explicitly

~ sinh(a(b — zg)) sinh(ax)

DGq1-,¢I2(Iap|'r0) = Q(Q17QQ) asinh(ab) 3 (34)
where
[g2 + avctanh(a(b — x0))][¢1 + @ ctanh(ax)]

go) = 35
Ve, a) 71¢2 + (g1 + g2)ctanh(abd) + o2 (35)

To invert this double Laplace transform, we use the following properties @]
Lofe MOk 1 (01, 0)} = Lo{fHar + k1, g2 + K2) (36a)

1

Lo{lo(a\/lrl2)} = o —a2ji’ (36b)
Lo{00, [ (1, 02)} = a1 Lo f} = L{f(0, )}, (36¢)

where £ and L, denote the single and double Laplace transforms of some function f, and I,,(z) is the modified Bessel
function of the first kind.
Using the first property, one can make the change ¢ — 1 = ¢1 + C and ¢2 — ¢ = ¢2 + C with

C' = actanh(ab), (37)



so that
37 A (2 + A)(q + B)
yq2) = yG2) = ——— ; 38
Qa1 q2) = Q(@1, ¢2) r—e (38)
where
2c
E=2yC?—-a%2=2 tanh?(ab) — 1 = ———
C? -« ay/ctanh®(ab) Snh(aD) >0, (39a)
A = actanh(a(b — xg)) — C, (39b)
B = actanh(ax) — C. (39¢)
We represent the above function as
Q@ g) =1+A—2 B B4+ AB)— (40)
7132 — E?/4 0142 — E?/4 Q1q2 — B?/4

The inverse double Laplace transform of the first term yields §(¢1)d(¢2), whereas Eq. ([B6d) allows one to compute it
for the last term. Using the properties ([B6D] B6d), we can also write

These relations allow us to invert the second and third terms in Eq. {@0). Combining these results, we get

EVOI (EVTG)
2Vl

£5(Q) = 5(02)5(ts) + A( . 6@1))

N B(E\/FJ;\(/%M) + 5(g2)> + (E?/4 + AB)IO(EM)’

from which the full propagator reads (for 0 < x < x < b):

sinh(a(b — zg)) sinh(ax) o= Clitts

DP(x, 41,02, plzo) = asinh(ab)

'£;HQ} (42)

After simplifications, this relation becomes

sinh(a(b — 2¢)) sinh(ax)

P(z, 41,09, plzg) = Dasinh(ab)

0(£1)0(¢2)

=Goo,00(z,p|w0)

sinh (o) 5(¢ )e_Cé2 sinh(axg)  sinh(a(b — x)) 5(¢ )e_ml sinh(a(b — x¢))
sinh(ab) YD sinh(ab) sinh(ab) ™D sinh(ab)
———
:joo,oo(bJ)Iw) :joo,oo(b;p‘wo) :joo,oo(oxp‘w) :joo,oo(O,P\ﬂCo)
{sinh(az) sinh(axg) VoI (Ev//103) n sinh(a(b — z)) sinh(a(b — z0)) V1 11 (Ev//102)
sinh?(ab) Vi sinh? (ab) Vs
sinh(axg) sinh(a(b — x)) + sinh(ax) sinh(a(b — o)) } E o)
+ Io(EN/£102) p — 1Te), 43
sinh?(ab) o it2) 2D" (43)

In the opposite case 0 < zp < x < b, one exchanges xy and x. This is one of the main explicit results of the paper.

C. Probabilistic interpretation

Let us discuss the structure of the derived full propagator in Eq. ([@3]). The first term represents the contributions
of “direct” trajectories from xo to x that do not hit either of the endpoints (Fig. [[]. As a consequence, the boundary



FIG. 1:  Four simulated trajectories on the interval (0,b), each started from zo at time 0 and arrived to = at time ¢: a
direct trajectory that does not hit either of the endpoints (blue dotted line); a trajectory that does not hit the upper endpoint
2 = {b} (green dashed line); a trajectory that does not hit the bottom endpoint I'y = {0} (gray dashed line); a trajectory
that hits both endpoints (red solid line).

local times ¢; and ¢2 remain zero, as represented by Dirac distributions 6(¢1)d(¢2). The factor in front of these
distributions is the propagator Geo oo (,plzo) for an interval (0,b) with absorbing endpoints (i.e., with Dirichlet
boundary conditions that correspond to ¢; = g2 = 00). This propagator represents the fraction of direct trajectories
from zq to x.

In the same vein, the second term represents the contribution of trajectories that do not hit the left endpoint I'y
but may repeatedly hit the right endpoint I's. Introducing the Laplace-transformed probability flux densities,

joo,oo(oup|x0) = (_Danéoo,oo(wap|x0)) ’m:O = % ) (448“)

_ sinh (o) (44b)

:]Too)oo(b,p|$0) = (—Danéoo,oo(xvp|xo)) 2=b Sinh(ab) ’

the factor in front of 6(¢1) reads as

—CYy

~ € d
Joo,00 (bs Pl20) 5 Joo,00 (b, p[T).

This factor has a clear probabilistic interpretation: the first arrival from xy to I's = {b}, multiple reflections on that
boundary that increases its boundary local time ¢2 but conditioned to avoid hitting I'1, and the last direct move from
s to z. As the computations are performed in Laplace domain (with respect to time ¢), the product of these three
factors corresponds to the convolution in time domain, as expected. The contribution of such multiple returns to I's is
given by e=¢“2 /D, where C' = a ctanh(ab) can be interpreted as the eigenvalue of the Dirichlet-to-Neumann operator
on the interval (0,b) with the condition of avoiding I'; (see [A]).

Similarly, the third term with 6(¢3) accounts for the trajectories that do not hit the right endpoint I's but may
repeatedly hit the left one I'y. The remaining terms in Eq. (@3] give the contribution of all other trajectories that hit
both endpoints.



D. Marginal probability quantities

By integrating the full propagator in Eq. (@3] over z, we compute the marginal joint probability density of two
boundary local times (in Laplace domain with respect to t¢):

sinh(ab) — sinh(a(b — z¢)) — sinh(axzg)

P(O,€17€2,p|$0) = Da2 sinh(ab) 5(61)6(62)
:goo,oo(p‘wo)
cosh(ab) — 1 sinh(axg) e ¢ cosh(ab) — 1 sinh(a(b — xg)) e 4
. . 6(l1) + —— . 6(£2)
asinh(ab)  sinh(ab) D asinh(ab) sinh(ab) D
———— —_———
:300,00(b7p|x0) :500 00(0 p|x0)
n cosh(ab) — 1 (sinh(awg) vla 1 (Ev/l1l2) n sinh(a(b — z0)) V111 (EV{103)
asinh(ab) sinh(ab) Ve sinh(ab) Vi
n sinh () —i— sinh(a (b — Io (EOD) Cltr+a) (45)
sinh(ab)

Its probabilistic interpretation is similar to that of the full propagator.

In turn, the integral of P(x, {1, {2, p|lxg) over {2 yields the marginal joint probability density of z and ¢; (for
0<z<xzo<bh):
sinh(ax) cosh(a(b — xp))

P(x,41,0,p|z0) = 8(11) Da cosh(ab)

=G oo.0(x,p|z0)
e—atanh(ab) COSh(Oé(b — ;1:0)) cosh(a(b — I))
D cosh(ab) cosh(ab)

+ (46)

=Joo,0(0,p|20) =Joo,0(0,p|2)

(z and zo should be exchanged when z > x¢). Expectedly, the term in front of §(¢1) is the propagator G o(x, plzo)
for an interval (0,b) with Dirichlet condition at z = 0 and Neumann condition at = b. In fact, as one is not interested
anymore in the boundary local time £ here, one can put the Neumann boundary condition at x = b. In the factor
atanh(ab), one can recognize the eigenvalue of the Dirichlet-to-Neumann operator on that interval that corresponds
to the eigenfunction v = 1 (see [A]). Finally, the factor cosh(a(b — z¢))/ cosh(ab) is simply the Laplace-transformed
probability flux density joo.o(0, p|zo).

Integrating Eq. ([@0]) over z, one gets the marginal probability density of the boundary local time ¢;:

cosh(ab) — cosh(a(b — o))

P(07£1707p|x0) = 5(81) DOLQ COSh(OLb)

:Sm,o(P\io)
e~ tanh(ab)y cosh(a(b — zp)) sinh(ab)

. 4
+ D cosh(ab) a cosh(ab) (47)
—_———

:500,0(071"10)
Similarly, the marginal probability density of the boundary local time /¢5 is

~ cosh(ab) — cosh(azx efatanh(ocb)b cosh(az sinh(ab
P(0,0, 2, plo) = 8(t5) ") — coshlaty) (awo) sinh(ab)

(48)

Da? cosh(ab) D cosh(ab) acosh(ab)
- —
=S0,00 (P|T0) =jo,00 (b,p|z0)

Note also that the joint probability density of the position X; and of the total boundary local time, ¢, = ¢} + ¢3,
can be obtained in the Laplace domain as

/dﬂe at Pmt (x, 4, plxo) :/dée_qé/dﬁl/dﬁgcswl—l—ég—ﬁ) P(I,El,ﬁg,pkco)
0 0
= Gg,q(x,plzo). (49)
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One can either perform the single Laplace transform inversion of éq)q(ac, plzo) with respect to ¢, or use the general
spectral expansion derived in ] based on the Dirichlet-to-Neumann operator, see Eq. (Af).
Finally, in the limit b — oo, the full propagator converges to

- inh
P01, ) = 22 (cmenn IO ) 4 otz mets) (0 < < a0) (50

(in the opposite case xg < z, one exchanges zy and z). Expectedly, the boundary local time ¢ always remains 0 (see
the factor §({2)) as the right endpoint T's has moved to infinity and became unreachable. Integrating over redundant
variable ¢4, one retrieves thus the full propagator on the half-line. Note that the inverse Laplace transform of this
expression can be performed explicitly:

_ (z—=z0)? _ (z4m0)?
Pyse(, 01,0, t]z) = 6(41) (eXp( o) _ (= ))

4Dt 4Dt
=G oo (z,t|z0)
(z4z0+£1)°
exp(—*55)
+ (@ +wo+ ¢ 51
ot T e o
In turn, the integral of Eq. (B0) over z yields the marginal probability density of ¢;:
Proc (o1, 0,ple) = o 50y + S et (4 > 0) (52)
b=00(9,%t1,9,P|T0) = Do 1 Do e Lo = Y),
which can also be inverted:
Zo exp( (I[ﬂftl))
Py—oo(0, 41,0, t|xg) = erf| — ) 0(£ xo > 0), 53
ool ) = et (<2 )o0r) + SR (g > 0) (5%

in agreement with Ref. [63].

E. Joint cumulative probability function

The statistics of two boundary local times ¢} and ¢? is fully determined by the marginal joint probability density
P(o, £y, 0a,t|z0). For some applications (see below), it is more convenient to deal with the joint cumulative probability
function:

01 12
Pl b5, t|29) = /dé’l /d€’2P(o,£’1,€’2,t|xo). (54)
0 0

Using Eq. ([#H), we obtain after simplifications

B N sinh(awg) + sinh(a(b —
F — Poo,00 1
(41,42, plz0) = Soo,00(Plz0) + Da? sinh(ab)

(cosh(ab) — 1) sinh(axo) _ 4 tann(ab)e
a tanh(ab)l,y ./ h(ab
Da?2 cosh(ab) sinh(ab) ‘ Q1(Cl; VOl sech(ad))

n (cosh(ab) — 1) sinh(a(b — x9))
Da? cosh(ab) sinh(ab)

20) 9, (Cty, Cly: sech(ab))

e~ tanh(ab)lzy, (Cly; 1/ Cly sech(ab)), (55)

where sech(z) = 1/ cosh(z),
sinh(ab) — sinh(a(b — z¢)) — sinh (o)
Da? sinh(ab) ’

SOO,OO(pLEO) =

and we introduced two auxiliary functions:

Qi1(z;a) = e /d:z: e " In(2ay/), (57a)
0

zZ1 22

Q2(21, 22;a) = (1 — a?) /dxl /d:zrg e~ In(2an/T122). (57Db)

0 0
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Strictly speaking, the first term in Eq. (B3) should include the Heaviside functions ©(¢1)©(¢3), which after differen-
tiation with respect to ¢; and ¢y yields §(¢1)d(¢2) in the first term in Eq. ([@3). Similarly, some other terms should
include ©(¢1) and ©(¢2) but we omit them for brevity by considering ¢; > 0 and ¢2 > 0. Setting ¢; = 5 = 0, one
retrieves the Laplace-transformed survival probability Sue 0 (p|T0), as expected.

The definition of the functions Q1 and Qs ensures that Q(co; a) = 1 and Qa(00, 00; a) = 1 so that F(oo, 00, plzg) =
1/p and thus F(co, 00, t|lzg) = 1 as expected. Moreover, since Q1(z;00) = 0 and Qa(00,z;a) = 1 — e~*(179) one
easily finds the Laplace transforms of the marginal cumulative probability functions:

- 1 cosh(a(b — 20)) _ o tanh(a

F(elu OO,p|fI:0) = Da2 (1 - COSh(O[b) € tanh(ab)éy ) (588“)
~ 1 cosh(a0) _tanh(a

F(o0, b2, plzo) = 55— <1 ~ coshad] ¢ tanh( b)ez) (58b)

(see [Bl for some other properties of the functions @1 and Q2).

F. Results in time domain

The above expressions determine the full propagator and marginal densities in Laplace domain with respect to
time ¢. As it is quite common for diffusion-based quantities, representations in Laplace domain are more explicit and
compact. A standard way to perform the Laplace inversion and thus to pass back to time domain consists in searching
for the poles of the full propagator in the complex plane p € C. For instance, this computation is straightforward for
the first term in Eq. (@3] and yields the standard spectral expansion of the propagator G, oo(®, t|x¢) on the interval
with absorbing endpoints. However, the analysis is more subtle for other terms. For example, the second term in
front of §(¢1) includes the function

Flp) = e Ct = exp(—ﬂm/p/D ctanh(\/p/D b))

While the poles of the factor in front of this exponential function are p, = —7w?n?D/b?, the function f (p) rapidly
vanishes as p — p, that prevents applying the residue theorem. In [C] we derive a semi-analytical formula for
inverting such Laplace transforms. This formula is particularly valuable in the short-time limit. However, its practical
implementation becomes numerically difficult at long times. For this reason, we applied the Talbot algorithm for
numerical Laplace transform inversion. Further analysis of the long-time asymptotic behavior remains an interesting
open problem.

Figure 2 shows the joint probability density P(o, 1, s, t|xg) of two boundary local times ¢; and ¢ at the endpoints
of the unit interval (0,1). Here we present only the continuous part (i.e., the three last terms that do not contain
either §(£1), nor 6(¢2); in fact, the three other terms containing either of these d’s are simpler and can be presented
separately). When the starting point xy is at the middle of the interval (top row), both endpoints are equally
accessible, and P(o, ¢1, ls, t|xo) is symmetric with respect to exchange of ¢; and f2. As time ¢ increases, the maximum
of the joint probability density moves along the diagonal ¢/; = ¢5. In fact, in the long-time limit (\/ﬁ > b), the
diffusing particle has enough time to frequently encounter both endpoints, and the mean boundary local times grow
linearly with ¢, see Eq. [@BI). As the variance also grows linearly with time according to Eq. ([B2), the maximum
of the joint probability density spreads. If the particle starts on (or near) the left endpoint (bottom row), the joint
probability density is shifted to larger values of ¢;. However, as time increases, the maximum progressively returns
to the diagonal, as expected.

G. Extension to circular annulus and spherical shell

The computation for a circular annulus, Q = {x € R? : a < |z| < b}, and for a spherical shell, Q = {x € R? : a <
|z| < b}, are very similar but technically more involved. In fact, the rotational symmetry of these domains allows one
to separate variables and to expand the solution over Fourier harmonics (in 2D) or over spherical harmonics (in 3D).
In turn, the radial propagator associated to each harmonic has an exact explicit form, which is similar to Eq. (22]),
see @] and [DI for details. As the dependence on ¢; and ¢o is exactly the same, one can apply the above technique
to inverse the double Laplace transform. One gets then the radial part of the full propagator, Pn(r, 0y, L, plro)
(corresponding to the n-th harmonic). The structure of this radial part is similar to that of Eq. (@3]), even though
the radius-dependent prefactors are different. For the sake of brevity, we do not provide explicit formulas here (see

also [64]).
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FIG. 2: The continuous part of the joint probability density P(o, {1, 2,t|zo) of two boundary local times ¢; and ¢z at the
endpoints of the unit interval (0, 1), with zo = 0.5 (top row) and z¢ = 0 (bottom row), and three times: ¢ = 1 (left column),
t = 2 (middle column), and ¢ = 5 (right column), with D = 1.

IV. VARIETY OF FIRST-PASSAGE TIMES

The derived joint probability densities allow one to investigate various first-passage times (FPTs). The distribution
of a first-passage time 7 is in general determined by the survival probability, P, {7 > t}, from which the probability
density follows as H (t|zg) = —0¢Py, {7 > t}. We will consider the latter quantity in the Laplace domain.

A. Conventional first-passage times

The distribution of the FPT to a perfectly or partially reactive target has been intensively studied in various settings
12, 137, 138, 44, 154, 166-79]. The most common first-passage time is the moment of the first arrival of the process to
the boundary (or the target): 7 = inf{t > 0 : X; € 0Q}. As the boundary local time remains zero until the first
encounter, this first-passage time can also be formulated as 7 = inf{t > 0 : ¢; > 0}, i.e., the moment of the first
crossing of the threshold 0 by the total boundary local time ¢;. In the case of the interval, the FPT to either of the
boundaries I'1 and I's reads then

T=Tooo=mf{t >0 : £; +62>0}=inf{t >0 : £; >0or {? > 0}. (59)

This FPT is determined by the Laplace-transformed survival probability Suo o (p|zo) standing in front of §(¢;)d(£z)
in Eq. ({@A):

Poo{Toc,00 > t} = Pyo{€; =0 and €7 = 0} = Suo oo (t]20). (60)

Similarly, one can consider the FPT to one endpoint, say, to I'a: 79.oc = inf{t >0 : £? > 0}. The condition ¢? = 0
is expressed by 6({2), which is present in the first and the third terms in Eq. ([@3]). Integrating these terms over the
marginal variable ¢; from 0 to oo, one gets

P {7000 > t} = Py {£7 = 0}

_ oo R cosh(ab) — 1 sinh(a(b — z¢)) e~ 0 . )
= /d& (Soo,oo(p|330) d(ly) + o sinh(ab) sinh(ab) D = Soo.00(P|T0)
0

(cosh(ab) — 1) sinh(a(b — xp)) _ 1 < _ cosh(az)
Da? cosh(ab) sinh(ab) Da? cosh(ab)




13

Indeed, as we are not interested in the boundary local time ¢} here, this is equivalent to setting Neumann boundary
condition on I'y, as discussed above.

B. First reaction times

When both endpoints are partially absorbing with equal reactivities (i.e., g1 = g2 = ¢), the reaction time can be
defined as 7,, = inf{t >0 : ¢} +¢7 > 0}, i.e., the first moment when the total boundary local time exceeds a
random independently distributed threshold { with the exponential distribution with the mean g: ]P’{f >} =
m, @, , @] Qualitatively, the exponentially distributed threshold { for surface reactions plays the same role as an
exponentially distributed lifetime of a particle for bulk reactions (see [46] for details). The distribution of this random
reaction time is

]P)wo{Tq,q >t} = Sq,q(t|x0)v (62)

which is determined by the explicitly known S’q,q(ﬂxo) from Eq. (26]). This is a common setting for partial reactivity.

The above setting can be naturally generalized to deal with distinct surface reactivity parameters ¢; and g2. In this
case, one has to consider two boundary local times separately, as encounters with I'; and I'y result in the reaction
event in different ways. Here, we define

Tave = Inf{t >0 : 0} >0 or 12 > Uy}, (63)

as the first moment when either of the boundary local times ¢} and (? exceeds its random threshold, ¢; and /s,
which are determined as independent exponential random variables with means ¢; and g2, respectively. As boundary
local times are nondecreasing processes, the event {7, 4, > t} means that none of boundary local times exceeded its
threshold:

PIO{Tthz > t} = on{gi < él and £t2 < ég}

= /dél /dég P(O,él,ég,ﬂxo)P{él < él and /o < éz}
0 0

_ / dt / dls P(o, 01, b, tlo) =0 =222 — S, (t]ao), (64)
0 0

where we applied Eq. ([I3]) and used that /1 and {5 are independent exponential variables. In other words, this FPT
time is determined by the survival probability Sy, 4, (t|zo) with Robin boundary conditions (I5H), as expected. While
this extension is natural, we are not aware of earlier probabilistic definitions of the FPT 7, 4, with the help of two
boundary local times, as in Eq. ([G3).

C. First-crossing times of two thresholds

The explicit form of the joint probability density P(o,1, s, p|zo) allows one to go far beyond the aforementioned
first-passage times. In particular, we will generalize the probability density of the first-crossing time for the total
boundary local time ¢, derived in [46] (see [E for its properties).

First crossing by either of two boundary local times

The first natural extension consists in replacing exponential thresholds /1 and f5 in Eq. (@3)) by fixed thresholds
¢1 and /5. In other words, we are interested in the first moment when either of two boundary local times exceeds its
threshold:

U =1inf{t >0 : £} >y or £ > (5}, (65)

For instance, this FPT can describe the moment of the reaction, which is initiated when the particle either has visited
at least £1/a times the vicinity of width a of the left target, or has visited at least ¢3/a times the a-vicinity of the
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FIG. 3: The mean first-crossing times E, {70} (left) and E, {7n} (right) as functions of thresholds ¢; and ¢z, with b = 1,
D =1, and xo = 0.5.

right target. Qualitatively, this FPT describes a sort of minimal condition to produce the reaction event by either of
the targets. If £; = {5 = ¢, then 7, is the first moment when max{¢;, (7} exceeds /.
The first-crossing time 7y is determined by

Su(t|l‘0) = ]P)QCU{TU > t} = on{f% < fl and f% < fg} = F(fl,fg,ﬂxo), (66)

where F({1,{s,t|zo) is the joint cumulative probability function defined in Eq. (&4]). As the probability density of
the first-crossing time, Hy(t|xg), is obtained by taking the time derivative of the survival probability (with negative
sign), we get in the Laplace domain:

Hy(plwo) =1 — p F(£y, L2, plao), (67)

with F(¢1, 02, p|zo) given by Eq. (BH). As usual, this function determines all positive integer moments of 7,:

T
Eeo {70} = (-1)™ lim WHU(PWO) (68)
In particular, the mean first-crossing time is
~ b— b2
By, {70} = F(6r,£2,0)a0) = w + L Qa0
bx
+ _OQI £2/b V gl ) 1 fl/b \/fz (69)
where

QQ(Zl,ZQ) = lim M = /d:El /dll?z e_zl_z210(2\/21712172). (70)

a—1 1— a2
0 0

Figure Bl(left) illustrates the behavior of the mean first-crossing time E, {7y} as a function of ¢; and ¢5.

As discussed in Sec. [T} the analytical inversion of the Laplace transform like that in Eq. (67) is a challenging
task. However, the short-time asymptotic behavior of the probability density can be easily obtained. Using the
asymptotic relations from [Bl we get in the limit p — oo for any 0 < zg < b

~ 1
F(lq,0a,plro) ~ — <1 — emo(@oth) _ eo‘(bx“b)). (71)
p
The short-time behavior of the probability density Hy(t|zo) follows then

Hy(t|zo) ~ <(w0+€1) (20+-02)*/(4D1) 4 (h — g 4 f5)e~ (b0 HL2) /<4Df>). (72)

1
VAr D3
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FIG. 4: The probability density Hy(t|zo) of the first-crossing time 7y, with b =1, D = 1, 2o = 0.5, £2 = 1, and three values
of ¢, as indicated in the plot. Solid lines show the numerical inversion of Hy(p|xo) via the Talbot algorithm, whereas dashed
lines indicate the short-time asymptotic relation (72)).

Qualitatively, the first term represents the contribution of trajectories that rapidly reached the left endpoint (by
crossing the distance zp) and remained in its vicinity to increase the boundary local time ¢} up to ¢;. Similarly, the
second term accounts for the trajectories that reached the right endpoint and stayed nearby.

Figure Ml presents three probability densities Hy(t|zg) for £5 = 1 and three values of £;: 0.1, 1, and 10. One first
notes that the short-time relation (72) is in excellent agreement with the numerical inversion of H, (p|xo) via the
Talbot algorithm. As 7, characterizes the first moment when either of two boundary local times crosses its threshold,
the density Hy(t|zo) is shifted toward shorter times for £; = 0.1. In fact, it is on average much faster for the boundary
local time £} to cross the threshold ¢; = 0.1 than for ¢? to cross f = 1. The opposite situation occurs for ¢; = 10,
which takes longer to cross than ¢2 = 1. This explains that the probability density Hy(t|zo) does not considerably
change when ¢; is increased from 1 to 10.

While the short-time behavior is available, getting the long-time asymptotic behavior of Hy(t|zp) remains an open
problem (see the related discussion in [E] for a similar problem in the case of the total boundary local time).

First crossing by both boundary local times

Alternatively, one can look at the first moment when both ¢} and ¢7 exceed their thresholds:
T =inf{t >0 : £; >, and Z > (5}. (73)

In particular, if ¢; = ¢5 = £, 7 is the first moment when min{¢}, ¢} exceeds /.
The first-crossing time 7 is determined by

Sm(t|$0) = ]P)QCU{TQ > lf} = Pio{gi <ty or f% < fg}
=1-Py{l; >lrand 7 > by} =1— /dé’l /d€’2P(o,€’1,€’2,t|x0)

41 Lo
= F(fl, OO,tl,To) + F(OO,KQ, t|$0) — F(fl,fg,ﬂxo), (74)

where the first two terms correspond to marginal cumulative probability functions given by Eqs. (B8). In the Laplace
domain, we get then

Hn(plzo) =1 —p (F(fla 00, plzo) + F(00, b2, plzo) — F(flafz,ppﬁo))

cosh(a(b —20)) _qtann(anyes , €OSh(QZ0) o tann(ab)es 7
atanh(a atanh(a —H 75
cosh(ab) ¢ i cosh(ab) u(plzo), (75)
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FIG. 5: The probability density Hn(t|zo) of the first-crossing time 7, with b =1, D = 1, 2o = 0.5, {2 = 1, and three values of
/1 as indicated in the plot. Solid lines show the numerical inversion of ﬁm (p|zo) via the Talbot algorithm, whereas dashed lines
indicate the short-time asymptotic relation (77)). Some points are missing at short times due to instabilities of the numerical
inversion of the Laplace transform.

where Hy(pl|zo) is given by Eq. [67), and we used Eqs. (G8).
As previously, the density Hn(p|zo) determines all the positive integer moments of 74, in particular,

EmO{Tﬂ} = F(fl, 0, 0|$0) + F(oo,fg, O|£L‘Q) - F(fl,fg, O|£L‘Q)

_ 2b(41 + fz) +2b% — CL‘% — (b — CL‘Q)Q
N 2D

— Ego {10}, (76)

where E, {70} is given by Eq. ([69). Figure Bl(right) illustrates the behavior of the mean first-crossing time E, {7}
as a function of /1 and /5.

The short-time asymptotic behavior is determined from the limit p — oco. In this case, the leading terms that
determined the behavior of H(t|z¢), vanish, and one needs to keep terms up to the order of e~*. Skipping technical
details, we get

1
VrDt3

+(2b— w0+ 41 + Ez)e‘<2b‘$°+41+f2>2/<4m>) . (77)

Hn(t|xo) ~

((IO + 01+ 0o + b)e*(m0+51+l2+b)2/(4Dt)

Qualitatively, the first term represents the contribution of trajectories that rapidly reached the left endpoint (by
crossing the distance x¢) and remained in its vicinity to increase the boundary local time £} up to ¢1, then crossed the
interval (by traveling distance b) to reach the right endpoint and remained nearby to increase 2 up to f2. Similarly,
the second term accounts for the trajectories that first reached the right endpoint and then moved to the left endpoint.

Figure [ illustrates the behavior of the probability density Hn(t|zg). As previously for Hy(t|zg), the short-time
asymptotic relation ([77) is accurate for small and moderate ¢, while its range of applicability is limited for large £.
Expectedly, all curves are shifted to longer times as compared to Fig. @l because the condition determining 7 is more
strict than that determining 7.

V. DISCUSSION AND CONCLUSION

In this paper, we extended the approach relying on the concept of the boundary local time as a proxy for the number
of encounters with the boundary that was recently developed to describe diffusion-mediated surface phenomena @]
Our extension allows one to partition the boundary into regions with distinct reactivities and to characterize encounters
with each region. For this purpose, we introduced the full propagator P(x,/1,..., ¢, tlxo) as the joint probability
density of the position of the particle and of its multiple boundary local times on each boundary region. This
propagator was then related via Eq. (1) to the conventional propagator G, ... .. (x,t|zo) satisfying Robin boundary
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conditions with parameters ¢, ..., ¢, on boundary regions I';. The explicit implementation of the surface reactivities
via the factors e"91%1 .. e~%mm in the expression () opens a way to investigate various surface reaction mechanisms
such as, e.g., catalysts’ fooling or membrane degradation @, @] In fact, the parameters g; enter into the conventional
propagator Gy, .. 4. (x,t|xo) via the Robin boundary condition (7)) that corresponds to the Poissonian type of surface
reaction: at each encounter with T';, the probability of the reaction event is the same. The factor e~ %% is thus the
probability of no surface reaction on I';, i.e., the probability IP’{& > (i} that the boundary local time £; does not exceed
its random threshold #; obeying the exponential distribution with the mean 1/¢;. However, one can go beyond this
conventional choice and consider a variety of surface reaction mechanisms characterized by any desired distribution
of the threshold ¢;: P{l; > £;} = W;(¢;) (see [46] for details). The generalized propagator describing the likelihood of
finding the particle in « survived against such surface reactions will then be

Gyon (@, t]z0) = /dﬂl Ui (0y).. ./dém Upo(l) P(m, 01, -, b, t]0). (78)
0 0

In this way, we extend the approach developed in ] in order to implement various surface reaction mechanisms
individually for each region I'; of the boundary. Several models of random thresholds and their consequences on the
distribution of the reaction time were discussed in HE] An interesting perspective consists in studying these models
in the current setting with multiple boundary local times (and thus multiple thresholds /;). The exact formula (Z3)
for the full propagator on the interval and its extensions to a circular annulus and a spherical shell will be particularly
helpful.

Another interesting extension consists in studying the limit m — oo of finer and finer partitions of the boundary
09). As a sequence of piecewise constant functions can approximate a given function gs characterizing the reactivity
of the boundary, one can access the general case of a space-dependent reactivity, in which the propagator G, (z, t|zo)
satisfies the Robin boundary condition:

(0nGy, (, t|w0))m:s +¢s Gy, (s,t|xg) =0 (s € 09). (79)

Indeed, Eq. () can formally be written as a sort of Feynman’s path integral (here, we do not provide any rigorous
statements but just sketch the main ideas):

Gy, (z, t|zo) = /DZS exp(—/ dsqs£s>P(:B,€s,t|:vo) (80a)
a0

E,, {exp (_ /6 dsa, éf) 5(X, — cc)} , (80D)

where ¢§ is the boundary local time in an infinitesimal vicinity of the boundary point s. As ¢ increases only when
the particle hits a vicinity of the point s, the integral over s can be re-arranged as

t

[ dsauti= [ax, ane. (81)
o0

0

where d¢; denotes increments of the total boundary local time ¢; on the whole boundary 0f2. Using this relation, one
gets a probabilistic representation

G (@, t]0) = Eay exp<— / ax, dzt/) (X —a) b, (82)
0

which is more conventional for the mathematical literature on stochastic processes @, @] On the other hand, a
spectral expansion of the propagator G, (x,t|xo) in terms of the eigenfunctions of the operator M, + ¢s was derived
in @] Further mathematical analysis of this intricate relation presents an interesting perspective for future research.

We also discussed a variety of the first-passage times associated to this problem. After identifying the conventional
cases of perfectly and partially reactive targets, we introduced a new class of first-passage times characterizing the
moment of the first crossing of prescribed thresholds by two boundary local times. We derived the exact formulas
for the Laplace-transformed probability densities of such first-crossing times 7y and 71. We also analyzed their
short-time asymptotic behavior and obtained the mean values of these random variables. In turn, getting the long-
time asymptotic behavior, which is usually much simpler for first-passage times, remains an open problem (see also
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discussion in[El). Further progress in this direction may potentially be achieved with the help of the Donsker-Varadhan
large deviation theory ﬂj, é] The obtained probability densities of the first-passage times could then be used for
implementing new surface reaction mechanisms via stopping conditions. Note that we focused on first-passage times
related to the joint probability density P(o,¢1, /s, t|zo) of two boundary local times. Another perspective consists
in extending the obtained results by using the full propagator P(z, ¢y, {2, t|xo) and thus conditioning on the arrival
point.

While most explicit results were presented for the interval, an extension to a circular annulus and a spherical shell is
straightforward. All three domains are often used as models in various physical, chemical and biological applications.
For instance, diffusion in an interval can model diffusion-influenced reactions in layered structures (such as a slab);
diffusion in a circular annulus can be relevant for cylinder-shaped confinements (e.g., the interior space of a bacterium
which contains nucleotides in the middle and is surrounded by an outer membrane); similarly, diffusion in a spherical
shell can model diffusive processes inside the cytosol surrounded by the cellular and nuclear membranes. Apart
from these basic models and related applications, the analytical results of the paper shed a light on the elaborate
statistics of two boundary local times. In particular, the intrinsic correlations between these two processes illustrate
the difficulties in getting more explicit results for general domains. In this perspective, the present work makes the
first steps on the way toward the full description of boundary encounters and related surface reactions.
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Appendix A: Dirichlet-to-Neumann operator for an interval

The Dirichlet-to-Neumann operator and its spectral properties were employed to describe diffusion-mediated surface
phenomena in @] (see also @]) For a domain © C R? with a smooth boundary 9%, the Dirichlet-to-Neumann
operator M, associates to each (appropriate) function f on the boundary 092 another function g on that boundary
such that M, f = g = (0,w)|sq, where w(z) is the solution of the modified Helmholtz equation (p — DA)w(x) =0 in
2 with Dirichlet boundary condition w|spq = f. In other words, the operator M, maps Dirichlet boundary condition
w|pa = f to Neumann boundary condition (9,w)|an = g = M, f for the same solution w(z) (see [46, [55] for further
discussion and references).

A general solution of the modified Helmholtz equation on an interval (0, b) can be written as

sinh(a(b — z)) sinh (o)

w(z) =c sinh(ab) 2 sinh(ab) ’

(A1)

with unknown coefficients ¢; and co. As any “function” on the boundary of the interval can be represented by a
two-dimensional vector (fy, f2)" (with coefficients f; and f), the Dirichlet-to-Neumann operator acts here as a 2 x 2

matrix
o= (o e ) (1), 2

One can recognize the parameters C' and FE/2 from Eqs. (87 B9al) as the diagonal and non-diagonal elements of this
matrix. The eigenvalues and eigenvectors of this matrix are:

1 =C — E/2 =« tanh(ab/2), v, = —(1, 1), (A3a)

BN
V2
po = C + E/2 = actanh(ab/2), vy = —(1, —1)T. (A3D)

Using Egs. (44]), one finds

») _ sinh(a(b — 2¢)) + sinh(ax)
Vi (@) = V2 sinh(ab) ’ (A1)
sinh(a(b — x¢)) — sinh(axg)

/2 sinh(ab) ’

V2(P) (Io) _
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where V;{) (20) were defined in @] as projections of 300700 (s, plxo) onto the eigenfunctions of the Dirichlet-to-Neumann
operator. _

Using these expressions, we can compute the full propagator Piot (2, £, p|xg) in the case of equal reactivities (¢1 = ¢2),
which characterizes the total boundary local time ¢, = ¢} + ¢2 [46]:

D Py (x, €, plro) = DGoo,oo(, plwo)5(£) + 3 ViP) (20) VP ()e ¢

_cp( sinh(a(b — z)) sinh(a(b — x)) + sinh (o) sinh(ax)
te ( Sl (o) cosh(FE(/2)
sinh(a(b — x¢)) sinh(ax) + sinh(azg) sinh(a(b — x)) .
_ i (ah) s1nh(E€/2)) , (A6)

where éoo)oo(x, plzo) is given by Eq. ([22)). The marginal probability density of ¢; in the Laplace domain reads

Ptot (O, £7p|x0) = S’W,W(p|x0)6(£)
cosh(ab) — 1 sinh(axg) + sinh(a(b — zq)) e (€ —E/2)¢

A
asinh(ab) sinh(ab) D (A7)
The cumulative probability function of /; is
- 1 sinh(axg) + sinh(a(b — zq)) _(C—E/2)¢
Pt pla) = gz (000 + T (-6 - ). (A8

where the derivative of the Heaviside function ©(¢) yields §(¢) in the above probability density.

In addition to the above Dirichlet-to-Neumann operator, one can consider other versions of this operator, which can
give complementary insights on this problem. The first one consists in restricting the operator to one endpoint, e.g.,
on I'y = {b}. In other words, the modified operator acts on functions defined only on T’y (here, as the boundary T's
consists of one point, this “functional” space is one-dimensional), while the solution is fixed to 0 at the other endpoint.
This is equivalent to fixing ¢; = 0 in Eq. (Adl), and the action of the modified Dirichlet-to-Neumann operator reads

M;?f: (3 sinh(ax) f>

n Sinh(ab) = actanh(ab) f, (A9)

z=b

where « ctanh(ab) can be interpreted as the eigenvalue of this operator (corresponding to the eigenfunction v = 1).
As the space of “functions” is one-dimensional (i.e., the “function” f is just a scalar), this is the only eigenvalue of
the operator.

The second modification consists in imposing Neumann boundary condition on one endpoint, e.g., on I'; = {0}.
A general solution of the modified Helmholtz equation with Neumann condition at z = 0 and Dirichlet condition at
x = b reads

~ cosh(ax)
w(z) =c¢ cosh(ab) (A10)

and the action of the modified Dirichlet-to-Neumann operator on a “function” f on I's is

Mévf = (Bn cosh(a) = atanh(abd) f. (A11)

r=b

Here, o tanh(ab) is the eigenvalue of this operator corresponding to the eigenfunction v = 1.

Appendix B: Some properties of functions ;1 and Q2

The functions Q1(z;a) and Q2(z1, 22;a) can be computed numerically from their definition in Eqs. (&). In this
Appendix, we provide some additional representations and asymptotic properties.
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Using the representation:

™

1
In(z) = = | df exp(xzcosb), (B1)
|

one can write

z z 00 2 om
Q1(z;a) = e /daz e " Ip(2ay/r) = e’ /d:z: e ” Z ((262)' cn ", (B2)
0 0 n=0
where
r o @n-1)!
Cn = — /d9 [cos(0)]*" = ] (B3)
0
We get then

> 2n n k x©  2n "M k
N (2a) A 2 W a z
Qi(z;a)=e Z o)l cn | nle ZF =e ZF E (B4)
n=0 k=0
Note also that the finite sum over k in Eq. (B4) can be written in terms of the upper incomplete Gamma function so
that

2 = a?" T'(n 1
Qi(z;a) =€ Z—M (B5)

n! n!
n=0

Similarly, the double integral reads

zZ1 zZ2
Q2(21,2’2;a) = (1 —a2)/d:101 /dxz 6_11_1210(2a\/$1$2)
0 0
2\ _—2z1—2z9 - 2n = Z]].c = 25
=(1—a?e > a ZE ZE : (B6)
n=0 k=0 k=0

For large z, it is convenient to write

(oo}

Qi1(z;a)=1-— e’ /dz e " Iy(2ay/x). (B7)

If in addition a < 1/z, then one can expand Iy(z) in a Taylor series to get

Qi(z;a) =1 — e 2 (14+(1+2)a*+...) 21 —e *(1+za® + O(a")). (B8)
In the limit p — oo, one gets then
Q1(Cla;\/Clysech(ab)) ~ 1 — e 4 O(e=22Y), (B9)
Q1(Cty;\/Clysech(ab)) ~ 1 — e~ 4 O(e20). (B10)
Noting that
Q2(z1,00;a) =1 — e~ (1= Q2(00,z9;a) =1 — e~ (1=a%)z2 (B11)

one gets for very small a:

oo o0

Q2(z1,22;a) =1 — e~(1=a)z _ o—(1=a®)z 4 (1- az)/dxl /dacg e~ "2 [h(2a+/T172)

2 Zo
O T L (1—a®)e 2 (1+a*(1+21)(1+22) + O(a* )
=(1—e)(1—e )= (z1e” " + 20" — (2120 + 21 + 22)e” 7" 7)a® + O(a?).
In the limit p — oo, one has
Q2(Cty,Claysech(ab)) = 1 — e 0 — emf 4 emallitla) 4 O(em200) (B12)



Appendix C: Two Laplace transform inversion formulas

In this Appendix, we aim at computing two classes of the inverse Laplace transform:
U(t) = £ {exp(~z f(e™*VP))},
V(t) = L7 exp(—zayp fe”VP))},

where a > 0, z > 0, and f(z) is an analytic function.
The first step consists in replacing a./p by p with the help of the following identity

L{de F(t,T) h(T)}(p) = 7d7 e~ VP h(1) = L{h}(a\/p) = h(ay/D),

where h(t) is a given function, and

F(t,T) . aT 7(127-2/(415)

- Vart3

Inverting this identity, we get another identity for a given function iL(p):

oo

L7 h(a/p)} = /dTF(t,T),c—l{iL}(r).
0
Using this representation, we have
Ult) = /dTF(t,T) £ exp(—a f(e )} (7).
0

In the second step, we expand the exponential function and use the Taylor series

0o
=D fu
k=0

to write
r N e —
Ut)= [ dr F(t,7) L 1 Jnpe "5 (7)
[rrene (55 )
> < () 1 [ O .
= reR > S g (gEber)

21

(Cla)
(C1b)

where we used that the inverse Laplace transform of e %7 is §(7 — k). Finally, the series over n yields the exponential

function, so that we conclude

k

B s e’k /(41) )
L7 {exp(—z f(e"*VP) }(t) = \/TZ ;%(az exp(—zf(2))

(C7)

This partly explicit expression allows one to easily compute the short-time behavior by keeping only the first term

with k£ = 1.
In the same way, we can compute the inverse Laplace transform V'(¢):

V) = /OOdT Ft, 1)L~ {Z # fn,k}(T)

n,k

> cl %(%[f(z)]”) (e T>)7_,€ |

s
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where 6™ () is the n-th derivative of the Dirac distribution. Next, we expand the function F(t,7) into a Taylor series
and evaluate its derivatives with respect to 7:

N o~ A oy 25+ D)!
Vo =35 T (glrer) B3 SR gt

where B = a/V4nt3 and A = a?/(4t) (note that some terms in this sum are strictly zero, e.g., when 2j + 1 < n).
Exchanging the order of summations over n and j, one realizes that the sum over n is the binomial expansion:

[ee]

. 1 ok (—A) & no2ieion (254 1)
V() Blli%k_ _'a_;) 5! ;[xf(z)] O T T
=19 K (—A)Y ;
I N
=1 0oF )
= B;%kzoﬁﬁ(k+xf(z))exp(—A(k+:1:f(z)) ).

We conclude that
E’l{exp(—xa\/ﬁf( N0

1o > >
E —a”(k+a f(2))7/(4t)
47Tt3 z—>0 k' (9Zk ( k * If(z))e ) (08)

Keeping only the term with & = 0, one gets the short-time asymptotic behavior:

a:z:f( ) e—a@?[£(0)]%/(4t)
V(t) ~ . C9
(t) = VArt3 (©9)

In the trivial case f(z) = 1, Eq. (C8) immediately yields the classical expression

£ exp(rayp}(H) = Sz e/ (C10)

Appendix D: The conventional propagator in two and three dimensions

The Laplace-transformed conventional propagator has an explicit form in two and three dimensions due to the
separation of variables. Following @], the radial part of the propagator in both cases reads as

-1 v () v(r) (a <r<ry<D),
(ro) { (b1)

G105 (13 0|T0) =

aV W(arg)w v (r)vi(ro) (e <ry <7 <b),
where W(z) = K(2)I'(z) — Z(2)K'(2), w(ro) is the weighting factor,
v*(r) = (aK'(aa) — qllC(aa))I(ar) (aZ'(aa) — 1 Z(aa)) K(our (D2a)
0’(r) = (aK'(ab) + ¢2K(ab)) Z(ar) — (aZ' (ab) + ¢2Z(ab)) K (o ) (D2b)
V= (aIC (a) — 1 K(a) )(aI’ ab) + qQI(ab))
— (aZ'(aa) — 1 Z(aa)) (aK' (ab) + q2K (b)), (D2c¢)
and Z and K are appropriate functions.
In two dimensions, one has
I(z) = I(2), K(z)=Ku(z), W(z)=1/z, w(re)=ro, (D3)

where I,,(z) and K,(z) are modified Bessel functions of the first and second kind, respectively. The Laplace-
transformed propagator is then

s 1 o= inlo—do) Aln
quyqz(w’pkro):ﬁ Z € (¢=o) Gt(ll?qg(’r’p|,r0)7 (D4)

n=—oo
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where & = (r, ¢) and &y = (g, ¢p) in polar coordinates, and the superscript (n) refers to the n-th Fourier harmonic.
In three dimensions, one has

I(2) = in(2), K(2) =kn(z), W(z)=1/2% w(ro) =rg, (D5)
where i, (z) and k,(z) are modified spherical Bessel functions of the first and second kind, respectively. The Laplace-

transformed propagator then reads

o0

Glh#zz (w,p|:130) =

(2n+1)P, ((é';g')) G (r,plro), (D6)

47D
n=0
where P,(z) are Legendre polynomials, r = ||, and r¢o = |xo|.
In both cases, the dependence of the propagator on ¢; and ¢o is identical to that in the one-dimensional case. As
a consequence, the inversion of the double Laplace transform with respect to ¢; and ¢o of each radial propagator can
be performed explicitly, and then the obtained contributions can be summed up according to Eqs. (D4} [D8]).

Appendix E: First-crossing time for the total boundary local time

In this Appendix, we study the distribution of the first-crossing time 7 of a given threshold ¢ by the total boundary
local time ¢; = ¢} + ¢? on the interval (0,b). As discussed in Sec. [Vl the Laplace-transformed probability density
H(p|zo) of 7 is determined by the Laplace-transformed cumulative probability function Fiot (¢, p|zg) given by Eq.

Emg{eip‘r} = f{(p|:170) =1- thot(gaerO)

_ sinh(au) —|— sinh(a(b — x0)) e—atanh(ab/2)t (1)
sinh(ab)

where we assumed ¢ > 0 to get a simpler expression (given that ¢ = 0 corresponds to the well-studied case of the
first-passage time to either of endpoints). The series expansion of this expression for p — 0 allows one to compute
the moments of 7:

m m s o -
In particular, we find the mean and the variance as
xo(b—x0) + (b o wo(b—x0)(22% — 2bxg + b?) + Lb3
E, = 7 2= . E

In both expressions, the first term (without ¢) represents the contribution from the first-passage time to either of
endpoints, whereas the second term accounts for multiple reflections. Indeed, the first-crossing time 7 can be split
into two independent contributions: the first-passage time to the endpoints, and the first-crossing time starting from
the endpoint. Setting xp = 0 to cancel the conventional contribution from the FPT, we see that both the mean and
the variance grow linearly with ¢. As a consequence, the relative standard deviation, o, /E, {7} = 1/b/(3¢), decreases
as { grows.

As briefly mentioned in Sec. [IT] the standard tools for the Laplace transform inversion (such as the residue
theorem) fail here because the exponential function in Eq. (EI)) exhibits essential singularities. For the sake of clarify,
we set xg = 0 and consider

H(pm) _ efatanh(ab/2)ll (E4)

Once its inverse, H(t|0), is known, H (t|z() can be obtained as a convolution of H(¢|0) with the inverse of the prefactor
in parentheses in Eq. (EIJ), which is well known (and can be easily obtained via the residue theorem).

In[C] we derive a semi-analytical formula (C8) for inverting functions such as H (p|0). Setting = £/band a = b/v/D
into this formula, we get

H(t|0) ((bk +0£(2)) e<bk+ff<z>>2/<4Dt>), (E5)

1 5 i 1 ok
VArDt3 20 &= k! 0z
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where f(z) = (1—2)/(1+ z). The short-time behavior of this density is obtained by keeping only the term with & = 0:
(e—t°/(4Dt)
Var D3

In contrast, getting the long-time behavior is much more difficult. Without solving this open problem, we provide a
rough approximation, which highlights the difficulties of the long-time limit.

H(t)0) ~ (t = 0). (E6)

Approximate computation in the long-time limit

As discussed in @, @], the boundary local time in a bounded domain is close to the Gaussian distribution in the
long-time limit:

exp(~555)

Prot (0, £, tlzg) ~ ———— 2B E7
t t(o |I0) \/F/Bt ( )

where ¢ = D|09Q|/|2| = 2D/b for an interval, and

Dlo\* . @Y 2D

- _ 1 == ES8
=-(Fa) G =% (%)
where we used uéo) = « tanh(ab/2) for an interval, see [Al Note that this approximation does not depend on the

starting point xg, which is irrelevant in the long-time regime and will be omitted below. As a consequence, we get

P{r >t} =P{{, < {} ~ %erfc(%), (E9)

from which

. 2
H(p ~ 2L U (_(t bl/(2D))

= Ji6-Di3 ex W) (t — 0). (E10)

Figure[@lshows the probability density H (¢|0) and its short-time and long-time approximations. First of all, one can
note that the numerical inversion by the Talbot algorithm yields very accurate results, with only minor deviations at
short times. As the threshold ¢ increases, the distribution of the first-crossing time is progressively shifted to longer
times and becomes relatively narrower because the relative standard deviation decreases. For £ = 0.1 and £ = 1, the
short-time asymptotic formula (EG]) is accurate. In turn, for £ = 10, even though this formula is accurate at short
times, the probability density is so small due to the factor e~¢/(4D) that its range of validity is of limited interest.
In contrast, the long-time approximation (EIQ) fails for small and moderate £ but is getting more accurate for £ = 10.
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