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We investigate restricted diffusion in a bounded domain towards a small partially reactive target in three-
and higher-dimensional spaces. We propose a simple explicit approximation for the principal eigenvalue of the
Laplace operator with mixed Robin-Neumann boundary conditions. This approximation involves the harmonic
capacity and the surface area of the target, the volume of the confining domain, the diffusion coefficient, and
the reactivity. The accuracy of the approximation is checked by using a finite-elements method. The proposed
approximation determines also the mean first-reaction time, the long-time decay of the survival probability, and
the overall reaction rate on that target. We identify the relevant lengthscale of the target, which determines its
trapping capacity, and we investigate its relation to the target shape. In particular, we study the effect of target
anisotropy on the principal eigenvalue by computing the harmonic capacity of prolate and oblate spheroids in
various space dimensions. Some implications of these results in chemical physics and biophysics are briefly

discussed.
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I. INTRODUCTION

Diffusion-controlled reactions play a central role in various
physical, chemical, and biological phenomena [1-10]. At a
single-molecule level, these processes are characterized by the
so-called first-passage time statistics. In a typical setting, a
particle (e.g., a protein or an ion) diffuses inside a confining
domain and searches for a specific target (e.g., an enzyme
or a receptor) to react with. The distribution of the reaction
time (i.e., the first time instance at which the reaction occurs)
depends on the diffusive dynamics, the shapes of the domain
and of the target, its reactivity, and its location with respect to
the starting position of the diffusing particle [11-27]. While
this distribution can in general be obtained by solving the
Fokker-Planck equation with appropriate boundary conditions
[3,28], such a solution remains too formal and not very infor-
mative, except for a few basic domains such as an interval,
concentric circles, or spheres (see, e.g., [29]).

In the case of a small target, more explicit solutions are
available. For instance, matched asymptotic methods can be
employed to compute the mean first-passage time, the small-
est eigenvalue of the governing Laplace operator, and other
characteristics of diffusion-controlled reactions [30—41] (see
also review [42] and references therein). By a different method
based on pseudopotentials, Isaacson and Newby developed
a uniform asymptotic approximation of diffusion to a small
target [43]. When the target is located on the boundary, ho-
mogenization techniques can be applied [44-52] (see also
the discussion in [53]). In some geometric settings, one can
go further and develop self-consistent approximations for the
mean reaction time and its whole distribution [54-58]. In the
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case of elongated domains, the original multidimensional set-
ting can be reduced to an effective one-dimensional problem
that admits explicit solutions [59,60].

When a small target is located inside a confining domain
far from reflecting boundaries, the shape of the target is
generally ignored. In fact, one often dealt with a spherical
target, which is characterized by a single lengthscale—its
diameter (or radius). Even if a small sphere was replaced
by a small cube or a small disk of the same size, its reac-
tion rate or trapping capacity for diffusing particles would be
modified insignificantly (see, e.g., examples in [60]). Several
former studies were dedicated to the impact of the target
shape onto the trapping constant of diffusion-limited reac-
tions [61-71] and, more recently, onto the mean first-passage
time [55]. Despite these works, the role of target anisotropy
in diffusion-controlled reactions remains poorly understood.
In fact, if the target is elongated (e.g., cigar-shaped), there
are at least two relevant geometric lengthscales, namely its
“length” and “width,” and identification of an appropriate
“size” of the target is not clear. In particular, if the “length”
is fixed but the “width” vanishes, such a degenerated target
(a needle) becomes inaccessible to Brownian motion, i.e.,
its trapping constant vanishes. If the target is partially reac-
tive [11,13,44,46,50,52-54,67,72—88], the anisotropy effect is
even more sophisticated.

In this paper, we consider restricted diffusion in a bounded
d-dimensional domain towards a small partially reactive tar-
get. We focus on the principal (smallest) eigenvalue A; of the
Laplace operator, which is related to the reaction or trapping
rate and determines the mean first-reaction time and the de-
cay rate of the survival probability (see below). We propose
a simple approximation for A;, which exhibits an explicit
dependence on the target reactivity. This approximation al-
lows us to identify the proper trapping length of the target.
To analyze the effect of target anisotropy, we will focus on
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FIG. 1. A confining domain €2 with reflecting boundary 92, (in
gray). A particle diffuses (blue trajectory) from a starting point x
(black filled circle) towards an anisotropic target I (in red).

spheroidal targets, for which the trapping length can be com-
puted exactly in any space dimension d > 3. These targets are
also used for numerical validation of the proposed approxima-
tion.

The paper is organized as follows. In Sec. II, we formulate
the general first-passage problem and derive an approximation
for the principal eigenvalue A;. Section III is devoted to the
effect of target anisotropy analyzed for spheroidal domains.
In Sec. IV, we discuss the main results and their implications,
as well as further perspectives. The Appendixes contain some
technical derivations.

II. MAIN RESULTS

We consider a particle that starts from a point x and dif-
fuses with a diffusion coefficient D inside a confining domain
Q c RY with a smooth boundary 32 = 329 UT" composed
of two disjoint parts: a reflecting “outer” boundary 9€2 and a
partially reactive “inner” target I' with a reactivity « (Fig. 1).
Let T denote the first-reaction time, i.e., the instance when the
particle reacts on the target. The survival probability of the
particle (i.e., the probability that the particle has not reacted
up to time t), S,(t|x) = Px{r > ¢}, satisfies the (backward)
diffusion equation

0:S,(tlx) = DAS,(tlx) (x € ), (1)

subject to the uniform initial condition S,(0|x) = 1 and mixed
Robin-Neumann boundary conditions [3]:

(D3, +k)Sy(tlx) =0 (x e),
0nSy(tlx) =0 (x € 0Q). 2)

Here A is the Laplace operator, 9, is the normal derivative
oriented away from the domain, and ¢ = «/D. The survival
probability admits a general spectral decomposition [3,28],

S,(tle) = Ze*D’*f’u,ﬁ‘”(x) /Q dx' [, 3
k=1

where the asterisk denotes the complex conjugate, and
)L,(f) and u,(f) (x) are the eigenvalues and orthonormal

eigenfunctions of the (negative) Laplace operator in €2, subject
to mixed Robin-Neumann boundary conditions:

AL @) + 1 uf(0) =0 (x € Q), (“42)
3, + q)u,((")|r =0, 3n”1(<q)|390 =0.  (ab)

In general, the survival probability that fully characterizes the
distribution of the first-reaction time exhibits a sophisticated
dependence on the shapes of the domain and of the target, on
the location of the starting point x, on the diffusive dynamics
(here, the diffusivity D), and on the reaction mechanism (here,
the reactivity k). Various aspects of this dependence have been
investigated in the past [16,21,25-27,29,43,56-58,89-92].

In this paper, we focus on a common setting when the target
is small and located far away from the reflecting boundary
02y of the confining domain 2. In this section, we will
obtain the following approximation to the principal (smallest)
eigenvalue A(lq) of the Laplace operator:

T
A Toprr 5)
[€2[(1 + gL)
where
|
L="7. ©)

which we call the trapping length of the target. Here C is the
harmonic (or Newtonian) capacity of the target (see below),
|2| is the Lebesgue measure of Q2 (e.g., its volume in three
dimensions), and |I"| is the Lebesgue measure of the target I'
(e.g., its surface area in three dimensions). In the following,
we describe the role of the trapping length L and its relation
to the shape of the target. We also check the accuracy of this
approximation and discuss immediate applications of this ap-
proximation for the decay time, the mean first-reaction time,
and the reaction rate.

A. Harmonic capacity

We start by recalling the notion of capacitance, which plays
one of the central roles in electrostatics. The capacitance C
of an isolated conductor C in R? is the total charge on the
conductor’s surface when it is maintained at unit potential
[93,94]. In mathematical terms, the capacitance can be defined
as

C = 60/ dx |VV|?, (7
R3\C

where €) ~ 8.854 x 10~'2 F/m is the vacuum permittivity,
and W(x) is the (dimensionless) electric potential outside the
conductor satisfying

Wipe =1,

AVE) =0 (x eRNO), {hmﬁoo vw=0. ©

For instance, the capacitance of a ball of radius b is 4mweb,
which follows immediately from the classical radial solution
W(x) = b/|x|. In the following, we adopt a similar notion of
the harmonic (or Newtonian) capacity of a compact set C in
R? [95]:

cz/ dx |V |?, )
RI\C
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which is identical to Eq. (7) but without the fundamental con-
stant €y, and W(x) satisfies the Laplace equation in R\C. In
particular, the capacity of a ball of radius b is (d — 2)o,b% 2,
where

22
~TW/2)

(10)

is the area of the d-dimensional unit ball, with I'(z) being the
Euler gamma function (not to be confused with our notation
" for the target) Note that some authors rescale the capacity
asC = T 2 @57 C to make the capacity of a ball b'~2.

Accordmg to Eq. (8), W(x) can also be interpreted as
the probability of capture on the perfect target I' = dC of a
Brownian particle started from x. The perfect target refers
to the Dirichlet boundary condition (i.e., ¢ = 00) when the
particle is captured by (or adsorbed on, or reacted on, or killed
on) the target I" upon their first encounter. In turn, 1 — W(x) is
the steady-state survival (or escape) probability of that particle
[i.e., it is equal to the long-time limit of S, (#|x) in the case
when there is no outer boundary 9<2,]. Using the Green’s
formula, one can rewrite Eq. (9) as

C = f dx 3,W. (11)
r

As a consequence, if there are many independent particles and
their concentration is maintained at ng at infinity, then Jo, =
CDhnj is the total steady-state diffusive flux onto the perfectly
absorbing target I', while K, = Jo/no = CD is the trapping
constant of that target [66]. The analogy between electro-
statics and diffusion-controlled reactions has been thoroughly
employed in the past [3]. We emphasize that the capacity,
which is obtained by solving the Laplace equation in the space
outside the target, is the intrinsic property of that target. In
other words, there is no outer reflecting boundary here.

B. Approximation for a perfect target

We explore yet another application of the capacity as a
leading-term approximation of the smallest eigenvalue )\(loo)
of the Laplace operator in the presence of a perfect target
(g = oo) for which the Robin boundary condition in Eq. (4b)
is reduced to the Dirichlet boundary condition (u,(coo))w =0.
This role of the capacity was recognized already by Samarskii
in 1948 [96], but more elaborate asymptotic analysis of
the Dirichlet Laplace operator eigenvalues was developed in
[30,31,40]. Here the target I" is enclosed by an outer reflect-
ing surface 92y so that the confining domain €2 is bounded
(Fig. 1). We assume that the target is small as compared to the
confining domain €2, and it is located far away from the outer
reflecting boundary 3£, i.e.,

diam{I'} < [02p — I'| < diam{2}, (12)
where 029 — I'| is the distance between sets d€2¢ and T,
and diam{A} = sup,, ,,c4{lx1 — x2|} denotes the diameter of a
set A. Since mathematical works [31,40] were focused on the
three-dimensional setting (as well as the two-dimensional case
in [31]), we briefly describe the general arguments valid for
any d > 3 (see the discussion for planar domains in Sec. IV).

Integrating Eq. (4a) over x € Q2 and using the Green’s
formula, one gets

- dx 3,8 (x)

13
Jo dx ul™ (x) (13

(00) _
A==

(see, e.g., the review [97] for other properties of Laplacian
eigenvalues and eigenfunctions). As I is small the numerator
is small and thus the principal eigenvalue A ) is close to 0.
The assocmted eigenfunction is therefore close to a constant
function, ”1 )(x) ~ uy, except for a boundary layer near the
target; in particular, the Neumann boundary condition at the
outer reﬂectln boundary can be replaced by the Dirichlet
condition (u )ja, ~ uo. In turn, the eigenfunction u )(x)
vanishes on the target. One can thus approximate ”1 ) (x)
near the target by setting uﬁc’o)(x) ~ ugv(x), where v(x) is the
harmonic function satisfying Dirichlet boundary conditions
vlr =0 and v|yq, = 1. Substituting these approximations
into Eq. (13), one gets

i dx 3,v(x)
Jodxvx)

In the numerator, the integral is carried over the target I" so
that the function v(x) can be replaced by its limit 1 — W(x),
which is obtained by moving the outer boundary 92y to in-
finity. In other words, a distant outer boundary 92, does not
have much of an influence on the solution in the vicinity of the
target. In turn, the denominator is the integral over the domain
2, in which v(x) is nearly constant, except for a vicinity of
the small target. Therefore, we replace v(x) by 1 here. Upon
these two approximations, one gets

(00)
AR —

(00) A [ dx 3, Yx) C
g o el (9
Figure 2 illustrates the behavior of the eigenfunction u(loo)(x)
and its approximation by v(x) for a shell-like domain between
two concentric spheres, for which these two functions are
known explicitly.

Moreover, Maz’ya et al. as well as Cheviakov and Ward
provided the next-order correction to this approximation in
three dimensions [31,40]. In our setting of a single target, their
result reads

M~ — (15)

where C’ can be understood as a “corrected” capacity:
C' =C — C*Ry(xr, xr). (16)

Here Ry(x,x’) is the regular part of the Neumann Green’s
function, and xr is the location of (the center of) the target
I". The Neumann Green’s function is defined in the confining
domain without any target as

AGy(x, x)—ﬁ—S(x X)) (xeQ),

9,(GM)lya, =0, / dx Gy(x,x')=0
Q

(17a)

(17b)
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FIG. 2. The eigenfunction u; " ’(r) of the Laplace operator in a
three-dimensional shell-like domain between two concentric spheres
of radii » = 0.1 and R = 1, with the Dirichlet boundary condition
on the target, uﬂ"o)(b) =0, and the Neumann boundary condition
on the outer sphere, (8,u§°°))(R) = 0. This eigenfunction is known
explicitly (see [29] for details) and depends only on the radial coordi-
nate r = |x|. For comparison, the harmonic function v(r) = (1/b —
1/r)/(1/b — 1/R) satisfying v(b) = 0 and v(R) = 1 is shown by a
dashed line.

(00)
1

and its regular part is

Gy(x,x') = 1 + Ry(x, x). (18)

Tlx — X/|

In other words, both Gy (x, x") and Ry (x, x") depend only on
the confining domain but are independent of the target. For a
spherical domain of radius R, Cheviakov and Ward derived an
explicit expression for the Neumann Green’s function and its
regular part [40]. In particular, they found

1 1
RRy(x,x) = ————— — — In(1 — 2/R?
v (X, X) (1 — /R an n(l — |x[*/R")
x| 7
- —. 19
+47TR2 107 (19)

For instance, if the target is located at the center, one has
Rn(0,0) = —9/(207R). We will discuss the accuracy of this
approximation in Sec. III.

C. Global mean first-reaction time

The next step consists in extending the above approxi-
mation to a partially reactive target. For this purpose, we
employ the relation between the smallest eigenvalue )Liq) and
the so-called global mean first-reaction time, 7;, which is
defined as the volume average of the mean first-reaction time
T,(x) = (1):

1
T, = a fg dx T,(x). (20)

In other words, the starting point is considered here as being
uniformly distributed inside the confining domain. In turn,

T, (x) satisfies the boundary value problem [3]

DAT,(x) = -1 (x € ), (21a)
On +T(x) =0 (xel), (21b)
0, Ty(x) =0 (x € 9Q). (21c)
The integral of Eq. (21a) over x € 2 implies
—|RQ| = / dx DAT,(x) = / dx D(9,T,(x))
Q r
= —dex T,(x),
r
i.e.,
/ d _ 1L
xT;(x) = —. (22)
r K

Curiously, this integral does not depend on the diffusion coef-
ficient D.

To proceed, we multiply Eq. (21a) by T, (x), subtract from
it Eq. (21a) with ¢ = oo multiplied by 7;(x), and integrate
overx € Q:

(T; — Too)|92| = /de(Tq(x) — Ts(x))
= f dx(Too (x) DAT,(x) — T,(x) DATx(x))
Q

= / dx(Tso(x) DO, T, (x) — T, (x) D9, Too (x)).
F —

Note that T, (x) can be obtained by integrating the Dirichlet-
Neumann Green’s function, G(x|x,), satisfying

—DAG(x|xg) =8(x —xp) (x € Q), (23a)
Gxlxg) =0 (xel), (23b)
0,G(x|xp) =0 (x € 0Q), (23¢)
as follows:
Too(x) = / dxy G(x|xp). 24)
Q

As a consequence, —D9, T (x) turns out to be proportional
to the harmonic measure density [98], w(x|x(), averaged over
X0-

1 1
=— | d = — [ dxo(—Do,G
w(x) A Xo w(x|x0) |sz|/9 X0 ( (x|x0))
1
= ——D0,T, . 25
il 5o (%) (25)
‘We conclude that
T, =Ts+ / dx w(x) T,(x). (26)
r

This relation that we formally obtained from the boundary
value problem (21) has a clear probabilistic interpretation.
In fact, the first-reaction time 7 can be naturally split into
two contributions, T = 7, + T, Where 7 is the first-passage
time to the target (i.e., the instance of the first arrival onto
the target), and tr is the first-reaction time for a particle
that was started on the target I". Accordingly, T, is the
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volume-averaged mean value of 7., whereas the second term
in Eq. (26) is the target-surface-averaged mean value of .
Indeed, w(x) describes the probability density of the first ar-
rival in the vicinity of a boundary pointx € I', from which the
particle continues to diffuse until the reaction on I'. In other
words, the second term is the average of T, (x) over the random
first arrival point on I'. Qualitatively, the first and second terms
represent, respectively, diffusion-limited and reaction-limited
contributions. As is expected, the first term depends on the
diffusion coefficient D but is independent of the reactivity «.
In contrast, the second term formally depends on both D and
k. However, when the target is small, the volume-averaged
harmonic measure density w(x) is expected to be almost uni-
form:

w(x) ~ 27)

ﬁ.
Substituting this approximation into Eq. (26) and using
Eq. (22), we deduce

€2
k|T|

In this approximation, the second term depends only on the
reactivity « but is independent of the diffusion coefficient
D. The relation (28) represents, therefore, two consecutive
additive contributions to the global mean first-reaction time:
the diffusion-limited contribution 7, describing the transport
of the particle towards the target, and the reaction-limited
contribution due to the partial reactivity of the target. These
two complementary contributions to the mean first-reaction
time were discussed earlier for some symmetric domains
[29,54]. However, we are not aware of earlier derivations of
this representation in the general setting. A similar separation
of diffusion-limited and reaction-limited contributions to the
steady-state diffusive flux J,; can be already identified in the
Collins-Kimball solution for a spherical target of radius b in
R3 [11] (see also [63,99]):
dwb’ng b 1

= — 4+ -, 29
Jy D+/< (29

T, ~ Too + (28)

In the same vein, two contributions to the impedance of a par-
tially blocking electrode have been identified and discussed
[74,75,78,81].

D. Partially reactive target

To complete our derivation, we evaluate the global mean
first-reaction time 7; according to its definition

Tq:/(;Oodtt(—atsq(f))=/(;oodtsq(t)’ (30)

where —0,S,(¢) is the probability density of the first-reaction
time (averaged over the starting point), with

1 o0
S,(t) = — / dxSy(the) = Yl e P, (31)
2l Jo —
where
2

(32)

1
(@) (q)
) = @‘/deukq (x)

and we used the spectral expansion (3). Since S,(0) = 1, the

positive coefficients c,(c") can be understood as the relative
(q)
k

weights of the Laplacian eigenfunctions u
probability S, (¢).

When the target is small, the ground eigenfunction u(lq)(x)
is almost constant in €2 (except for a layer near the target;
see above). As a consequence, other eigenfunctions, which

are orthogonal to u(f), have small contributions to S,(¢), with

¢ ~ 0 fork > 1, whereas c\”’

[100,101]). In other words,

(x) in the survival

~ 1 (see further discussion in

S, (1) ~ e P (33)

which implies, according to Eq. (30), the following approxi-
mation:

1
T~ — . (34)

(9)

Dxy?

Substituting Eq. (28) into this relation, we finally arrive at
)\(1[/) ~ 1 ~ 1 ~ 1
18] S U R N o R
D(Tw+ i) 5= +am ¢ +an

which implies the expression (5). This relation can also be
expressed in terms of the global mean first-reaction time from

Eq. (34):
o~ 2R ] 35)
7 \p k)

which represent the sum of diffusion-limited and reaction-
limited contributions. Accordingly, 1/7; can be interpreted as
the overall reaction rate, while T is also the decay time of
the survival probability at long times, S,(7|x) o e D" see
Eq. (3). Note that this asymptotic relation was employed to
compute the principal eigenvalue numerically via estimating
the survival probability [102].

Moreover, the principal eigenvalue A(]q) can be used to
determine the steady-state diffusive flux and the trapping con-
stant of a small target. In fact, the probability density H,(¢|x)
of the first-reaction time can also be understood as the proba-
bility flux onto the target from a fixed point x. At long times,
the spectral expansion (3) implies

H,(t]x) &~ DA =DM 49 (x) / dx' u”(x').  (36)
Q

As in Sec. II B, one can argue that uﬁq) (x) is nearly constant
for any x far from the target so that

H,(t]x) ~ D9 ¢ DM, 37)

where we used the L,(2) normalization of uﬁ‘”(x). If there
are many independent particles with a concentration ny, their
total diffusive flux onto the target is J,(¢) & no|Q|H,(t]x).
Expectedly, this flux vanishes in the long-time limit because
all particles that were initially present in a bounded domain
react on the target. However, if the target is very small, there
is an intermediate range of times for which Eq. (37) holds but
D11 « 1, so that

qIl’|

~ @)
Jq ~ n()|Q|D)»|q ~ I’l()D1 +qL

, (38)
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where we used our approximation (5) for A(lq). This is an
extension of the Collins-Kimball relation (29) that was de-
rived for a spherical target. While we derived the approximate
relation (38) by considering the limit of very small targets,
one could alternatively fix the target size and move the outer
boundary 92 to infinity. In other words, this relation is appli-
cable to a bounded target of any size in R (i.e., without 9).
Dividing the total flux by ng yields the trapping constant:
x ~p 4Tl

~

1 1+qL

(39)

In the limit ¢ — oo, we retrieve the known approximations
Joo ® ngDC and K., = CD for perfectly reactive targets that
we mentioned in Sec. ITA.

In summary, the approximate relation (5) relies on three
approximations, (14), (28), and (33), which are all based on
the assumption of the target smallness. We stress that we do
not claim the above derivation is mathematically rigorous. A
more rigorous derivation of Eq. (5) presents an interesting
perspective.

III. TARGET ANISOTROPY

In former works on partially reactive targets
[11,13,44,46,50,52-54,67,72-88], the reaction length
1/qg = D/x was generally compared to a “typical size”
of the target, without providing its definition. For a spherical
(or, more generally, “roundish”) target, there is a single
geometric lengthscale, its diameter (or radius), which is
naturally compared with 1/g. In turn, when the target has an
approximately isotropic shape but a rough boundary, other
geometric lengthscales can emerge. For instance, in the study
of steady-state diffusion of oxygen molecules towards the
acinar surface in the lungs, Sapoval er al. introduced the
relevant lengthscale Lg = |I"|/diam{I"} as the surface area of
the target divided by its diameter [77]. As the surface area of
a compact target with a rough (e.g., fractal-like) boundary can
be extremely large, the length Lg can be orders of magnitude
larger than the diameter itself.

The explicit approximation (5) allows us to identify the
relevant lengthscale of a small target in a more general setting
and beyond the steady-state regime. The trapping length L =
|T'|/C generalizes the above length Lg to anisotropic targets
and in higher dimensions. These two lengths are comparable
for a nearly isotropic target in three dimensions because the
capacity of such a target is comparable to its diameter. In
this section, we investigate how the target anisotropy affects
the trapping length L and therefore various properties of
diffusion-reaction processes.

A. Prolate spheroids

We model an elongated target by the surface of a d-
dimensional prolate spheroid (i.e., an ellipsoid of revolution)
with the single major semiaxis b along the dth coordinate, and
equal minor semiaxes a < b:

2 2 2
_ d. M Xa-1  Xa _
Fa,b—{(xl,'-wxd)eR ~;+"'+a—2+ﬁ—1 .

(40)

The capacity of a prolate spheroid in three dimensions is well
known [94]:

8mc

In (£7)

sz = 41

where ¢ = +/b?> — @?. In the limit a — b, this relation is re-
duced to the classical capacity of a ball of radius b: Cfb) =
4mb. An extension of this result to higher dimensions was
discussed in [103]. In Appendix A, we describe this extension
and obtain the following compact expression:

d—-2oyba’3
i3 g1 — )

d) _
a,b

(42)

where ,F) (a, b; c; z) is the hypergeometric function, and oy is
given by Eq. (10). For even dimensions, one gets particularly
simple expressions, e.g.,

CY) = 2m*a(a+b), (43a)
3m3a’(a + b)?
©6) _
Cob = "2a1p (436)

In the limit @ — b, one retrieves the capacity of the ball:
C,iflb) = (d — 2)o4b*~2. In turn, in the opposite limit of highly
anisotropic targets, a — 0, one can use Euler’s identity to get
in the leading order

C\Y) ~ (d—3)ogba’™ (d > 3). (44)
For d = 3, Eq. (41) yields

3 A 4rcb

“bIn(b/a)’ )

i.e., the capacity vanishes very slowly. When the target is
surrounded by a concentric spherical surface 92y of radius
R, the volume of the confining domain is

xd/?

_ T pd g d-]
_F(d/2+1)(R ba®™hy. (46)

€2

Figure 3(a) illustrates the behavior of the principal eigen-
value A(loo) for a perfectly reactive target (¢ = o). On this
log-log plot, one sees the expected power-law dependence
on the minor semiaxis a. Our approximation (14) is least
accurate in three dimensions (thin blue curve) and gets more
and more accurate as the space dimension d increases. Note
that the use of the “corrected” capacity C’ in Eq. (16) instead
of C significantly improves the accuracy of the approximation
in three dimensions (thick blue curve). In Fig. 3(c), filled
symbols show the relative error of the approximation (14) for
d > 3 and of Eq. (15) for d = 3. For the considered major
semiaxis b = 0.2, the relative error does not exceed 10%.

The surface area of prolate spheroids is also discussed in
Appendix A:

1 1d a*
@) _ d—2 L.
|Fa’b|—0'da b2F]<§’_§’§’1_ﬁ). (47)
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FIG. 3. (a), (b) The principal eigenvalue Aﬁ“’) of the Laplace

operator for a perfectly reactive prolate (a) and oblate (b) spheroidal
target with semiaxes a < b = 0.2 surrounded by a concentric reflect-
ing spherical surface of radius R = 1. Symbols present the numerical
computation by a finite-elements method (see Appendix D), whereas
thick lines show the approximate relation (14). In three dimensions,
a thick blue line presents the improved approximation (15) with
the “corrected” capacity C’ from Eq. (16), whereas a thin blue line
indicates the leading-order approximation (14). (c) The relative error
of the above approximations shown by filled symbols for prolate
spheroids and by empty symbols for oblate spheroids in RY with
d =3,4,5,6 (see the legend). Note that a minor increase of the
relative error for d = 6 at small a can be a numerical artifact due
to an insufficient mesh size.

As a — 0, one gets in the lowest order
I'(d/2)

|TD) ~ 27920 =2p (48)

1.2 w
—d=3
1h--d=4 ,
———— d=5 oo *° o
08¢ ..d =.6 e e o ® o © © ° i

FIG. 4. The trapping length L from Eqs. (49) and (59) of prolate
(lines) and oblate (symbols) spheroids for several dimensions d. Note
that L/b=1/(d —2)ata/b=1.

Substituting Eqs. (42) and (47) into Eq. (6), we get the trap-
ping length

1—-_% & 1 l'd.1 a’ F ll'd'l a
_d—221 27 292’ b2 20677 27 925 b2 .

(49)
For a spherical target (a = b), one retrieves L = b/(d — 2).
In the opposite limit a — 0 of highly anisotropic targets, we
obtain

ClaeyrErEgy T
L~ %aln(b/a) d = 3). (50b)

In both cases, the lengthscale L vanishes, and the trapping
capacity of a very thin target becomes essentially reaction-
limited for any finite reactivity: A(lq) ~ q|l'|/1L].

The dependence (49) of the trapping length L on the aspect
ratio a/b is shown by lines in Fig. 4. A linear scaling of L with
a is observed in all dimensions d > 3, whereas the curve for
d = 3 exhibits a linear scaling with a logarithmic correction.

Figure 5(a) shows the principal eigenvalue A(lq) as a func-
tion of ¢ for a prolate spheroid of a fixed aspect ratio a/b =
0.5. One sees that our approximation (5) is very accurate over
a broad range of g values and all dimensions d > 3.

B. Oblate spheroids

A flattened target is modeled by the surface of a d-
dimensional oblate spheroid with the single minor semiaxis
a along the dth coordinate, and equal major semiaxes b > a:

2 2 2
Fop= {(xl,...,xd)eRd:%+-~-+%+%:1
(S1)
The capacity of an oblate spheroid in three dimensions is well
known [94]:

6(3) 47TC

w0 = o afby 2
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FIG. 5. The principal eigenvalue qu) as a function ¢ for pro-
late (a) and oblate (b) spheroidal targets with semiaxes a = 0.1
and b = 0.2 surrounded by a reflecting concentric spherical surface
of radius R = 1. Symbols present the numerical computation by a
finite-elements method (see Appendix D), whereas thick lines show
the approximate relation (5). In three dimensions, a thick blue line
presents Eq. (5) with the “corrected” capacity C’ from Eq. (16),
whereas a thin blue line corresponds to the capacity C. The trapping
length L given by Egs. (49) and (59) is 0.1300, 0.0596, 0.0379, and
0.0276 for prolate spheroids, and 0.1669, 0.0864, 0.0588, and 0.0447
for oblate spheroids, with d = 3, 4, 5, 6, respectively.

In the limit a — b, one retrieves the capacity of the ball of
radius b; in the opposite limit a — 0, this relation yields the
well-known result for the capacity of the disk of radius b:
Cy)) = 8xb.

In Appendix B, we recall the derivation of the capacity in
higher dimensions and derive the following compact expres-
sion:

(d — 2)oq b2

— . (53)
B GT-P)

A(d)
Ca,b -

For even dimensions, one gets particularly simple relations,
e.g.,

C) = 2m*b(a + b), (54a)
~ 3303 (a + b)?
C) = e (54b)

As a — 0, the capacity reaches a finite limit:

e (d —2)o, 7T (%)
» NEONZ:

In contrast to the case of infinitely thin elongated targets [cf.
Eq. (44)], flattened targets remain accessible to Brownian mo-
tion. When the target is surrounded by a concentric spherical
surface d€2¢ of radius R, the volume of the confining domain
is

(55)

zdr?

_ T nd ad-]
= Fd2T 1)(R ab® ). (56)

|€2]
The accuracy of the approximation (5) for perfectly reactive
oblate targets is illustrated in Fig. 3(b). As for elongated
targets, the approximation is least accurate for d = 3 and gets
more and more accurate as d increases. Its relative error is
shown in Fig. 3(c) by empty symbols.
The surface area of oblate spheroids is discussed in Ap-
pendix B:

- d—1 1 d a2
PO gt LR (2 2 S —L). (57
} a,b| 04 2hil — 3 7 (57)

In the limit a — 0, one gets

27pd=D/2

Tl =5 Sy (58)
2

For instance, one retrieves the surface area of a two-sided disk
for d = 3: |f‘(()?;| = 27 b (it is twice as big as the area of the
disk because there are two faces).

Substituting Egs. (53) and (57) into Eq. (6), we get the
trapping length:

b d—1 1 d a’
L= 2h|l —— il — 5
d-—-2 2 2°2 b?

1 d-2d a’
X 2F1<§,—2 ;E;l_ﬁ) 59)

In contrast to the case of prolate spheroids, the trapping length
here remains of the order of b for any a, ranging from

by ()

LTI T E &

(a=0) (60)

to L =b/(d —2) at a = b. This behavior is shown in Fig. 4
by symbols. Curiously, the dependence is not monotonous,
but variations of L with a/b are insignificant, particularly at
larger d. We conclude that flattening the target does not almost
change its trapping capacity. The accuracy of the approxima-
tion (5) for a partially reactive oblate target is illustrated in
Fig. 5(b).

IV. DISCUSSION AND CONCLUSION

In this paper, we investigated restricted diffusion inside
a bounded domain towards a partially reactive target. Our
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first result is a simple explicit approximation (5) for the
principal eigenvalue of the Laplace operator with mixed
Robin-Neumann boundary conditions. This approximation in-
volves very basic geometric characteristics such as the volume
of the confining domain |€2|, the surface area of the target |T'|,
and its harmonic capacity C. The dependence on the physical
transport parameters — the diffusion coefficient D and the
reactivity k — is fully explicit. Even though the derivation of
Eq. (5) involved three approximations, all of them were based
on the smallness of the target and its distant location from the
reflecting boundary. A comparison with a numerical solution
by a finite-elements method showed that the approximation
is getting more and more accurate as the space dimension
increases. In three dimensions, the use of the ‘“corrected”
capacity C’ allows one to get accurate results as well. As
the principal eigenvalue qu) determines several characteristics
of diffusion-controlled reactions, the proposed approximation
opens access to them in a simple way.

The second result is the identification of the relevant ge-
ometric lengthscale of the target that we called the trapping
length: L = |I"|/C. This length naturally emerges from our
approximation as the geometric scale, to which the physical
reaction length 1/g = D/« has to be compared. This trap-
ping length generalizes a former length Ly = |I'|/diam{I'},
introduced by Sapoval et al. [77], to anisotropic targets and
higher dimensions. The simple form of the trapping length is
quite intuitive. In fact, the surface area |I"| naturally appears
in the reaction-limited regime (¢ — 0) when the transport
step is fast as compared to the reaction step, and thus the
reaction event occurs on any target point with almost equal
probabilities (i.e., the so-called spread harmonic measure is
almost uniform; see [88,104]). For instance, the principal
eigenvalue exhibits the well-known behavior A(I‘I) ~ q|l'|/|1L2].
In the opposite diffusion-limited regime (¢ — o0), the trap-
ping capacity of the target is determined by its capacity C,
yielding A(lq) ~ C/|L2|. The role of the capacity as the prin-
cipal geometric characteristic of the target can be recognized
in the seminal paper by Smoluchowski [105], in which the
steady-state flux was shown to be proportional to the radius of
a spherical target, i.e., to its capacity. While the reaction length
1/g = D/k is the ratio of two transport coefficients, the trap-
ping length L = |T"|/C is the ratio of the associated geometric
characteristics of the target. In this light, our approxima-
tion (5) can also be viewed as an interpolation between two
limiting regimes. However, its derivation and high accuracy
suggest that Eq. (5) correctly represents the dependence of the
principal eigenvalue on the main parameters of the problem,
at least for small targets.

The third and last result concerns the target anisotropy,
which was mainly ignored in former studies. We obtained
the exact relations for the trapping length of both prolate and
oblate spheroids in R¢ with d > 3 (an extension to more gen-
eral biaxial ellipsoids is discussed in Appendix C). We showed
that the trapping length L vanishes as an elongated target gets
thinner. As such a target is hardly accessible to Brownian
motion, one might expect to deal with the diffusion-limited
regime. However, the vanishing of L implies that diffusion-
controlled reactions on needlelike targets are always in the
reaction-limited regime. In other words, even though it is hard

to find such a target for the first time, it is even more difficult
to retrieve the target after each failed attempt to react. In
contrast, the trapping capacity of flattened (disklike) targets
is not significantly different from that of round ones.

Our approximation is valid for any space dimension d > 3,
and its accuracy gets higher as d grows. It is therefore nat-
ural to ask what happens in the planar case (d = 2), which
stands apart for several reasons. In fact, the recurrent nature
of Brownian motion in the plane drastically changes many dif-
fusive properties as compared to higher-dimensional settings,
for which Brownian motion is transient. First, a steady-state
solution of Eq. (8) that defined the harmonic capacity does
not exist for unbounded planar domains. This can be easily
seen by considering a disk-shaped capacitor C, for which
the problem (8) does not depend on the angular coordinate.
A general radial solution of the Laplace equation in polar
coordinates, Au = %8rr8,u =0, has a form ¢; + ¢ Inr, and
there is no way to choose arbitrary constants ¢; and c¢; to
get u(r) — 0 as r — oo, except for the trivial solution with
c1 = ¢ = 0. In particular, the probability of capture W(x) is
always equal to 1 for planar domains. This particular issue
can be resolved by replacing the harmonic capacity by the
logarithmic capacity [98]. The related asymptotic analysis
was realized in earlier works (see [30-34] and references
therein); in particular, an expansion of the principal eigen-
value in powers of v = 1/1n(¢) was derived, where ¢ is the
relative size of the target. The major difference from higher-
dimensional settings is a very weak logarithmic dependence
of the expansion parameter v on the relative target size € so
that the leading order of the expansion is usually inaccurate,
except for extremely small targets. In other words, one needs
to deal with an expansion that contains many terms that are not
easily accessible and depends on various geometric properties
of the confining domain and the target. More generally, the
logarithmic form of the fundamental solution of the Laplace
equation in the plane, — In(jx — x’|)/(27), is responsible for
“long-range interactions” between distant points of space such
as, for instance, the strong impact of an outer boundary onto
the behavior near the target. This fundamental difference
makes our approach less useful in the plane.

The present work has several perspectives and possible
extensions. First, it would be interesting to rederive the
approximation (5) in a more rigorous way and/or by a di-
rect analysis of the eigenvalue problem, e.g., by matched
asymptotic methods. In fact, our derivation involved three
approximations, and it was difficult to control the accuracy
and relevance of each step. Second, one can deal with multiple
small targets. If the sizes of the targets are much smaller
than the distances between them and from the outer reflecting
boundary, the approximation (5) is expected to hold. Note that
the capacity of the union of small targets is equal, in leading
order, to the sum of their capacities; the surface area is also ad-
ditive. Moreover, Cheviakov and Ward derived the next-order
correction term to the principal eigenvalue for a configuration
of perfect targets [40]. This correction term can be used to
define the “corrected” capacity C’, as we did in Eq. (16) for
a single target. A numerical validation of this approximation
in configurations with multiple targets presents an important
perspective. When the targets are spherical, one can apply
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efficient semianalytical methods based on addition theorems
(see [106,107] and references therein). Another validation
step concerns irregularly shaped targets, whose surface area
and thus the trapping length can be (arbitrarily) large, despite
their smallness. Such a situation is not possible for spheroids,
for which L < b/(d — 2) (see Fig. 4), i.e., the smallness of the
target diameter 2b implied the smallness of L. The accuracy
of our approximation for L/b > 1 remains to be analyzed.
Finally, one can investigate other surface reaction mechanisms
(beyond the conventional Robin boundary condition) by using
an encounter-based approach [27,89,90,92]. Here, the explicit
dependence of the reactivity parameter ¢ may allow us to
access various properties of diffusion-mediated surface phe-
nomena.
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APPENDIX A: PROLATE SPHEROIDS

The harmonic capacity and the surface area of general
ellipsoids in R? with d > 3 have been studied in [103]. Here
we describe the main derivation steps and further simplifica-
tions that we managed to get for prolate spheroids defined
by Eq. (40), with d — 1 minor semiaxes a and one major
semiaxis b such as a < b. Combining the standard prolate
spheroidal coordinates in R? with multidimensional spherical
coordinates, one can introduce the following d-dimensional
spheroidal coordinates:

x4 = ccosh(a) cos(6;),
csinh(a) sin(6; ) cos(6,),
¢ sinh(a) sin(6;) sin(6,) cos(63),

Xd—1

Xd—2

X, = csinh(a) sin(#y) - - - sin(6,;_7) cos(¢),

x1 = csinh(a)sin(#;) - - - sin(6;_,) sin(¢),

where ¢ = v/b? — a? is the focal half-distance, 0 < o < 00
is analogous to the radial coordinate, whereas 0 < 6; < &
and 0 < ¢ < 27 are angular coordinates. Substituting these
coordinates in the quadratic equation in Eq. (40), one sets
cosh(ag) = b/c [and thus sinh(ag) = a/c] to determine the
“radial” coordinate ¢ of the spheroidal boundary I', . The
following construction is fairly standard in differential ge-
ometry [108,109]. In fact, one first determines the basis
vectors associated with new coordinates, e.g., the vector €, =
(dx;/da, ..., dxs/da)' is associated with «, etc. The norms
of these vectors determine the scale factors:

hy = hy, = cy/sinh® & 4 sin® 6y,
hg, = c sinha sin€ ---sin6—; (k=2,3,...,d —2),
hg = c¢ sinha sinf; - - - sinfy_y,

from which follow the metric, volume and surface elements,
and the form of the Laplace operator. Skipping these technical

details, we write the Laplace operator as

1

= 9% + (d — 2) coth a9,
c2(sinh? & + sin® 91)( a ) )

+ 92 + (d —2)cot 6,9
c2(sinh? & + sin® 6’1)( i+ ( ) 19,)

1
2 sinh?  sin® 6,
1
2 sinh? « sin® 6, sin? 6,

(95, + (d — 3) cot 6,05,

(95, + (d — 4) cot 0305,

1
2 sinh? o sin? 6y - - - sin® 6,5
1

2 sinh® o sin? 6y - - - sin 6,5

(95,_, + cotOu_r0g,,)

9. (A1)

To compute the capacity, one needs to solve the Dirichlet
boundary value problem:

Wlse =1,

limy oo W) =0, A2

AU(X)=0 (x € R\O), {

where C is the interior of the prolate spheroid surrounded by
Iy ». Since the Dirichlet boundary condition involves a con-
stant, the solution of this problem is invariant under rotations
around the coordinate axis x;. In spheroidal coordinates, the
function W(x) thus depends only on the “radial” coordinate o
so that only the first term in the above Laplace operator re-
mains,

1
c2(sinh® & + sin® 6y)

(32 + (d — 2)cothat 3, ) W(ax) = 0.

(A3)
Setting & = cosh «, this equation is reduced to

(& — DY+ (d — 1)ERY =0, (A4)

subject to the Dirichlet boundary condition W(§p) = 1 with
& = cosh(ap) = b/c and the regularity condition W(§) — 0
as & — oo. Setting u(§) = 9: W(£), one integrates Eq. (A4)
to get u(£) = ¢ (£ — 1)1=9/2_with an arbitrary constant c;.
The integral of this function yields

(A5)

o0 1
\v@):cl/ dz2 -1, p=9=1
3 2

the form of which ensures the regularity condition. Setting
y = 1/z* and using the Taylor expansion of (1 —y)~", one
can express this integral in terms of the hypergeometric
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function,
1 2

/€
W(E) = %‘ / dyy" (1 —y)™"
0

1-2n
= cig— 2B = 1/2n + 1/2;1/6%)
n—1
G i _ e
—clszl(l/Z,l,n-i-l/Z, l/s )

Substituting n = (d — 1)/2 and & = coshoy = b/c, we de-
termine the constant ¢; from the Dirichlet boundary condition:
_ d—-2)b

a3 ded=2 G Fi (172, 1;:d /25 ¢ /b2

¢ (A6)

Finally, we need to evaluate the integral of the normal
derivative of the solution in Eq. (AS),

1
(an\l’)|ra,b = _(h_aa\y> s (A7)
a=u

o

over the surface I, 5:
C\) = / dx (8,¥)
Cap

= ¢??[sinh o] 72 / d6; sin?? 6, / db6, sin’3 6,
0 0

b4 2
.. / d@d,Q sin 9[1,2 / d¢ (—aa\p)azaoy (AS)
0 0

where the surface element was expressed in terms of the scale
factors, and we used that the equal scale factors i, and Ay,
compensated each other. The integrals over angular coordi-
nates yield the surface area o,; of the unit sphere in R so that

d _ . _ _
C‘ib) = o,¢??[sinh o ]¢ 2(—3a\11)a:a0 =0, ¢

d=2o,a"3b

= LR(/2 Ldj2 AR (49)

i.e., we arrive at Eq. (42). To our knowledge, such a compact
expression for the capacity of the prolate spheroid in R¢ has
not been reported.

The surface area of ellipsoids was derived in [103]. In our
particular case, the general expression can be written as

(l _ x2)(d—3)/2

)| _ - 7
|Fa,b = x(1+3x2)(d+1>/2’

47T(d_1)/2ad_3b2 1
- - / (A10)

r(sh)
where § = b?/a* — 1. This integral can be expressed in terms
of the hypergeometric function:

2w q? 3 p? 1 d+1d v
T = “——m—2F (5. —5—:5:1— = ). (Al
; I'(d/2) 27 2 72 a

Using the Pfaff transformation, one can rewrite it as Eq. (47).
In three dimensions, one retrieves the classical expression

b
Ir®)] = 2na2<1 + — sin_l(e)>, e=+/1—a%/b,
’ ae

(A12)

so that the trapping length reads
a*(14 L sin™'(e)) In (1£2)

L= ae . Al3
4eb ( )

Note that L ~ a7 In(2b/a) as a — 0.

APPENDIX B: OBLATE SPHEROIDS

The derivation for oblate spheroids is very similar. One
introduces an extension of the oblate spheroidal coordinates
as

x4 = csinh(x) sin(6,),
Xx4—1 = ccosh(a)cos(6y)sin(6,),

X4_» = ccosh(a) cos(0;) cos(6,) sin(63),

xp = ccosh(a) cos(6y) - - - cos(By_2) sin(¢p),
x1 = ccosh(a) cos(0;) - - - cos(6y_2) cos(¢),

withc = v/b* —a?,0 <a <00, —m/2 < 6; <7 /2,and 0 <
¢ < 2m. These coordinates determine the scale factors

hy = hg, = cy/sinh® @ + sin? 6y,

hg,

, = ¢ cosha cos6) - - cos b

k=2,3,...
hg = ¢ cosha cosé - -cosby_y,

from which the metric and the Laplace operator follow. In
particular, the solution of the boundary value problem (A2)
depends only on the “radial coordinate” «:

1
c2(sinh? & + sin” 6y)

(82 + (d —2)tanh & 3, ) () = 0.

(BI)
Setting & = sinh «, this equation is reduced to

E + DY+ (d — 1ERY =0, (B2)

subject to the Dirichlet boundary condition W(&y) = 1 with
&) = sinh(og) = a/c and the regularity condition ¥(§) — 0
as £ — oo. Setting u(§) = 9: W(£), one gets u(§) = c1 (€2 +
1)1=4)/2 with an arbitrary constant c;. The integral of this
function yields

00 s B d
\D(S)zclf dz(Z+ 1", n= > B3)
§

As was done previously, one can express this solution as
1 2

a [ n—3/2 -
W) = > dyy (I+y)
0

1-27n
=iy 2P, —1/2m+1/2;—1/8%)
n—1
(E24+ D' 2
=c——,F(1/2,1; 1/2; -1 . (B4
615(217—1)2](/ n+1/ /§7). (B4)
Substituting n = (d — 1)/2 and &y, = sinh(p) = a/c, we get
(d —2)a
ci (B5)

T PR (12, 1d/2 ~ a?)
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To complete the computation, we need to evaluate the
integral of the normal derivative of this solution,

1
(anlp)“”“a_b = _<h_aa"p) ’
o o=

over the surface f’a,h:

(B6)

C\) = / dx (3, V)
Fa.b

/2 /2
= ¢??[cosh aO]H/ do, cos?? ef d6, cos? 36,
-1 /2 —/2

/2 2
. / 043 05042 / A (~ W)y (BT)
/2 0
Evaluating the integrals over angular coordinates, we get

C\%) = oy’ ?[cosh ]’ (=9 W)ga, = 04 ¢ €1

_ d=2o,ab?3
C OF(1/2,13d/2;—c%/a?)’

Using the Pfaff transformation, one can rewrite this expression
as Eq. (53). To our knowledge, such a compact expression
for the capacity of the oblate spheroid in R has not been
reported.

The surface area of oblate spheroids is given by the formula
(A11), in which a and b are exchanged:

3 1 d+1d 2
!Fi‘,’21=odbd‘3azzﬂ<— o ~—-1—“—). (B9)

(B8)

27 2 72 b?
Using the Euler transformation, one gets a more convenient

representation (57).
In three dimensions, one retrieves the classical formula

- 1
It —2nb2+n—ln te (B10)
The trapping length is
_ b+ Sl
cos™ " (a/b). (B11)

drce

APPENDIX C: BIAXIAL ELLIPSOIDS

The prolate and oblate spheroids discussed in
Appendixes A and B are particular cases of a biaxial ellipsoid,
which has p minor semiaxes a and ¢ major semiaxes b (such
that a < b). For the sake of completeness, we provide here
the exact expressions for the capacity and the surface area of
these domains. We recast former results by Tee in [103] in a
simpler form in terms of hypergeometric functions.

Tee obtained the following formula for the capacity of a bi-
axial ellipsoid with p minor semiaxes a and ¢ major semiaxes
b>a:

1 1 /1 J

R X

C b0, Jo
where o, is given by Eq. (10). Expanding the denominator
into a Taylor series of powers of x, we get

(P4 q — 2)opgb" 172

2F( p+g 2’p42rq,1 a2/b2).

xp+q—3
1-1- a2/b2)x2)p/2 ’

(ChH

C =

(C2)

The Euler transformation allows one to get another represen-
tation:

(p+q— 2)0—p+qap72bq
2F1(q 1; p+q i1 — a2/b2)'

C= (C3)
For instance, inserting p=d — 1 and ¢ =1 into the last
formula, we retrieve Eq. (A9) for a prolate spheroid in R?.
Similarly, inserting p = 1 and ¢ = d — 1 into Eq. (C2) yields
Eq. (53) for an oblate spheroid.
Tee expressed the surface area of biaxial ellipsoids in terms
(1 —hr)

of the integrals
lo,p(8) = —
p) = /0 (1 —8h2)F"

Setting 4 = §/(8 — 1) and using the Taylor expansion of (1 —
ux)~#, we have

(C4)

Ly = — f‘ dx X
T2 -8F Jy JT=x (1 — px)P
VrT(a+1) < 3 6 )
- F 1;
21— 8)fT(a+2) 2" Prat ot o5
(CS)
where we used
x“ \/_F((x—{—l)
«/1 —x  T@+3/2)

Depending on the parity of p and g, Tee treated separately
three cases and expressed the surface area of the correspond-
ing biaxial ellipsoids in terms of I, g(8), with & and B being
related to p and ¢. Using Eq. (C5), we managed to show that
all three cases yield the same result. Skipping the technical
details of this analysis, we provide the following exact expres-
sion for the surface area:

Oprqa? b7 [ (g — 1)d? (L a.rta a*
ptqg—1 b? 2222 TR

1 g p+gq a?
F - —1 == ).
+p2 1<2 5 > »

For a prolate spheroid with ¢ = 1 and p = d — 1, we retrieve
Eq. (47). For an oblate spheroid with g =d — 1 and p =1,
one can use contiguous relations between hypergeometric
functions to retrieve Eq. (57).

Substituting Eqgs. (C2) or (C3) for C and Eq. (C6) for |I'|
into Eq. (6), one determines the trapping length of a general
biaxial ellipsoid.

I =

(C6)

APPENDIX D: NUMERICAL SOLUTION BY THE
FINITE-ELEMENTS METHOD

To check the accuracy of our approximation, we solved the
underlying boundary value problem using a finite-elements
method. The axial symmetry of spheroids allowed us to reduce
the original d-dimensional problem to a planar one. In fact,
one can write the Laplace operator in the cylindrical coordi-
nates as

1

1
A = BZZ + _Vd72 ar rd_2 ar + ﬁAangs (Dl)
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where z denotes the coordinate along the symmetry axis (i.e.,

2=2xg), r =[x +---+x3 |, and Ay is the angular part

of the Laplace operator in the hyperplane R?~!, which is
orthogonal to the axis x,. As the original eigenvalue problem
in Eq. (4a) is invariant under rotations along the x, axis, its
solution does not depend on the angular part. It can thus be
written as

—VeVu = ard2u, (D2)
where V is the gradient operator in the (7, z) plane, and c is the
diagonal 2 x 2 matrix with entries 7=2. This reduced eigen-
value problem has to be solved in the planar cross section of
the domain (see Fig. 6). The problem was solved numerically
by PDETool in MATLAB. We compared numerical solutions
with different choices for the maximal mesh size to ensure
that the results do not depend on this choice.

\—//
(b)

FIG. 6. (a) A prolate spheroidal target (in red) is enclosed by an
outer reflecting sphere (in gray). (b) An equivalent planar domain
with an elliptic target (in red) and an outer circular reflecting bound-

ary (in gray).
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