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Surface Hopping Propagator:
An Alternative Approach to Diffusion-Influenced Reactions

Denis S. Grebenkov!: *

' Laboratoire de Physique de la Matiére Condensée (UMR 7643),
CNRS — FEcole Polytechnique, IP Paris, 91128 Palaiseau, France
(Dated: August 28, 2020)

Dynamics of a particle diffusing in a confinement can be seen a sequence of bulk-diffusion-mediated
hops on the confinement surface. Here, we investigate the surface hopping propagator that describes
the position of the diffusing particle after a prescribed number of encounters with that surface. This
quantity plays the central role in diffusion-influenced reactions and determines their most common
characteristics such as the propagator, the first-passage time distribution, and the reaction rate.
We derive explicit formulas for the surface hopping propagator and related quantities for several
Euclidean domains: half-space, circular annuli, circular cylinders, and spherical shells. These results
provide the theoretical ground for studying diffusion-mediated surface phenomena. The behavior of
the surface hopping propagator is investigated for both “immortal” and “mortal” particles.

PACS numbers: 02.50.-r, 05.40.-a, 02.70.Rr, 05.10.Gg
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I. INTRODUCTION

In many natural phenomena, particles diffuse in a
confinement towards its surface where they can react,
permeate, relax their activity or be killed. Examples
include heterogeneous catalysis, permeation across cell
membranes, filtering in porous media, surface relaxation
in nuclear magnetic resonance, and animal foraging [1-9].
These phenomena are conventionally described by diffu-
sion equation (or more general Fokker-Planck equation)
with appropriate boundary conditions [10, 11]. In par-
ticular, most common properties of diffusion-influenced
reactions are derived from the propagator G,(z,t|xzo),
i.e., the probability density of the event that a particle,
started from a bulk point &y at time 0, has not reacted
on the surface and located at a bulk point x at time t.
For normal diffusion, the propagator satisfies the diffu-
sion equation inside a confining domain 2

0Gy(z,tlxo) = D ApGy(z, t|lzo) (2 €Q), (1)

subject to the initial condition G,(x,t = 0|zg) = d(x —
@) and the Robin boundary condition on the boundary
oQ:

— OnGy(z, tlxo) = q Gy, tlzg) (xz€0Q), (2)
where A, is the Laplace operator acting on x, 6(x) is
the Dirac distribution, and 0,, is the normal derivative
on the boundary 92 oriented outwards the domain €.
The parameter ¢ = /D is the ratio between the surface
reactivity (or permeability, or relaxivity, etc.) x and bulk
diffusivity D. In chemical physics, the Robin boundary
condition was put forward by Collins and Kimball [12]
and later explored by many researchers [13-32] (see an
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overview in [33]). The major disadvantage of the conven-
tional description is that the surface reactivity x (or q)
enters implicitly as a parameter of the Robin boundary
condition (2).

In a recent work [34], we proposed an alternative de-
scription based on the concept of boundary local time.
The boundary local time ¢; characterizes the fraction of
time that a diffusing particle spends in a close vicinity
of the reflecting boundary, as well as the number of en-
counters with that boundary [35], see Eqs. (4, 5) below.
This is a fundamental concept in the theory of stochas-
tic processes [36, 37], which remains largely unknown
and almost unemployed in physics, chemistry and biol-
ogy. To incorporate ¢;, we introduced the full propagator
P(x,l,t|x), i.e., the joint probability density of finding
a particle at point  at time ¢ with its boundary local
time ¢, given that it started from x¢ at time 0. The
crucial advantage of this alternative description is that
P(x,l,t|xg) characterizes diffusion in confinement with
reflecting (inert) boundary. In turn, the surface reactivity
is introduced via a stopping condition on the boundary
local time. In particular, we derived

o0

G, t]zo) = / e Pla, e, (3)
0

where the surface reactivity q appears explicitly as a pa-
rameter of the Laplace transform with respect to the
boundary local time ¢. In this way, the single full propa-
gator P(x,{,t|xg) describes the whole family of partially
reactive surfaces (characterized by ¢). Moreover, one can
replace the exponential factor e~9 by a more general
function to implement other surface reaction mechanisms
far beyond the conventional partial reactivity described
by the Robin boundary condition (2), see [34] for details.
In this light, the full propagator P(x, ¢, t|xo) turns out
to be the intrinsic key quantity that describes all sorts
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of diffusion-mediated surface phenomena in a given con-
finement.

A successful implementation of this new paradigm re-
quires efficient methods for accessing the full propagator.
In [34], the Laplace transform of the full propagator was
expressed in terms of the so-called “surface hopping prop-
agator” X, (s, £|sg), i.e., the probability density of the
event that a particle, started from a boundary point s,
has survived against a “bulk killing” with the rate p and
located at a boundary point s at the boundary local time
£. The rate p > 0 accounts for eventual disappearance of
the particles during its diffusion in the domain €2 due to a
bulk reaction or spontaneous disintegration, relaxation,
photobleaching or death. In this scheme, one can con-
sider both “mortal” (p > 0) and “immortal” (p = 0) par-
ticles [38—40]. In other words, the surface hopping prop-
agator describes bulk-diffusion-mediated displacements
between two encounters with the boundary, separated
by the boundary local time ¢. The concept of such a sur-
face exploration by successive hops through the bulk was
formulated by Bychuk and O’Shaugnessy [41, 42] and
later confirmed by single-particle tracking experiments
[43-45]. Former theoretical descriptions of surface hop-
ping diffusion in terms of effective surface propagators
were based on coupled bulk-surface diffusion equations
with adsorption/desorption kinetics [46-50]. In turn, the
surface hopping propagator (s, £|s¢) is a conceptually
different quantity, which characterizes surface displace-
ments not in terms of physical time ¢ (as earlier) but in
terms of the boundary local time ¢ (the number of en-
counters). To our knowledge, the surface hopping propa-
gator, introduced in [34] as an efficient way to access the
full propagator, is a new object, and the present paper
aims at uncovering its properties.

The paper is organized as follows. In Sec. II, we for-
mulate the theoretical framework for diffusion-mediated
surface phenomena, build an intuitive ground for the sur-
face hopping propagator, and recall some general rela-
tions from [34]. Main results are reported in Sec. III, in
which the surface hopping propagator is computed and
investigated for several domains. Section IV summarizes
and concludes the paper.

II. SURFACE HOPPING PROPAGATOR

How many reflections does a particle undertake up to
a given time ¢ or during its lifetime? Where is the par-
ticle after n reflections? For the common continuous-
time Brownian motion, these natural questions have old
but disappointing (trivial) answers. In fact, Brownian
motion crossing a smooth surface is known to return in-
finitely many times to that surface within an infinitely
short time period [51]. To get more satisfactory an-
swers, one needs to reformulate these questions in a reg-
ularized way. For instance, one can substitute Brown-
ian motion by a sequence of independent jumps (e.g.,
a random walk on a lattice). However, it is more con-

venient to keep considering continuous stochastic pro-
cess X, but to introduce a thin surface layer of width a,
0, ={xcQ : |z — 09| <a}, and to count the num-
ber N2 of crossings of this layer by reflected Brownian
motion up to time ¢t. As ¢ — 0, the number of cross-
ings diverges but a N}* converges to the random process,
introduced by Lévy and called the boundary local time
[35]:

ét == ig% a./Vf. (4)

While the continuous time ¢ represents the number of
jumps of duration § that the particle undertakes in the
bulk, the boundary local time ¢ is the proxy of the num-
ber of encounters with the boundary (reflections of am-
plitude a). Equivalently, ¢; is proportional to the fraction
of time that a particle spent in the surface layer of width
a up to time t:

t
gt = lim 2 /dt HQQ Xt/ (5)
a—0
0

where the integral is the residence time of reflected Brow-
nian motion X; in 99Q,, and Ipq, () is the indicator
function of that layer: Ipq, (z) = 1 for ¢ € 99Q,, and
0 otherwise. While /; is historically called “local time”,
it has units of length (see also [52, 53]). In some defi-
nitions, the diffusion coefficient D is removed from Eq.
(5), yielding the boundary local time in units of time per
length, i.e., the time spent in the surface layer rescaled
by its width. We also stress that the boundary local time
should not be confused with a closely related notion of
the point local time, i.e., a fraction of time spent in an
infinitesimal vicinity of a fixed bulk point. The latter
was thoroughly investigated, in particular, for Brownian
motion and Bessel processes (see [54-56] and references
therein).

The former two questions should thus be reformulated
in terms of the boundary local time: How large is the
boundary local time ¢; up to a given time ¢ or during
the lifetime of a particle? Where is the particle after a
boundary local time ¢? Answers to both these questions
are given by the surface hopping propagator X, (s, £|so),
as discussed below.

A. Intuitive picture

Before presenting main results for general domains, it
is instructive to provide the motivation and intuition for
the surface hopping propagator. Let us consider a parti-
cle diffusing in the upper half-plane, 2 = R x R, with
reflecting horizontal axis 992 = {(x,0) : x € R}. If the
particle started from a boundary point sg = (zo,0), its
“next” encounter with the boundary would occur exactly
at sg, as discussed above. To overcome this problem, we
introduce a thin surface layer of width a (Fig. 1). Now,
one can ask what is the position of the next encounter



with the boundary after crossing the horizontal line y = a
(i.e., after exiting from the surface layer). This regular-
ization eliminates too short Brownian trajectories that
remain within the layer. As the first crossing of the line
y = a typically occurs near the starting point sg, one
can move the starting point from (zo,0) to (x¢,a) and
then search for the probability density of the first arrival
onto the horizontal axis. This is the harmonic measure
density, which for the upper half-plane takes the form of
the Cauchy density,

7[(z — x9)% + a?]’

(6)

p1(z[(x0,a)) =

and can thus describe the first encounter position x after
leaving the boundary from zy and crossing the surface
layer of width a. After this encounter, the particle con-
tinues diffusion, independently of its past, so that the
second encounter position is determined by the convolu-
tion of two Cauchy densities:

pa(el(z0, @) = / dy pa (2] (21, 0)) pa (21| (0, @)
R
2a

7l(z = 20)* + (20)?]

Similarly, the position of the m-th encounter is deter-
mined by

7l(z = x0)? + (na)?]”

Pa(|(0,a)) = (7)

In the limit @ — 0 with any fixed n, this density converges
to the Dirac distribution, p,(z|(zo,a)) = 6(z — x9), il-
lustrating the above statement that (reflected) Brownian
motion returns infinitely many times to the first hitting
point within an infinitely short period. As the right-hand
side of Eq. (7) depends on a via the product na, a non-
trivial result can only be obtained in the limit ¢ — 0
when na is fixed. Setting ¢ = na, one obtains the surface
hopping propagator for the upper half-plane:

¢
=m0+ ]’ (8)

20(8,€|80) =

with boundary points s = (z,0) and so = (x0,0). As
eventual death of the particle during its bulk diffusion
was ignored, we set p = 0 in the subscript.

While the above construction can be performed in any
confining domain, its practical realization involves nu-
merous convolutions of the harmonic measure density
which in general are difficult to compute (the above ex-
plicit computation was possible due to the explicit form
of the Cauchy distribution and its specific “infinite di-
visibility” property, i.e., the invariance of its form upon
convolutions). In the next subsection, we present a gen-
eral approach to access the surface hopping propagator.

FIG. 1: Simulated trajectory of Brownian motion in the up-
per half-plane above the horizontal axis. A thin surface layer
is delimited by dashed line at y = a. The trajectory, started
from (0,a) (yellow filled square) is split into three colored
parts (blue, green, red). Each part is terminated when the
particle hits the boundary (enumerated filled circles), while
the next part starts the distance a above the last hitting point
(“jumps” indicated by black arrows). While some bulk explo-
rations are short (blue and red parts), the other can be very
long (green part).

B. General approach

We consider a particle diffusing in an Euclidean do-
main Q C R? with a smooth boundary 9Q. In [34], the
surface hopping propagator X, (s, £|sg) (with p > 0) was
shown to be the kernel of the semi-group exp(—M,¢) gen-
erated by the Dirichlet-to-Neumann operator M,,. This
is a pseudo-differential self-adjoint operator acting on
functions on the boundary 0§ (see rigorous definitions
and mathematical details in [57-61]). For a given func-
tion f on 0f2, this operator associates another function g
on 0Q, M, : f = g = (0nw)pa, where w satisfies the
Dirichlet boundary value problem:

(p—DAw=0 inQ, wiagn = f (9)
(if © is unbounded, one also needs to impose the regu-
larity condition: w — 0 as |x| — oo, see below). For
instance, if f describes a concentration of particles main-
tained on the boundary 99, then M, f = (Opw)jaq is
proportional to the diffusive flux of these particles into
the bulk. Note that there is a family of Dirichlet-to-
Neumann operators parameterized by p (or p/D). As the
kernel of the semi-group exp(—M,¢), the surface hopping
propagator satisfies

8g2p(8,€|80> = —Mpr(s,€|so), (10)

subject to the initial condition X,(s,¢ = 0|sg) = (s —
8p). This equation resembles the diffusion equation (1),
in which the physical time ¢ is replaced by the boundary
local time ¢, and the Laplace operator A is replaced by
—M,,.



When the boundary 052 of the domain is bounded, the

Dirichlet-to-Neumann operator has a discrete spectrum,

i.e., a countable set of positive eigenvalues uslp )

functions v7 )(s) forming a complete orthonormal basis

in the space Lo(09):

and eigen-

MyoP(s) = uP 0P (s). (11)
The surface hopping propagator admits thus the spectral
expansion:

Sp(s,ls0) = Y [P (so)]* vl (s) e, (12)

n

where asterisk denotes complex conjugate. In other
words, finding ¥,(s, ¢|so) is equivalent to studying the
spectral properties of the Dirichlet-to-Neumann opera-

tor M,,.

When p > 0, all eigenvalues ,u(p ) are strictly posi-
tive, and the surface hopping propagator vanishes as ¢
increases. This is a direct consequence of bulk reaction
that may lead to eventual death or disappearance of the
diffusing particle during its motion. In particular,

/ds (s, 0s0) <1 (£>0), (13)

[2}9)

i.e., this density is not normalized to 1, in the same way
as the conventional propagator G¢(z, t|z) is not normal-
ized to 1 in the presence of reactive boundary (¢ > 0).
In turn, the case p = 0 is more subtle. For restricted
diffusion in a bounded domain, the ground eigenfunction
is constant, v (s) = |09|~1/2, whereas the associated

eigenvalue is zero: uéo) = 0. Due to the orthogonality of
©

other eigenfunctions to v, ), the surface hopping propa-
gator is normalized to 1:

/ds So(s,fso) =1 (£ 0). (14)
o)

In contrast, if diffusion is transient, all eigenvalues u( )
are strictly positive, and the normahzatlon is lost again,
here, due to the possibility of escaping at infinity. This is
the case of diffusion in the exterior of a bounded domain

in RY with d > 3 (for d = 2, see a short discussion in Sec.
A4).

C. Relation to other quantities

As shown in [34], the surface hopping propagator opens
the door to access most common diffusion-reaction char-
acteristics such as the full propagator, the conventional
propagator, the first-passage time distribution, and the
reaction rate. In particular, the Laplace transform of the

full propagator reads
Goo (2, plfvo) (£) (15)
(8 {lso) ~
dsO ds.]oo s,p|x) Joo (80, Pl ®0),

Pz, l,plxo) =

where Goo(w,t|w0) is the propagator for perfectly re-
active boundary (with Dirichlet boundary condition
G oo, t[20))00 = 0),

jOO(87 t|$0) =

—D(@nGoo(w,ﬂwo))m_s (16)

is the probability flux density on that boundary, and tilde
denotes the Laplace transform with respect to time ¢, e.g.,

o0

P(x, !, plao) = /dte_pt P(x, 4, t|xg). (17)
0

Substituting the spectral expansion (12) into Eq. (15),
one also gets

P@%W@ZG@M%H@ (18)
DZ VO (@o)]* V) () e,
with
V(@) = [dsispla) o). (19

[219]

In turn, the full propagator determines most common
quantities of diffusion-influenced reactions, in particular,
the conventional propagator via Eq. (3). Moreover, one
gets the marginal probability density of the boundary
local time ¢; (see also [52, 53]):

plt.tfeo) = [ dw Pla b tfen), (20)
Q
and the probability density of the first-crossing time 7, =
inf{t >0 : ¢, > {} of alevel £ by ¢;:

U, t|wo) = D / ds P(s, 0, tzo). (21)

The latter determines the probability density of the con-
ventional first-passage time to a partial reactive bound-
ary as:

(o]

t|$0 :/dﬂqe at U 6 t|$0) (22)
0

In the Laplace domain, one can use the spectral expan-
sion (18) to write

WMm:memw“”ﬁmmw<m

n o9



Inverting the Laplace transform, one gets U (¢, t|xg) and
thus gains access via Eq. (22) to the whole family of
probability densities Hg(t|x).

The surface hopping propagator also determines the
spread harmonic measure density, w,(s|xz¢), which char-
acterizes the boundary point on a partially reactive
boundary, at which reaction occurs [62-64]. For a parti-
cle started from xg, one has

wq(8|wo) = [ dso wq(3|30)joo(30,0|$0), (24)

o0

where

|30 = dﬁqe qlzo S €|80) (25)

More generally, the Laplace transform of ¢X,(s,?|so)
with respect to the boundary local time ¢ yields the prob-
ability density of the reaction point s on the boundary
in the presence of bulk reactions with the rate p.

D. Extension

In the above construction of the surface hopping prop-
agator X,(s,{|sg) and the full propagator P(x,¥,t|xo),
the boundary local time £ is counted on the whole bound-
ary 02 of the confining domain 2. This boundary local
time is then used to incorporate surface reactions, like
in Eq. (3). In certain applications, however, only a sub-
set of the boundary, I' C 0f, is reactive, whereas the
remaining part OQ\T is inert and just passively confines
the diffusing particle inside the domain. This is a typ-
ical case of an escape through a hole I'; or of a target
I" surrounded by a reflecting surface. As encounters of
the particle with the passive part of the boundary do not
matter, one needs to count the boundary local time only
on the reactive part I'.

An extension to this setting is straightforward. In fact,
one can re-define ¢, through the residence time in a close
vicinity of the reactive part: Ty ={x € Q : |z—-T| < a}:

t
D
gt = lim — /dt/ ]Il"a (Xt/). (26)
a—0
0

The associated surface hopping propagator can be con-
structed as earlier by modifying the definition of the
Dirichlet-to-Neumann operator. In fact, as the passive
part of the boundary, OQ\I, is irrelevant, one can define
the Dirichlet-to-Neumann operator ./\/111;, acting on func-
tions on I" as M} : f — g = (Opw)r, where w is the
solution of the mixed Dirichlet-Neumann boundary value
problem:

_ _ : w\l_‘ = f7
(p—DA)w=0 1inQ, { (O ) s = 0. (27)

Here, the Neumann boundary condition on 0Q\I" imple-
ments explicitly the reflecting character of the passive
part of the boundary. In the following, we will present
several examples of the surface hopping propagator for a
subset of the boundary.

IIT. EXPLICIT RESULTS FOR SEVERAL
CONFINING DOMAINS

In this section, we illustrate the properties of the sur-
face hopping propagator and related quantities for sev-
eral confining domains, for which the eigenbasis of the
Dirichlet-to-Neumann operator can be explicitly derived.
Even though these spectral properties are known to ex-
perts, we will provide some clarifications to guide readers.
We start with the half-space, for which all quantities,
including the full propagator, will be derived in closed
explicit forms. Then we consider two-dimensional circu-
lar annuli between two concentric circles that include as
limiting cases the interior and the exterior of a disk. An
extension of these results to three-dimensional circular
cylinders is briefly presented. Similarly, we discuss spher-
ical shells between two concentric spheres that include
the interior and the exterior of a ball. A numerical com-
putation of the eigenmodes of the Dirichlet-to-Neumann
operator in non-concentric perforated spherical domains
is discussed in [32, 65]. Technical derivations are moved
to Appendices.

A. Half-space

It is instructive to start with the case of the half-space
Q= {x = (v1,...,24) € R? xq > 0}, for which
all quantities of interest can be obtained in a closed
analytic form. Even though the boundary 02 of the
half-space is not bounded, the derived formulas can be
adapted. In this case, the spectrum of the Dirichlet-to-
Neumann operator is continuous, and sums over eigen-
modes should be replaced by integrals. Moreover, the
solutions of the eigenvalue equation (11), vP | are not
L2 (092)-normalized and thus cannot be called “eigenfunc-

tions”. Nevertheless, we will keep this term for v,(f ), bear-
ing in mind its limitations.

To clarify the ideas, we start again with the planar
case (d = 2). The translational symmetry of the bound-
ary implies that v,(s) = €*/y/2m are the “eigenfunc-
tions” of the Dirichlet-to-Neumann operator M,. In

fact, since w(z,y) = ™YV HP/D gatisfies the mod-
ified Helmholtz equation (9) in the upper half-plane,

e is an “eigenfunction”, associated to the “eigenvalue”

1P = /nZ + p/D. Note that this “cigenfunction” does
not depend on p due to the above symmetry. The prefac-
tor 1/v/27 comes from the orthogonality of “eigenfunc-



tions”:
/ ds v () [ow (5)]* = 6(n — ). (28)

— 00

Skipping technical details, we formally rewrite the spec-
tral expansion (12) of the surface hopping propagator as

5, (5, £)s0) = / dn [un(50)]* vn(s) exp(—puP0),  (29)

where the former summation index n now takes real val-
ues in R. As a consequence, we get

Sy (s, £]s0) = % gin(so—s)—e\/n? 1 p/D
B Y4
(02 4 (s — 50)?)

CK1(¢), (30)

with

¢=Vp/DVE+(s—50)?, (31)

and K, (z) is the modified Bessel function of the second
kind. At p = 0, we retrieve the Cauchy density (8).
In this case, the surface exploration up to the boundary
local time ¢ is equivalent to the first arrival onto that
surface of Brownian motion started from (so, ¢), i.e. the
distance ¢ above the surface. Figure 2 illustrates the
behavior of the surface hopping propagator. Changing
progressively the boundary local time ¢, one observes the
spreading of the surface hopping propagator.

For “immortal” particles (p = 0), the surface hopping
propagator exhibits heavy tails, ¥o(s,£|so)  |s — so| 72,
in particular, the variance of the arrival point s is infi-
nite (the mean is sg due to the symmetric form of this
propagator). Such displacements with infinite variance
resemble Lévy flights [66]. This is the consequence of un-
bounded exploration region that allows for very long and
far-reaching trajectories. The situation is drastically dif-
ferent for “mortal” particles (p > 0), for which long tra-
jectories are penalized by tiny chances of survival. In fact,
the central part of this distribution (when £?+|s—so|? <
D/p) resembles again the Cauchy density (Fig. 2(b)),
which is however truncated by exponential tails at large
s (when ¢ > 1): X,(s,0]sp) x e=¢ ~ e~ls=s0lV/P/D_ The
bulk rate p (or, more precisely, p/D) controls this trun-
cation. As a consequence, all the positive moments of the
arrival boundary point are finite. Expectedly, the surface
hopping propagator is not normalized to 1 for p > 0:

/ds 5, (s, f]so) = e~ VPID . (32)

Interestingly, even the conditional surface hopping prop-
agator that accounts only for the survived particles after

107!

10t

FIG. 2: The surface hopping propagator ¥,(s, £|0), given by
Eq. (30), for diffusion in the upper half-plane for p = 0 (a)
and p = 0.1 (b), and 64 values of ¢, logarithmically spaced in
the range from 107" (blue curves) to 10" (red curves), with
D=1.

renormalization by e *V?/P  shows an exponential decay
with s.

In higher dimensions, the “eigenfunctions” and “eigen-
values” of the Dirichlet-to-Neumann operator have simi-
lar form:

ettn-2) () 2
vn(s) = GmEE 1y’ =Inl?2+p/D, (33)
with the “multi-index” n = (n1,...,n4_1) € R4, The
surface propagator can thus be written as

Ep(3,£|30): / (dinein-(sos)fy/n2+p/D_ (34)

27T)d_1
Rd—1

In spherical coordinates, the integral over all orientations
gives

5 thso) = L [ dnn* s ol = s
)= 2
% e—Z\/nQ-l-p/D
CFK4(C)
=Yo(s,l|s0) =i (35)
r(d)2i



where ( is given by Eq. (31), and

I'(d/2) 14
T2 (2 4 |s — s0[2)4/2

is again the harmonic measure density on the hyperplane
R?-1 (see also [64]), and J,(z) is the Bessel function of
the first kind. In the right-hand side of Eq. (35), one can
recognize the Laplace-transformed probability flux den-
Sity joo (8, p|(80,£)) onto a perfectly absorbing hyperplane
from the bulk point @y = (sp,¥). The inverse Laplace
transform with respect to p yields then

‘Ct_l{zp(&g'sO)} = joo(sut|(307£))
exp(—2555) € exp(—57)
(ArDt)d=1/2 \/4r D3

We emphasize that this relation is specific to the case of
the half-space.

Using this relation and the representation (34), one can
easily compute the double integral over s; and sy in Eq.
(18) to get

20(8,€|80) = (36)

(37)

& ¢ Sp(y, 2+ 20 + ¢
P(x,l,plzo) = Goo(x, plao)d(f) + p(y DO |?JO)7

(38)
where & = (y, z) and xo = (yo, 20). The inverse Laplace
transform with respect to p yields then

Joo (Y, t|(Yo, 2 + 20 + 1))

P(x, 0, t|xg) = Goo(x, t|xo)o(€) +

D
ly—yol®
_ exp(— 45)/: ) (e—(z—z0)2/(4Dt) _ e—(z+z0)2/(4Dt))5(€)
(47 Dt)?/2
U+ 2420 _(a42040)2/(4Dt)
+ Dr ¢ . (39)

This is the explicit exact form of the full propagator for
the half-space.

One can easily check that the integral over & € Ri
gives the marginal probability density of the boundary
local time #;:

exp(— 50")

20
@) 5(0) + — T

This expression does not depend on the dimension d and
the lateral coordinate yq of the starting point g, given
that the boundary local time is independent of lateral
displacements and determined by the transverse motion
(on the half-line). The distribution of the boundary local
time ¢; was studied in [52, 53].

In turn, the integral of Eq. (39) over ¢ € R, yields the
marginal probability density of the position, i.e., con-
ventional propagator Go(x,t|xo) in the half-space with
reflecting boundary:

p(L,t|xo) = erf( (40)

|y*yo|2
exp(—
Gt o) = )

y (87(2720)2/(41),5)+€7(z+zo)2/(4Dt))' (41)

Moreover, with the general expression (3), one retrieves
the propagator G, (x, t|xo) for reactive boundary:

ly—yol®
EXP\" "apr —(z—=z2

—(2+420)/(4Dt) (1 — 99V Di erf (Z + %0 /—>) }

e 7w Dt erfcx + qv Dt ,
1 V4Dt 1

(42)

where erfex(z) = e’ erfe(z) is the scaled complementary
error function. Expectedly, the propagators in Eqgs. (41,
42) exhibit translational invariance along y coordinate
and are factored into the lateral Gaussian (free) propaga-
tor and the transverse propagator on the half-line (0, c0).
Note that its integral over the arrival point x yields the
survival probability

Z0 _ 28 Z0
Sq(tlzo) =erf<\/ﬁ> +e 4Dterfcx<\/ﬁ +qut>,
(43)

which does not depend on yg and coincides with the sur-
vival probability for the semi-axis with the partially reac-
tive endpoint. The classical expression for the associated
probability density of the reaction time is then retrieved:

. 1
H (tlae) = De—z0/<4Dt>{_
q( | 0) q i

- qerfcx(\/% + qx/ﬁ) } (44)

Finally, Eq. (21) yields

(é _|_ 20)6_(€+Z0)2/(4Dt)
VA Dt3 ’

i.e., we retrieved the classical formula for the probabil-
ity density of the first crossing time of a level ¢ by the
boundary local time of reflected Brownian motion on the
half-line (see, e.g., [54]).

To complete this section, we briefly mention that the
above computations can be easily extended to a slab do-
main between parallel hyperplanes, one of which is re-
flecting (see [67] for more details). In other words, one
can consider Q = {x € R : 0 < x4 < L} and study the
Dirichlet-to-Neumann operator on the hyperplane x4 = 0
in the presence of the reflecting hyperplane x4y = L. The
“eigenfunctions” of such Dirichlet-to-Neumann operator
remain unchanged due to the translational symmetry,
whereas the “eigenvalues” are

P = \/In|2 +p/D tanh(L+/|n|? + p/D).

As L — oo, one retrieves the former case of the half-
space. The former integral representations for the surface
hopping propagator and related quantities remain valid
if Eq. (46) is used for ,ugf ) In contrast, the presence of
tanh(z) prevents from getting simple closed formulas for
these quantities in the case of a slab.

U, t|xo) =

(45)

(46)
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FIG. 3: (a,b) The surface hopping propagator X,(s,¢|so),
given by Eq. (A6), for diffusion inside a disk of radius R,
for p =0 (a) and p = 0.1 (b), and 64 values of ¢, logarith-
mically spaced in the range from 10~" (blue curves) to 10
(red curves), with D = 1 and so/R = 7. (c,d) The surface
hopping propagator 3, (s, £|so) for diffusion outside a disk of
radius R, with the same parameters. Note that the propaga-
tors on panels (a) and (c) are identical but the vertical axis
is cut differently. The series in Eq. (A6) is truncated above
In| = 100.

B. Circular annuli and spherical shells

In Appendices A and B, we provide explicit formulas
for the eigenfunctions and eigenvalues of the Dirichlet-to-
Neumann operator in several rotationally invariant do-
mains: circular annuli, the interior and the exterior of
a disk, circular cylinders, spherical shells, the interior
and the exterior of a ball. These formulas allow one to
get the surface hopping propagator X,(s,¢|so) via the
spectral expansion (12), as well as the full propagator
P(x,l,t|xp) and all the related quantities, as discussed
in Sec. IT C. From these basic results, one can thoroughly
investigate various diffusion-mediated surface phenom-
ena in the above domains. In this paper, we keep our
focus on the surface hopping propagator and illustrate
its properties for these domains.

Figure 3(a,b) shows the surface hopping propagator
for the interior of a disk of radius R. At p = 0 (panel
(a)), the surface hopping propagator (s, £|so) coincides
with the harmonic measure density on the circle, see Eq.
(A14). Expectedly, it evolves from the Dirac distribution
at £ = 0 to the uniform distribution 1/(27R) as { — cc.
When p > 0 (panel (b)), eventual death of the particle
during its bulk explorations affects this propagator. At
small ¢, the particle spends short time in the bulk so that
there is almost no effect of the bulk rate p (at moderate
p): blue curves on (a) and (b) panels are almost identical.
As /¢ increases, the effect of p becomes more prominent.

At large ¢, the particle has enough time to explore the
interior of the disk, leading again to the uniform distribu-
tion of the arrival point. This can also be seen from the
spectral expansion (12), in which the contribution from
higher-order eigenmodes of the Dirichlet-to-Neumann op-
erator vanished. The surface hopping propagator be-

comes almost flat again, X,(s,¢|sg) =~ e*“ép)e/(Qﬂ'R),

but its level is now attenuated by bulk reactions. As

,ugpzo'l) ~ 0.0494, the attenuation factor e—#¢"* is not
strong even at £ = 10 in the considered example. How-
ever, one can still see a qualitative difference between
p =0 and p = 0.1 cases: in the former case, the curves
approach the limit 1/(27R), whereas in the latter case,
they are progressively shifted downward.

Figure 3(c,d) shows the surface hopping propagator for
the exterior of a disk of radius R. We note that Eq. (A14)
for the surface hopping propagator at p = 0 remains the
same for diffusion outside the disk. This reflects the con-
formal invariance of the harmonic measure with respect
to an inversion mapping of the interior of the disk to its
exterior. In contrast, for p > 0, the behavior of the sur-
face hopping propagator is different for diffusion inside
and outside the disk, especially for large ¢. In fact, the
particle diffusing outside the disk undertakes much longer
bulk excursions between successive encounters with the
boundary and thus has higher chances to be killed by a
bulk reaction. This leads to much smaller values of the
surface hopping propagator (we recall that the propaga-
tor is not normalized to 1 for p > 0).

Figure 4 presents the surface hopping propagator
Yo(s, £|sg) for a circular annulus with both reactive cir-
cles of radii R and L. As the boundary is composed of
two circles, there are two distinct choices of the starting
point s¢ (shown by red dot): either on the inner circle of
radius R, or on the outer circle of radius L (and one can
set 59 = 0 in both cases due to rotational invariance). For
convenience of presentation, the curvilinear coordinate s
runs here from —27R to 0 for the inner circle, and from
0 to 27 L for the outer circle. On the horizontal axis, s
is rescaled by R for negative values and by L for positive
values so that the horizontal axis varies from —27 and
27. Let us first consider the particle started on the inner
circle (Fig. 4(a)). At small £ (blue curves), this particle
does not move far away from the starting point sg, so that
Yo(s, £|so) rapidly decays when s/R varies from 0 to —7
(its later increase for s/ R ranging from —7 to —27 is due
to the symmetry). Similarly, bulk excursions of the parti-
cle rarely terminate at the outer circle so that the surface
hopping propagator remains small on that boundary (the
range of positive s). Clearly, the minimum corresponds to
the boundary point s = wL on the outer boundary which
is located behind the starting point sg. As the boundary
local time increases, the particle explores further bound-
ary regions, both on the inner and outer circles. In the
limit £ — oo, the surface hopping propagator approaches
the uniform density, 1/(27(R + L)), on both circles, as
expected. When the starting point is on the outer circle
(Fig. 4(b)), the picture is very similar, i.e., the particle
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FIG. 4:  The surface hopping propagator ¥,(s,¥|so) for a
circular annulus with both reactive circles of radii R and L,
for 64 values of ¢, logarithmically spaced in the range from
107" (blue curves) to 10" (red curves), with p = 0, L = 5R,
D = 1. (a) The starting point sg = 0 (red dot) is on the inner
circle; (b) the starting point so = 0 is on the outer circle. The
series is truncated above |n| = 1000.

remains on the outer circle (close to the starting point)
at small ¢ but then spreads away. Note that the stronger
decay of the surface hopping propagator is caused by the
fact that the outer circle is much longer than the inner
one. For this reason, a large truncation order was needed
to accurately compute (s, £]sg) in this case.

For “mortal” particles (not shown), eventual death due
to the bulk rate p > 0 penalizes long trajectories, as in
the case of diffusion inside a disk. Moreover, in highly re-
active media, the particle has tiny chances to move from
one circle to the other, and these parts of the boundary
become decoupled. In other words, as there is almost no
survived particles that crossed the annulus, the proper-
ties of the boundary far away from the starting point do
not matter.

Figure 5 shows similar results for the interior and ex-
terior of a ball. As previously, £,(s, £|s¢) behaves differ-
ently for diffusion inside and outside the ball. However,
this difference is considerably enhanced in three dimen-
sions due to the recurrent versus transient character of
diffusion. In fact, the particle diffusing outside a ball can
escape to infinity with a finite probability. As a conse-
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FIG. 5: (a,b) The surface hopping propagator X, (s, ¢|so),
given by Eq. (B22), for diffusion inside a ball of radius R,
for p =0 (a) and p = 0.1 (b), and 64 values of ¢, logarith-
mically spaced in the range from 10~" (blue curves) to 10
(red curves), with D = 1, sg = (0,0, R) (the North pole),
and s = (Rsin6,0, Rcosf) (i.e., 6 is the angle between s
and s). (c,d) The surface hopping propagator X,(s, £|sg) for
diffusion outside a ball of radius R, with the same parame-
ters. The series in Eq. (B22) is truncated above n = 100 that
results in small oscillations seen for blue curves.

quence, the surface hopping propagator is not normalized
to 1 here even for p = 0. Actually, the normalization con-
stant is e ¥/E, i.e., the escape probability is 1 — e ¢/E,
On panel (c), one can see that the surface hopping prop-
agator becomes again uniform (as the contribution of
higher-order eigenfunctions vanishes) but attenuated by
the factor e /1.

Finally, Fig. 6 illustrates the surface hopping propa-
gator on a spherical target of radius R, surrounded by
an outer reflecting sphere of radius L. This setting is
qualitatively in between the interior and the exterior of a
ball. On one hand, as this domain is bounded and diffu-
sion is recurrent, the surface hopping propagator evolves
towards the uniform density 1/(47R?), as for the inte-
rior case. On the other hand, the outer reflecting sphere
is located relatively far from the target and thus allows
for long trajectories, as for the exterior case. For p = 0,
the panel (a) of Fig. 6 resembles the panel (a) of Fig.
5, even so diffusion occurs in different regions in these
two settings. In contrast, when p = 0.1, the panel (b)
of Fig. 6 is much closer to the panel (d) of Fig. 5. In
fact, in both cases, the particle is allowed to undertake
long trajectories between successive encounters with the
target.
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FIG. 6: The surface hopping propagator X, (s, £|so), given
by Eq. (B6), on a spherical target of radius R, surrounded
by an outer reflecting sphere of radius L, for p = 0 (a) and
p = 0.1 (b), and 64 values of ¢, logarithmically spaced in
the range from 107" (blue curves) to 10* (red curves), with
L = 10R, D =1, so = (0,0, R) (the North pole), and s =
(Rsin,0, Rcos0) (i.e., 0 is the angle between so and s). The
series in Eq. (B6) is truncated above n = 100.

IV. DISCUSSION AND CONCLUSION

In this paper, we investigated the properties of the sur-
face hopping propagator X, (s, £|sg) recently introduced
in [34]. This is a conceptually new quantity that describes
bulk-diffusion-mediated exploration of a surface. In con-
trast to former works [46-50], which relied on coupled
bulk-surface diffusion equations and aimed to character-
ize the position of the particle on a surface after some
physical time ¢, here we operate with the boundary local
time ¢, which is a proxy of the number of encounters with
that surface. The surface hopping propagator turns out
to be dual to the conventional propagator G, (x, t|xo). In
fact, as Gq(x,t|zo) characterizes displacements between
bulk points @y and « in physical time ¢ (i.e., after a
number of bulk jumps), ,(s,£|so) characterizes effec-
tive displacements between boundary points sy and s in
boundary local time ¢ (i.e., after a number of reflections
on the boundary). While G, (x, t|xo) is the semi-group of
the Laplace operator —A (acting in the bulk), 3, (s, £|so)
is the semi-group of the Dirichlet-to-Neumann operator
M,, (acting on the boundary). In this light, the spectral
expansion (12) is dual to the spectral expansion for the
conventional propagator:

Gy, tlzo) = > [ul? (@) ul@ (@) e "1, (47)

n

where ¥ and u{? (z) are the eigenvalues and L (9)-
normalized eigenfunctions of the diffusion operator

—DA:

—DAUD = \@) 4@ (x € Q), (48a)
Ol +qul® =0 (z €aQ), (48b)

where we highlighted the dependence on the reactiv-
ity parameter ¢ through the Robin boundary condition
(48b). Similarity and duality of Eqs. (12, 47) are re-
markable. We recall that the spectral expansion (47) is
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valid for a bounded domain €2, whereas the spectral ex-
pansion (12) is valid for a bounded boundary 9. As a
consequence, Eq. (12) seems to be more general, as it
is also valid when 2 is the exterior of a bounded do-
main, for which Eq. (47) is not applicable anymore.
In spite of this considerable advantage, the Dirichlet-
to-Neumann operator and its eigenbasis were not ear-
lier employed to describe diffusion-influenced reactions
and other diffusion-mediated surface phenomena. The
present paper, along with Refs. [34, 68], aim to shift the
theoretical description of these phenomena towards a new
fundamental ground. Using the formulas derived in this
paper, one can access directly not only the surface hop-
ping propagator, but all the related quantities, including
the full propagator, first-passage time distribution, the
survival probability and the reaction rate.
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Appendix A: Circular annulus

Here, we consider a circular annulus between two con-
centric circles of radii R < L: Q={x € R? : R< |z| <
L}. There are four possible combinations of surface reac-
tivity: (i) both circles are reactive, (ii) the inner circle is
reflecting while the outer circle is reactive, (iii) the inner
circle is reactive while the outer circle is reflecting, and
(iv) both circles are reflecting. As surface reaction is not
possible in the last case, it is excluded. The first case cor-
responds directly to our general setting when the whole
boundary is reactive. However, as this case involves two
disjoint parts of the boundary (the inner and the outer
circles), its analysis is the most complicated. For this
reason, we start with the case (ii), then briefly discuss
the case (iii), and finally give the solution for the case

().

1. Reactive outer circle

In order to determine the spectrum of the Dirichlet-to-
Neumann operator associated with the outer circle I' =
{z € R? |¢| = L}, one needs to solve the mixed
boundary value problem (27). Its general solution can
be searched in polar coordinates (r, ¢) as:

(oo}

w(r,g) = Y cae™ galr),

n=—oo

(A1)



where ¢, are unknown coefficients (to be fixed by the
boundary condition),

K| (aR)I,(ar) — I}, (aR) K, (ar)
K!(aR)I,(aL) — I/ («R)K,(aL)

gn(r) = (A2)

are radial functions with « = /p/D, prime denotes the
derivative with respect to the argument, and I,,(z) is the
modified Bessel functions of the first kind. One can easily
check that g/,(R) = 0 by construction. For convenience,
we have chosen a particular normalization g, (L) = 1. As
the normal derivative is equal to the radial derivative, the
action of the Dirichlet-to-Neumann operator M, does
not affect the angular part. In other words, the rotational
symmetry of this domain implies that Fourier harmonics
are the eigenfunctions of My, defined on the outer circle
I

eins/L
vn(s) = oL

where the curvilinear coordinate s is related to the polar
angle ¢ as s = ¢ L. The associated eigenvalues are

(n € Z), (A3)

(nez). (A4)
The eigenfunctions do not depend on p, whereas the
eigenvalues are twice degenerate, except for n = 0. Here,
the index n runs over all integer numbers. In the limit
p — 0, one gets

n| 1—(R/L)*"
510) = f W . (A5)

The spectral decomposition (12) of the surface hopping
propagator reads

> in(sop—s)/L

e
Z 2L

n=—oo

Sp(s,€]50) = exp(—pPt).  (A6)

To access the full propagator, one also needs to com-
pute VP )( o) from Eq. (19). Using the summation
formulas from [69], the Laplace-transformed propagator

Goo (2, plx) and thus joo (s, p|zo) for a circular annulus
with Dirichlet boundary condition on the outer circle and
Neumann boundary condition on the inner circle read

_ 1 <
Goo(, plao) = D Z e™?790) g, (r) (A7)

X [Kn(aL)In(ar) — I, (aL)Ky(ar)]

o0

- 1
; _ § n(¢—do)
.]OO(Sap|m0 - oL £ 0 ( )

(A8)

where x = (r,¢) and xy = (9, ¢o) in polar coordinates,
R<ry<r<L,s=¢L, and we used the Wronskian

— K (2),(z) = B )

z

I, (2) Kn(2) (A9)

11

The projection of j (s, p|zo) onto an eigenfunction w,, (s)
from Eq. (A3) reads then

VP (20) = v, (o) gn(ro) -

The orthogonality of Fourier harmonics to a constant
function reduces Eq. (23) to

(A10)

U (¢, plzo) = go(ro) exp(—u0),

from which Eq. (22) gives the Laplace-transformed prob-
ability density of the reaction time as

~ 1
H (P|$0) = go(ro) O
4 1+M(P)

(A1)

(A12)

2. Interior of a disk

In the limit R — 0, the inner boundary shrinks to a
point, and one gets the solution for the interior of a disk
of radius L: Q = {x € R? |x] < L} (see also [68]).
The radial functions become

() — Inry/27D)
I(L/p/D)

while the eigenvalues and eigenfunctions of the Dirichlet-
to-Neumann operator are still given by Eqs. (A3, A4).
Other expressions are also valid; in particular, Eqgs. (A7,
A8) are applicable.

At p =0, Eq. (A5) yields py - = |n|/L and thus

(A13)

1— —ZZ/L

2rL(1 — 2 cos(£522 )e— /L 4 e=2t/1)

(A14)
As expected, this propagator evolves from the Dirac dis-
tribution §(s — s9) at £ = 0 to the uniform distribution
1/(27L) as £ — oco. Setting p = Le~*/%, one can recog-
nize in this form the Poisson kernel in the disk of radius
L. The Poisson kernel describes the harmonic measure
density on the disk, i.e., the probability density of the
first arrival onto the circle of radius R at point (L, s/L)
for Brownian motion started from a point (p, so/L) (writ-
ten in polar coordinates). As in the planar case discussed
in Sec. IIT A, the distribution of the position of the dif-
fusing particle at the boundary local time ¢ (i.e., after a
prescribed number of encounters with the reflecting cir-
cle) is identical to the distribution of the first arrival point
on the fully absorbing circle, where the boundary local
time ¢ determines the starting point in the latter set-
ting. Figure 3(a,b) illustrates the behavior of the surface
hopping propagator.

EQ(S,[lSO) =

3. Reactive inner circle

We briefly discuss the case (iii) when the inner circle is
reactive and surrounded by a reflecting outer circle. This



is a typical setting of a small reactive target confined
in a domain surrounded by an outer reflecting boundary
[70]. Here, we search for the spectrum of the Dirichlet-to-
Neumann operator associated with the inner circle: ' =
{z € R? : |z| = R}. Repeating the above construction
step by step, one realizes that the eigenfunctions are the
Fourier harmonics on the inner circle

eins/R
vp(8) = Norss

where the curvilinear coordinate s is related to the polar
angle ¢ as s = ¢R. The associated eigenvalues are

(n € Z), (A15)

m =-g.(R)  (nez), (A16)
where sign minus appears due to the direction of the

normal derivative, 9,, = —0,., and

gn(r) = K, (aL)ln(ar) - I (aL)Kn(ar)

= K (aD)Iu(aR) — LD Ka(aR) M

are the radial functions satisfying g, (R) = 1 and g,,(L) =
0. In the limit p — 0, one gets

0 _ Inf1- (R/L)*"

n R W . (A18)

The spectral decomposition (12) of the surface hopping
propagator reads

0 ein(so —s)/R

Eols o) = >, —5

n=—oo

exp(—u;”)ﬂ). (A19)

The Laplace-transformed propagator Goo (2, plg) and
thus joo(8,plxg) for a circular annulus with Dirichlet
boundary condition on the inner circle and Neumann
boundary condition on the outer circle read

~ 1 <
Gm($7p|mo):ﬁ Z e %) g, (rg)  (A20)

x [Ky(aR) L (ar) — I, (aR) K, (ar)]
Joo(8,p|®0) = ﬁ Z emM@=90) g (rg),  (A21)

where z = (Tv (b)v Lo = (TOa ¢0)7 R <r< To < L7 § = (bR
In turn, Egs. (A10, A11, A12) remain unchanged. Some
first-passage properties in this setting were studied in
[34].

4. Exterior of a disk

In the limit L — oo, the outer boundary is pushed
away to infinity, and one deals with diffusion in the ex-
terior of a disk of radius R: Q = {x € R? : |z| > R}.
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In this limit, the radial functions from Eq. (A17) are
reduced to

() = Fonlry/o7D)
Ku(R/p]D)

The eigenvalues and eigenfunctions of the Dirichlet-to-
Neumann operator are still given by Eqs. (A16, A15),
with g,(r) from Eq. (A22). Other earlier expressions
are as well applicable; in particular, Eqs. (A20, A21) are
valid. Figure 3(c,d) illustrates the behavior of the surface
hopping propagator.

The exterior of a disk presents a convenient example
to illustrate subtle points of recurrent diffusion outside
a planar bounded domain. As the radial functions g, (r)
in Eq. (A22) for p > 0 vanish exponentially fast in the
limit » — oo, a general solution w(r, @) of the modified
Helmholtz equation (27) also vanishes, in agreement with
the regularity condition. In the case p = 0, the radial
functions for n # 0 become g, (r) = (R/r)™ and vanish
again. However, the limit of go(r) as p — 0 is equal
to 1 that does not vanish at infinity, thus violating the
regularity condition. This is a consequence of the simple
fact that the rotationally invariant Laplace equation in
the plane, w” + %w’ = 0, has a general solution ¢; +co Inr
that does not vanish as r — oo, except for the trivial
choice ¢; = ¢o = 0. This is a well-known problem for
such planar domains, for which, in particular, there is no
steady-state reaction rate [71, 72]. In the remaining part
of the paper, we do not discuss this subtle case.

(A22)

5. Both reactive circles

When both circles are reactive, one needs to con-
sider the Dirichlet-to-Neumann operator on the whole
boundary composed of two disjoint circles: 'y = {x €
R? : || =R} and 'y = {x € R? : |x| = L}. A general
solution of Eq. (9) can be searched in the form

oo

’LU(T‘, ¢) = Z (Cn,l gn,l(r) + Cn,2 gn,2(r))ein¢7 (A23)

n=—oo

where the unknown coefficients ¢, 1 and ¢, 2 are set by
boundary conditions, and the radial functions

Gna(r) = Ky (L), (ar) — In(aL) K, (ar)
n,1 Kn(aL)In(aR) — In(aL)Kn(aR) )

(r) = Ky (aR)I,(cor) — I,(aR) K, (ar)

9n,2 Kn(OzR)In(OZL) — In(OéR)Kn(OAL)

satisfy gn1(L) = 0, gn1(R) = 1, and gn2(R) = 0,
gn,2(L) = 1 for convenience (other linear combinations of
I,(ar) and K, (ar) could also be used). Note that g, 1(r)
monotonously decreases, whereas g, 2(r) monotonously
increases on the interval (R, L).

As the inner and outer circles are concentric, one can
expect that an eigenfunction of the operator M, can be



written as
1)7(50) (S) = a(np) 6_ ¢ s € 1—‘1 (¢ - S/R)7 (A24)
b’ e sely (¢p=s/L),
where a® and b are some coefficients. In fact, as the

space of functions on the whole boundary 909 =Ty UT'y
is the direct product of spaces of functions on the inner
(T'1) and outer (I'3) circles, the eigenfunction ¥ )( ) can
be thought of being composed of two components. Here,
these two components are proportional to e™? due to
the rotational symmetry (note that this claim can be
shown rigorously by representing each component as a
Fourier series and then using the orthogonality of Fourier
harmonics). Substituting such ¥ )( ) as the Dirichlet
condition to Eq. (9), one gets its solution as

w(r,¢) = () gu1(r) + 0P gna(r))e™®,  (A25)
while its normal derivative on 92 reads

Mpvp = (Onw)jo0 (A26)

B (aslp) g/ (R) (:D) / ( )) ing seTy,

(@ gy, (L) + b“” 9, 2<L>>em¢ s €Dy,

If the right-hand side is proportional to vr(Lp ), then vr(Lp ) is

indeed an eigenfunction of M,,. In other words, we get
two equations
(p) (p)

(@ g1 (R) + b0 gl () = il 0l o
(») 1 L b(ZD) / L _ () b(P)
(a" gnl( )+ n gn,2( ))_/1'77« n
where the proportionality coefficient u(p ) is the associ-
ated eigenvalue, and we used the particular form of func-
tions g, 1(r) and gn 2(r). These equations can be written
in a matrix form as

G (B) ~ga®) ) [ _ o (0
In1(L)  g50(L) P Hin pip) )

(A28)
Solving this eigenvalue problem for the 2 x 2 matrix on

the left-hand side, one determines the eigenvalue uslp ),

as well as one of the coefficients (e.g., al? )). The other

b'P)) is fixed by imposing the Ly(99)-

normalization of the eigenfunction P

The Wronskian (A9) yields

coefficient (e.g.,

D) =T, G =-F. (a2)

where
A= ! A30
- K.(aL)I,(aR) — I,(aL)K,(aR) (A30)

The eigenvalue uE{’ )

quadratic equation

1? + (g, 1 (R)

is then obtained as a solution of the

—g5,2(L)) + B=0, (A31)
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where

B = —g,,1(R)g;, (L) + g;,1(L)g, »(R)

S K (aL7)I’ (aR) — I (aL)K] (aR)

=— 2 z z . A32

Rl Ia(aR) — I, (@D En(aR) A32)

With the help of Eq. (A29), it is easy to check that the

determinant of this equation is positive, so that there

are two real roots. Moreover, as B > 0, both roots are
positive:

- 9;,1(R) (A33)

£\ 0 () 022D — 0,2 (D)) )

As a consequence, for each index n, there are two dis-
tinct eigenmodes. For each of them, the coefficients are
determined by the corresponding eigenvalue. To avoid
round-off errors in practical implementation, it is conve-
nient to use slightly different (but formally equivalent)
representation for + and — modes. In fact, we set

al =~ (gl o (L) — pPh), B, =P gl (L),
(A34)

(p ) is fixed by the normalization of the eigenfunc-

where c,,

tion:
/ ds [o,(s)?

o
= [P 2 (27 RIg) o(L) — uP, 12 + 27 L[g), , (L)]2)

(p)

n,—1

In turn, for the mode with one can use

o) =c? gl ,(R),  bP =P (g, ((R)+pi))
with
_1.(p) 12 / 2 / (p)
1= [ePL)? (27 R [g), o (R + 27 Lgl, 1 () + uiPL ).
In the limit p — 0, one has

[nl 1+ (B/L)*

9;,1(3) - = R W )
gna(L) = _|£L| 1—(1(?};/LL)|)7;71| !
gty - I 2
9;,2(L) - |_Z| % )
so that
pih = |Z| T_rz: <% + % (A36)

S

4(1 = 7,)? )
LR(1+7,)2 |’



where v, = (R/L)?"!. In the case n = 0, one can take
the limit » — 0 to get
0 _ 0 _YL+1/R
=0, = A37
/1'0 — /1’0 + IH(L/R) ( )
We also get
1
o0 — b0 — ,
’ ’ 2n(R+ L)
HONS 1 p© _ -1
Qo+ = g 0,+ = :
2rR(1+ R/L) ’ 2rL(1+ L/R)

Using the asymptotic behavior of the modified Bessel
functions, one can check that

I,,(L+\/p/D)
lim =4/ LA S S
S S SN
iy, =
() K, (R+\/p/D)
N ATN
Jim WP =/p/D,

In the limit
approach the eigenvalues of M, for the

where we used that K/ (z)/K,(z) < —1.
R — 0, u(p)

n

interior of a disk of radius L, whereas ,u(p ) diverge and

thus do not contribute. The opposite hmlt L — oo is

(p)

more subtle: p, ’, approach the eigenvalues of M,, for the

(p)

exterior of a dlSk of radius R; however, pu,, ~ accumulate

near /p/D.

Finally, the Dirichlet propagator in the Laplace do-
main is

Coclploo) = 525 3 ) guary) (A3

< [Kn(0L)u(or) — L(aL)Kn(ar)] (ro 1),
:% i em™=®0) g 1 (ro)  (A38D)

([0 (ar) - (@R Kn(ar)] (7 < o).

where = (1, ¢) and xg = (ro, ¢o). The probability flux
density reads then

Joo (5, plao) = % Z em@=0) g 1(ro) (s €Ty),
N (A39a)
= ﬁ D €m0 g 5(r0) (s €T).
T (A39D)
As a consequence, one gets
VP (20) = (al) gn,1(ro) + bP) gn 2(ro)) e (A40)

that gives access to the full propagator P(x, ¢, t|xo).
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6. Cylindrical domains

The above analysis can also be extended to cylindri-
cal domains. Let us first consider an infinite cylinder,
Q = Qo xR, where g is a disk of radius L. As the bound-
ary 0f) is unbounded, the spectrum of the Dirichlet-to-
Neumann operator M, is not discrete anymore. Never-
theless, the symmetries of this domain admit the sepa-
ration of variables and allow for getting “eigenfunctions”
and “eigenvalues” in cylindrical coordinates as

ing+ikz
Uni (6, 2) = 6%7 (neZ, keR),  (Adla)
!
W _ o lel) o Th TR (A4lb)

I I (aL)’

The surface hopping propagator reads then

i M dk lk;(zo z) _Mglpk)é
2rL 2"

=—00 R

Yp(s,]s0) =

(A42)
where s = (L, ¢,z) and so = (L, ¢g, 20) in cylindrical
coordinates. If Qg is a circular annulus, one has to use the
appropriate radial function g,(r), with a = \/p/D + k2.
Other related quantities can also be obtained.

When the cylinder is finite, Q& = Qg x (0,b), the spec-
trum of M, is discrete again, but the analysis is more
subtle. In fact, as in the case of a circular annulus, dif-
ferent combinations of reactivity patterns are possible:
all the boundary is reactive; only the lateral boundary
is reactive but the top and bottom disks are reflecting;
only the top disk is reactive but the remaining boundary
is reflecting; etc. When only one part of the boundary
is reactive, the analysis is rather simple. For instance, if
only the lateral boundary is reactive, the eigenfunctions
and eigenvalues are

1n¢ .

Unk (¢7 ) \/m \/—
w _ , n(al)
a I.(al)’

% cos (rkz/b), (A43a)

p/D + (7k/b)?,
(A43b)

with n € Z and k£ = 0,1,2,.... However, the analysis is
more involved when the whole boundary is reactive.

Appendix B: Spherical shell

In three dimensions, one can consider a spherical shell
between two concentric spheres of radii R < L: Q =
{zx € R* : R < |z| < L}, with three combinations of
boundary conditions. As the analysis is rather similar to
the two-dimensional setting, the results are presented in
a concise form.



1. Reactive outer sphere

As previously, we start with the case of the Dirichlet-
to-Neumann operator M, associated with the reactive
outer sphere I' = {x € R® : |z| = L}. The rotational
invariance implies that the eigenfunctions of M, are the
(normalized) spherical harmonics,

1

EYmn(ﬂ(b) (n=0,1,2,..., [m| <n).

(B1)
The eigenvalues are obtained by solving the mixed
boundary value problem (27):

Upm (8) =

P =g (R)  (n=0,1,2,..), (B2)
where
k' (aR)in(ar) — i’ (aR)k, (ar
n(r) = 37 ((a}g)in((aL; — il EagknEaL))’ B3)
= /p/D, and
in(2) = V/7/(22) Ins1)2(2),
fn(2) 2/(mz) Kyp1)2(2)

are the modified spherical Bessel functions of the first
and second kind, respectively. The eigenfunctions do not
depend on p, whereas the eigenvalues ,u(p ) do not depend
on the second index m and are thus (2n + 1) times de-
generate. In the limit p — 0, one gets

L0 nin+1) 1—(R/L)**!

n’ = T n+1+4n(R/L)2+1" (B4)

The surface hopping propagator from Eq. (12

L2Z Z Vs (00, 60) Yinun (6, 6) =",

n=0m=-—n
(B5)
Since the eigenvalues do not depend on the index m, one
can apply the addition theorem for spherical harmonics
to evaluate the sum over m:

1 = (S : 80) _ P
EP(S,€|80) = m 2(271 —+ I)Pn( |3| |30| )e 122 €7
n=0
(B6)

) reads

Y,(s,l)s0) =

where P, (z) are Legendre polynomials.

One also needs to compute V,"’ (xo) from Eq. (19).
Using the summation formulas from [69], the Laplace-
transformed quantities G o (2, pxo) and thus ju (s, p|xo)
for a spherical shell with Dirichlet boundary condition on
the outer sphere and Neumann boundary condition on
the inner sphere read

= af2n+1) (z - x0) .
2 "D P Jontro)
X [kn(aL)in(ar) —in(aL)kn(ar)], (B7)

= 2n+1 <(S'w0))gn(ro), (B8)

joo(svp|w0) - 2
— AnL [s||zo]

éoo (:B,p|w0) =
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where r = |x|, 7o = |xo|, R < ro < r < L, and we used
the Wronskian

(2) = = (B9)

The projection of joo(s,p|:vo) onto an eigenfunction
Unm(8) from Eq. (B1) reads then

Vn(gz) (:BO) = Umn (907 ¢0) gn(To), (BlO)

where g = (79,00, o) in spherical coordinates. The
orthogonality of spherical harmonics reduces Eq. (23) to

U (€, plzo) = go(ro) exp(—u0), (B11)

while the probability density of the reaction time reads

1

. (B12)
L+ fa

Hq(p|330) = go(ro)

2. Interior of a ball

In the limit R — 0, the inner boundary shrinks to a
point, and one gets the solution for the interior of a ball
of radius L: Q = {z € R3 || < L}, with radial
functions

in(r\/p/D) '
in(L+/p/D)

The eigenvalues and eigenfunctions of the Dirichlet-to-
Neumann operator are still given by Eqgs. (B1, B2), and
other earlier expressions remain valid; in particular, Eqgs.
(B7, B8) are applicable. At p = 0, the eigenvalues are

gn(r) = (B13)

simply uslo) = n/L, for which Eq. (B6) can be evalu-
ated explicitly using the generating function of Legendre
polynomials:

L 1— —2€/L

Yo (8 €|SO) 47T |6_€/LSO —8|3

(B14)

This expression coincides with the harmonic measure
density on the sphere when the starting point is sge=¢/%.
It can also be written in terms of the angle 6 between
vectors sg and s:
1 1— e—2€/L
4mL? [1 —2e~t/Lcosf + e2t/L]3/2 "
(B15)

Figure 5(a,b) illustrates the behavior of the surface hop-
ping propagator.

The orthogonality of spherical harmonics reduces Eq.
(21) to

Yo(s,l)so) =

R sinh(ro\/p/D)

()
exp(—pup '¢),
ro sinh(R+\/p/D) p(=iy"0)

U(¢,plao) = (B16)



with M((Jp) = +/p/D ctanh(R+/p/D)—1/R. Similarly, one
has

R sinh(ro/p/D) 1

ro sinh(R/p/D) 1+ 1P /g

from which the inverse Laplace transform yields the stan-
dard spectral expansion for H,(t|xz).

Hy(plao) = (B17)

3. Reactive inner sphere

The analysis for the reactive inner sphere is very sim-
ilar. The eigenfunctions of the Dirichlet-to-Neumann
operator associated with the inner sphere I' = {x €

R3® : |z| = R} are again the spherical harmonics but
with the prefactor 1/R for a proper normalization:
1
Unm(8) = I Yin(0,0) (n=0,1,2,..., |m| <n).
(B18)
The eigenvalues are
) =—g/(R)  (n=0,1,2,...), (B19)
where
k! (aL)in(ar) — i (aL)ky, (ar
) = FalaDin(on) —ener)
k!l (aL)in(aR) — i (aL)ky(aR)
In the limit p — 0, one gets
1 1—(R/L 2n+1
a0 = n(n+1) (R/L) ' (B21)
R n+ (n+1)(R/L)?n+!

The expression for the surface hopping propagator is al-
most identical to Eq. (B6):

1 (s-s0)\ _ ey
Sp(s,€]80) = 4R222 +1P<|8|80|>e :
(B22)
The Laplace-transformed propagator Goo (x, p|lzo) and
thus joo(8,plee) for a spherical shell with Dirichlet
boundary condition on the inner sphere and Neumann
boundary condition on the outer sphere read

oo

oo, Pk0) = Z e p (2 Jantra)

|| [0

[k (aR)zn(ar) —in(aR)kn(ar)], (B23)
=y e (g, @21
n=0

where r = |x|, ro = |xo|, R < r <rg < L, from which

3oo(sap|$0)

Vi) (20) = Vmn (B0, $0) gn(70). (B25)
These quantities determine the full propagator

P(x, 0, t|xo).
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4. Exterior of a ball

In the limit L — oo, the outer boundary is pushed
away to infinity, and one deals with diffusion in the ex-

terior of a ball of radius R: Q = {z € R* : |z| > R}.
The radial functions are reduced to
kn(rv/p/D

kn(R\/ p/D) 7

while the eigenvalues and eigenfunctions of the Dirichlet-
to-Neumann operator are still given by Eqs. (B18, B19).
Interestingly, the eigenvalues are just polynomials of
Vo/D, eg.. n"’ = (1 + R\/p/D)/R. The above ex-
pressions are as well apphcable in particular, Eqs. (B23,
B24) are valid.

At p = 0, the eigenvalues in Eq. (B21) are simplified
as uslo) = (n+1)/R, and the surface hopping propagator
can be computed explicitly as

Re—U/R 1 _ o—2¢/R
A et/ Hgy — g3

Zo (s, €lso) = (B27)

If L is replaced by R, this expression coincides with Eq.
(B14), except for an extra factor e~*# that accounts for
the possibility of escaping to infinity. Figure 5(c,d) illus-
trates the behavior of the surface hopping propagator.

The orthogonality of spherical harmonics reduces Eq.
(23) to

00, plwo) = g exp(—(ro— R+0)\/p/D—t/R), (B28)

from which the inverse Laplace transform yields

Re_g/R ’f‘O - R+ée_(r0—R+€)2/(4Dt)'
To \/m
(B29)

This is a rare example when the probability density
U(¢,t|xo) is found in a simple closed form. Setting £ = 0,
one retrieves the probability density of the first-passage
time for a perfectly absorbing sphere [73]. In turn, the
integral (22) yields the probability density of the first-
passage time to a partially reactive sphere [12, 70]

UL, t|zo) =

D R
H, (o) = i_oe<roR>2/<4Dt>{_ (B30)

VDt
)

1+ qR)erfcx(TO +(1+4R)

V4Dt

5. Both reactive spheres

Finally, the analysis for both reactive spheres is the
most involved but very similar to the planar case. For
this reason, we just reproduce the main formulas adapted
to the three-dimensional case. Here, one employs two



families of radial functions,

(r) = kn(aL)iy(ar) —in(al)k, (ar)

In.1 Ten (L Yin(aR) — in(aL)kn(aR)
(r) = En(aR)in(ar) — in(aR)k, (ar)

In.2 ken(aR)in(aL) — in(aR)kn(aL)

which satisfy g, 1(R) = 1, gn,1(L) = 0 and g¢,,2(L) = 1,
gn,2(R) = 0. The eigenfunctions are searched in the form

(p)
an’ Ymn (0, sely,
v (s) = (») (6,9) ! (B31)
bn Ymn(ea ¢) ERS F27

where I'y and T's are the inner and the outer spheres
forming the boundary 2. The Wronskian (B9) implies

A , A

9;,1(L) = wl2’ gn,2(R) = TaR2’ (B32)
where
A= _ L . (B33)
kn(aL)in(aR) — in(al)kn(aR)
In this case, one also has
B=—g,1(R)g,2(L) + g5, 1(L)9;L 2(R)
L ACTACT, ESACTATACT TR
E @) (aB) oD (aB)
Using these expressions, one deduces again Egs. (A33,

A34) for the eigenvalue u;)i and the coefficients a,,

and b;,i- The normalization coefficient csli is fixed by
normalization:

1= [ 12 (47 R2[g), o(L) — P2 + AmL2[g), 1 (L)]2))

L= [elPL)2 (47 R2(g, o (R)J + 4w L2[gl,  (R) + %)

(p)

In the limit p — 0, one gets

n+1+n(R/L)?>"*!

9;,1(3) i R(1— (R/L)n 1)

, (2n +1)(R/L)"H!
Qn,l(L) - _L(l — (R/L)?"+1) ’
J o(R) = (2n+ 1)(R/L)"

RO— (R/LPT)
n+ (n+1)(R/L)*"!
L= R/

9;,2(L) —

(and B — n(n+1)/(LR)), from which

/ngO)i = m <n(ﬁ +1)+ 1+ + (n+1)5)
(B35)

+ B+ +1+y(n+(n+1)3)2 —48n(n + 1)>,
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where 8 = R/L and v, = (R/L)>"T!. We also get

1+ 2

u? =0, ul) = -5 (B36)
and
NOREONS !
0= 0 Ar(R? + L?)
NORE 1 o _ =
Ot T RaAr(1 + B?) Ot RAr(1 + B?)

In the limit L — oo, one retrieves MSS)JF — (n+1)/R and

T}

whereas /ng)+ — 00.

Using the asymptotic behavior of the modified spheri-
cal Bessel functions, one can also check that

In turn, as R — 0, one has u(o) — n/L,

n,—

A
lim u(p) =+/p/D in

R=0 z'n(L\/ p/D) 7

lim = )
ot in(RA/p/D)
lim ” = \/p/D,
L—oo

where we used that k!, (z)/kn(z) < —1. As a consequence,
in the limit R — 0, one retrieves the eigenvalues of M,
for the interior of a ball of radius L. In turn, in the limit

L — oo, u(p )
of a ball of radius R, while u(p ) accumulate near \/p/D.

n,—

Finally, the Dirichlet propagator in the Laplace do-
main is

approach the eigenvalues for the exterior

= a(2n+1) (x - x0) .
o () EE

n=0
X [kn(ozL)in(OéT) —in(al)k (O‘Tﬂ

-3 () e

(ar)]

where © = (1,60, ¢) and g = (r9, 0o, ¢o). The probability
flux density reads then

éoo(wup|w0)

(ro <r), (B3T7a)

X [kn(aR)iy (ar) — in(aR)k (r<wg), (B37h)

Joo (s, plo)

_ Z 241-;21 n( ||§2|)> gn1(ro) (s eTly),
(B38a)

= 2n+1 (x-xp) . 5

=3 T (e matro) (o)
(B38b)



As a consequence, one gets

VP (@o) = (alP) gn.1(r0) + b gn.2(r0)) Yinn (60, ¢0)
(B39)
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that gives access to the full propagator P(x, ¢, t|xo).
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