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In this paper we extend our recent work on
two-dimensional (2D) diffusive search-and-capture
processes with multiple small targets (narrow capture
problems) by considering an asymptotic expansion
of the Laplace transformed probability flux into each
target. The latter determines the distribution of arrival
or capture times into an individual target, conditioned
on the set of events that result in capture by that
target. A characteristic feature of strongly localized
perturbations in 2D is that matched asymptotics
generates a series expansion in v=—1/Ine rather
than €, 0 < e < 1, where e specifies the size of each
target relative to the size of the search domain.
Moreover, it is possible to sum over all logarithmic
terms non-perturbatively. We exploit this fact to show
how a Taylor expansion in the Laplace variable
s for fixed v provides an efficient method for
obtaining corresponding asymptotic expansions of the
splitting probabilities and moments of the conditional
FPT densities. We then use our asymptotic analysis
to derive new results for two major extensions
of the classical narrow capture problem: optimal
search strategies under stochastic resetting, and the
accumulation of target resources under multiple
rounds of search-and-capture.

1. Introduction

There are numerous biological, social, and physical
processes, where the arrival of a single particle (searcher)
at a target site can initiate one or more downstream
events. Examples include the provision of food or shelter
to a foraging animal [1-3], the initiation of a biochemical
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reaction within a cell [4,5], the entry of a virus into the cell nucleus [6-8], the delivery of proteins
to a subcellular compartment by molecular motor complexes [9], and the initiation of an immune
response due to a T cell finding its antigen [10]. These so-called search-and-capture events are
often stochastic in nature, and crucial information regarding the efficacy of the search process can
be obtained from the distribution of arrival or capture times, which is known as the first-passage-
time (FPT) density. Moments of the FPT density typically satisfy corresponding boundary value
problems (BVPs), which can be derived from the backward evolution equation for the probability
density of particle position. In many cases, there are multiple targets within the interior or on
the boundary of the search domain, which requires determining the splitting probability of
being captured by a specific target. Since this probability is less than unity, it follows that the
corresponding FPT density has infinite moments, unless it is conditioned on the set of events
that find the target. The classical narrow capture (or escape) problem concerns diffusive search
processes where the targets are much smaller than the size of the search domain. This then
allows matched asymptotic expansions and Green’s functions to be used to solve the BVPs for
the splitting probabilities and moments of the conditional FPT density [10-22].

As we have recently highlighted [23], there are growing number of search problems that
require knowing the full conditional FPT densities, or at least their Laplace transforms, rather
than simply the first and second moments, say. For example, one way to increase the efficacy of a
search process is to include a resetting protocol, whereby the position of the searcher is reset to a
fixed location x at a random sequence of times, which is typically (but not necessarily) generated
by a Poisson process. In many cases there exists an optimal resetting rate for minimizing the mean
first passage time (MFPT) to reach a target, see the review [24] and references therein. Assuming
that once the particle has returned to x; it loses all memory of previous search phases, that is, the
stochastic process satisfies the strong Markov property, one can condition on whether or not the
particle resets at least once, even though a reset event occurs at random times. Renewal theory
can then be used to express statistical quantities with resetting in terms of statistical quantities
without resetting such as the conditional FPT densities. This has been carried out both for one
or two targets [25-30] and multiple targets [23,31]. A second example occurs in cases such as the
intracellular transport and delivery of vesicular cargo to subcellular compartments, where one
has to keep track of the accumulation of resources within the targets following multiple rounds of
search-and-capture events and degradation. Queuing theory can be used to express moments of
the steady-state distribution of resources across the target population in terms of the conditional
FPT densities of a single search-and-capture event [23,32,33].

In this paper we extend our recent work on two-dimensional (2D) diffusive search-and-capture
processes with multiple small targets by considering asymptotic expansions of the conditional
FPT densities. Following along similar lines to [21], we work directly with the Laplace transform
of the forward diffusion equation, which is solved by constructing an inner or local solution valid
in an O(e) neighborhood of each target, and then matching to an outer or global solution that is
valid away from each neighborhood. Here € is a small dimensionless parameter that characterizes
the size of each target relative to the size of the search domain. It is well known that since the
2D Green'’s function of the diffusion equation has a logarithmic singularity, it is more natural
to develop an asymptotic expansion in v = —1/In € rather than e itself. However, unless many
coefficients in the logarithmic series can be obtained analytically, a low order truncation of the
series will typically not be vey accurate unless € is very small. This difficulty stems from the fact
that v — 0 very slowly as € decreases. It turns out that in many cases it is possible to sum over the
logarithmic terms non-perturbatively [11] by inverting a matrix with coefficients that are linear in
v . This is equivalent to calculating the asymptotic solution for all terms of O(v*) for any k.

Having solved the diffusion equation in Laplace space, we determine the corresponding
Laplace transforms of the probability fluxes into each target and hence the conditional FPT
densities. We then show how a Taylor expansion of the FPT densities in the Laplace variable
s for fixed v provides an efficient method for obtaining corresponding asymptotic expansions
of the splitting probabilities and FPT moments, without having to solve separate boundary
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value problems. Finally, our analysis is used to obtain new results concerning optimal search
strategies under stochastic resetting, and the accumulation of target resources under multiple
rounds of search-and-capture. First, we determine the effects of stochastic resetting on the
unconditional MFPT, extending previous results in the small-r regime. We proceed by exploiting
the exponential-like asymptotic decay of the Green’s function for the modified Helmholtz
equation, in order to construct boundary-free approximations of statistical quantities that hold
for intermediate and large values of the resetting rate r. This allows us to identify target
configurations where the MFPT is minimized at an optimal resetting rate. Second, we investigate
the size of fluctuations in the steady-state distribution of target resources under multiple rounds
of search-and-capture, by expressing the Fano factor in terms of the splitting probabilities and
unconditional MFPTs for a search process with resetting at the degradation rate . The paper is
structured as follows. The classical narrow capture problem is presented in section 2, and the
matched asymptotics is carried out in section 3. Applications to narrow capture with stochastic
resetting and to target resource accumulation are then developed in sections 4 and 5, respectively.

2. Classical narrow capture problem

Consider a two-dimensional bounded domain ¢/ C R? that contains a set of N small interior
targetsUy, k=1,..., N, with U;V:1 U, =Uq C U, see Fig. 1. In the absence of any resetting events,
we have a classical narrow escape problem. Let p(x, t|x() be the probability density that at time ¢
a particle is at X(¢) = x, having started at position xg. Then

%}f'xo) = DV2p(x, t|x0), x €U\Us, Vp-n=0, x €U, (2.1a)
p(x,t|x0) =0, X € Ma, (2.1b)

together with the initial condition p(x, t|xg) = d(x — x¢). Each target is assumed to have a size
U] ~ 2 |U| with U; = x; €U uniformly as e — 0, j =1,..., N. The targets are also taken to be
well separated in the sense that |x; — x;| = O(1), j #1, and dist(x;, 0U/) = O(1). For the sake of
illustration, we take each target to be a circle of radius ef and fix length scales by setting ¢ = 1.
ThusU; = {x €U, |x — x;| <€}

ou

- “réset before
. capture

7
reset after
capture O

O

Figure 1. Diffusion of a particle in a bounded domain ¢/ with N small targets U;, j=1,..., N. If the particle hits
a boundary 0U{; then it is absorbed. Also shown are two extensions of the classical narrow capture problem that are
considered in sections 4 and 5. Reset before capture: at any time the particle can return to its initial position x¢ at a
Poisson rate r and immediately restart the search process (stochastic resetting protocol). Reset after capture: each
time the particle is captured by a target, it delivers some resource to the target, after which it returns to x¢o and initiates
another round of search-and-capture (target resource accumulation).
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The probability flux into the k-th target at time ¢ is
Jk(xo,t):—DJ Vp(x,t|xg) -ndo, k=1,...,N, (2.2)
Uy,

where n is the inward normal to U. Hence, the probability that the particle is captured by the
k-th target after time ¢ is

Mutxa. 0= |~ Ittt 23)
and the corresponding splitting probability is
7y (x0) = 111, (x0,0) = J:O Ti(x0, t)dt" = Jy.(x0,0). (2.4)
It follows that the Laplace transform of II(xg, t) is given by
sIT},(x0, 8) — T = —Jp(x0, ) = D Jau Vp(x, s|xg) - ndo. (2.5)
k

Next we introduce the survival probability that the particle hasn’t been absorbed by a target in
the time interval [0, ¢], having started at x:

Qo= | pxtixo)ax 26)
U\U,
Differentiating both sides of this equation with respect to ¢ and using Egs. (2.1) implies that
N N
9Q(x0,1) _ DJ V- Vp(x, tlxo)dx =D J Vp(x, t|xo) -ndo=— > Jp(xo,t). (27)
ot UN\Ua =10tk k=1
Laplace transforming equation (2.7) gives
~ N ~
sQ(xp, s) — lz—ZJk(xms), (2.8)
k=1

We have used the initial condition Q(xg,0) = 1. It immediately follows from equation (2.4) that

N
Z mr(x0) = 1. (2.9)
k=1

Since the probability of the particle being captured by the k-th target is typically less than
unity (7 < 1), it follows that the moments of the corresponding FPT density are infinite unless
we condition on the given event. The MFPT 7y, to be captured by the k-th target is given by

Tr(x0) = inf{t > 0; X(t) € OUL|X(0) =x¢}, (2.10)

with Ty = oo if the particle is captured by another target. Introducing the set of events 2}, = {7, <
oo}, we can then define the conditional FPT density according to

Fr(x0, t)dt =P[t < Tp, < t + dt|Tj, < 00, X(0) = x0] = P[t < Tj, < t + dt|X(0) = x0]/P[ 2]

1 9H(xo,t]
Tk [X0] ot

= (I (%0, t] — Iy (x0,t + dt)) /m(x0) = dt,
since mj, = P[{2;]. That is,

fk(XOat):%~

2.11)
It follows that the Laplace transform of f},(xo, t) is the generator of the moments of the conditional
FPT density:

—sTk _ 7 _ Jk(x()vs)
Ele™""*[1g,] = fr(x0,s) = T 00 (2.12)
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and
d

o (2.13)

Tlgn) :E[ﬁnllm] = (7 ) E[eisnuﬂk}

() e

In particular, using equations (2.5) and (2.12), the first and second moments T}, = T,gl) and T,Ez)
are

s=0

dfr(xo, ~
Tk (x0) Tk (x0) = — % = II} (%9, 0), (2.14)
s=0
and _ ~
2 d? fi(x0, 5) dIy(xo0,0)

3. Matched asymptotics

It follows from the above analysis that one way to calculate the splitting probabilities and the
Laplace transformed conditional FPT densities (2.12) is to solve Eq. (2.1) in Laplace space. The
latter takes the form

DV25(X, s|x0) — sp(x, s|xg) = —d(x — xq), x € U\Ua, (3.1a)
Vp-n=0, x €U, p(x,s|xg) =0, x € ;. (3.1b)

Equations (3.1) define a boundary value problem that can be analyzed along analogous lines
to previous studies of diffusion in 2D domains with small targets [13,14,18,21]. We proceed by
matching appropriate ‘inner” and ‘outer” asymptotic expansions in the limit of small target size
¢ — 0. Introducing the Green'’s function of the modified Helmholtz equation according to

DV2G(x, s|xo) — sG(x, s|xg) = —8(x — x0), x €U, (3.2a)
VG(x,s|zg) -n=0, x €U, (3.2b)
G(x, 51x0) = — 5 In x — xo + R(x, 5]x0), (3.2

where R is the regular part of G, we set
B(x, slx0) = G(x, sx0) + D~ "q(x, s|x0), x € U\Ua, 3.3)

with

DV2q(x, s|x0) — sq(x, s|x0) =0, x € U\Ua, (3.40)
Vg -n=0, x €U, q(x,s|xq) =P; :=—G(x;, s|zo)D, x € OU;. (3.4b)

Since we will be carrying out an asymptotic expansion with respect to the small parameter v =
—1/In€, while neglecting all terms of O(¢), we have taken G(x, s|xg) ~ G(x;, s|xo) on the circle
012;.

In the inner region around the i-th target, we introduce the stretched coordinates y = (x —
x;)/e and expand the inner solution as (see Fig. 2)

q(x; + ey, s|xo) = vA; (v, 5)Q;(y, s|xa) + P4, (3.5a)
with
VyQi=0, lyl>1, Qi=0, |yl=1, (3.5b)

and the far-field condition
Qi ~Inly| +O(ly| ™). (3.50)

We have dropped the explicit dependence of the unknown coefficients A;(v, s) on xq for ease
of notation. (Note that writing the coefficient as vA;(v, s) rather than A;(v,s) is simply a
matter of convention. The important point is that the v-dependence of A; can be determined
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Figure 2. Construction of the inner solution in terms of stretched coordinates y = ¢! (x — x;), where x; is the center
of the 4-th trap. Rescaled radius is |y| = 1 and the region outside the trap is taken to be R? rather than the bounded
domain .

non-perturbatively, see below. One could then perform a power series expansion of the non-
perturbative solution with respect to v to obtain a regular perturbation expansion of the inner
solution. However, as we highlighted in the introduction, one typically requires a large number
of terms to achieve sufficient accuracy.) The outer solution is constructed by shrinking each target
to a single point (see Fig. 3) and imposing a corresponding singularity condition. The leading
order contribution to the outer solution thus satisfies

DV2q(x, slx0) — sq(x, s|x0) =0, x eU\{x1,...,xn}, Vg-n=0, x€dl, (3.6a)
with
q(x,8|x0) ~P; +vA;(v,s)In|x — x;j|/e asx—x;. (3.6b)
In other words, we have the following equation for ¢ on U:

N
szq(x, s|x0) — sq(x, s|xo) = 2mvD Z Aj(v,8)6(x—xj), x€U, Vqg-n=0,xcdU. (3.7)
j=1
Applying the divergence theorem to this equation implies that

N

2rvD Z Aj(v,s)= —sJ q(x, s|x0)dx. (3.8)
i=1 u

The outer equation then has the solution

N
q(x, s|xg) = —2mvD Z A;(v,5)G(x, s|x4). 3.9)
j=1

Figure 3. Construction of the outer solution. Each target is shrunk to a single point. The outer solution can be expressed
in terms of the Neumann Green'’s function of the modified Helmholtz equation and then matched with the inner solution
around each target.
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We have N unknown coefficients A;(v, s), which are obtained by solving N constraints. The
latter are constructed by matching the far-field behavior of the inner solutions ) ; with the near-
field behavior of the outer solution ¢ in a neighborhood of ¢/ for j =1,..., N:

2mvD Z Ai(v, 8)G (x4, 8|%5) + Aj(v, 8) + 2nvDA; (v, s) R(x;, s|x5) = —P;. (3.10)
i#j

In the case of a single target (N = 1) this can be solved explicitly as

_ DG@G(x1, s|xo)
Au(vys) = 1+ 2rvDR(x1, s|x1) (3-11)
For N > 2, (3.10) is a matrix equation that has the formal solution
N
Ai:—Z[éi’j+27rugij(s)}71€15j7 i=1,...,N, (3.12)
j=1

where

Gij(s) = G(x4,8|x;)D, fori#j; Gi(s) = R(xy, s|x;)D.

It is important to note that the non-perturbative solutions (3.11) and (3.12) for the coefficients
A;(v) effectively sum over all logarithmic terms, which is equivalent to calculating the asymptotic
solution for all terms of O (1) for any k. This type of summation was originally obtained by Ward
and Keller [11], and is a common feature of strongly localized perturbations in 2D domains. Since
v — 0 more slowly than € — 0, the summation over logarithmic terms yields O(1) accuracy with
respect to e. (It is also possible to include O(e) and higher-order terms as illustrated in Ref. [20].)

Finally, substituting the inner solution into the Laplace transform of the flux equation (2.2)
and using equation (2.12), we obtain the asymptotic expansion of the conditional FPT densities in
Laplace space:

ﬂk(xo)ﬁ(xo, s) = Ji(x0,8)=—D Jau Vp(x, s|xp) - ndo

= —DJ V(G(x, s|xg) + D_lq(x, s|x0)) - ndo
U,

= —J [DVG(x, s|x0) - ndo — 2nv Ak (v, s)] . (3.13)
Uy,
Using the fact that
J VG(x, s|xg) - ndor:J VG (xg, s|xg) - ndo + O(e),
82/{k auk

and noting that VG(xy, s|xq) is a constant vector, we see that the integral term on the right-hand
side vanishes. We thus have our main result, namely, that to leading order in ¢,

me(%0) fi (X0, 5) = 2mv Ay (v, 5), (3.14)

with A given by the solution of equation (3.12). Summing both sides of equation (3.14) with
respect to k recovers a previous result for the unconditional FPT density [21]

N N
Z T (x0) fi (%0, 8) = 271/ Z Ag (v, s). (3.15)

k=1 k=1

One particular advantage of working with the Laplace transformed FPT densities is that
asymptotic expansions of splitting probabilities and FPT moments can be obtained directly by
performing a Taylor expansion in the Laplace variable s for fixed v, rather than separately solving
a boundary value problem for each statistical quantity as in previous studies [10,18,21,23].

H
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(a) Splitting probabilities
Taking the limit s — 0 in equation (3.14) and using ﬁ(xo, 0) =1, yields

T = 27v Slgr%) Ak (v, s). (3.16)
In order to determine the small-s behavior of A (v, s), we use the result that

1
G(x,s|x0) = M + Go(x,x0) + sG1(x,%0) + o(s), (3.17)

where Gy is the modified Neumann Green’s function of the diffusion equation:

DV2Go(x, xo) = ﬁ —5(x — xo), x €U, (3.180)
VGo(x,%x0) -n=0, x €U, J;/{ Go(x,x0)dx =0, (3.18b)
Glo(x, %0) = — g In x — 0| + Ro(x, %0), (3.180)
and
DVQGl(x, x0) — Go(x,%0) =0, x €U, (3.19a)
VG1(x,%0) - n=0, x €U, JI/{ G1(x,x0)dx =0. (3.19b)

Note that the solution of equation (3.19) is non-singular and takes the form

&mmF—L%mm%mmmn (3.20)

Taking the limit s — 0 in equation (3.8) yields

N
. _ _ -l 3 ~ _
27y Sh—%]z_:l Aj(v,s) D slg%sJ’u q(x, s|xg)dx Sh_r)%sju [p(x, s|xo) — G(x, s|x0)]dx

=— lim J [p(x,t|xp) — G(x,t|xg)]dx =1. (3.21)
t—o0o Jiy

Hence, the coefficient Ay (v, s) has the small-s expansion

Ap(r5) = g+ AR) + sxk(0) + 526 () + O(s%) (3.22)

for some x (v), (i (v), with the constraint

N
> Ap(v) =0. (3.23)
k=1
It immediately follows that the splitting probability is

Ty = % + 2nv Ak (v). (3.24)

It remains to determine the coefficients Ay (v) by substituting equations (3.17) and (3.22) into
the matching equation (3.10) and taking the limit s — 0. This yields

; {ZWAj(u) + H Go(xj,30) + 5 (Ak(u) + ﬁ)

+ |2 A0+ | Role 0 =Gl x0) = T, (629
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where x(v) = chvzl Xk (V). Summing both sides of equation (3.25) with respect to k£ and using
>k Ax(v) =0 gives

_2mv (l/)—#Jri
u " " 2mDN TN

.MZ

N
1 (0 1
: |:27TI/AZ‘(I/) + N:| gij N ; GO(Xj7X0)7 (3.26)

sJ
with
gi(J(')):GO(Xivxj): for i # j; gi(g):Ro(Xi,Xi)‘

We can thus eliminate x (v) from equation (3.25) such that

N N

1 1 1 A
Z [27”"4]' (v) + N] gj(p) -~ [27U/Aj (v)+ N} gj(.o) + 7%7/)
J=t =1

N
1
= Go(xy,X0) — & >~ Go(xj,%0). (3.27)
j=1

Equations (3.24) and (3.27) determine the asymptotic expansion of the splitting probabilities.

(b) First passage times

An analogous asymptotic analysis can be used to determine the moments of the conditional FPT
density. These are given by

d\" =~
Tlgn) = (_d7> Jr(x0,5) (3.28)
S s=0
For example, equations (2.5) and (2.14) imply that
i (%0) T (x0) = [T (%0, 0) = Tim mk(X0) = Jk(x0,8) _ . Jk(x0,0) = Ji(x0,5)
s—0 S s—0 S
= —27v lim A (v, 5) = 27Xk (V). (3.29)
s—0 S

Similarly, equations (2.5) and (2.15) give

_ dII}(x0,0)

~ tim d Jj(x0,0) — Ji(x0, 5)
ds

s—0 ds s

Ak (x0) T (x0) = —2muCi (). (3.30)

s=0

The coefficients x1 (v) and (;(v) can be determined by expanding the matching condition (3.10)
to O(s?). Here we simply state the results for a single target:

1
2rvx1(v) = U] {Go(xhxo) — Ro(x1,%x1) — 27r1/D] , (3.31)

and

(3.32)

2mvy(v) = |U| |:G1(x1,x0) - G1(x1,%x1) — xi()[ + 2WZDRO(X1’X1)]:| .

4. Stochastic resetting

As our first application of the result (3.14) to extended narrow capture problems, suppose that
we introduce a stochastic resetting protocol into the search process given by equation (2.1). That
is, prior to being absorbed by one of the targets, the particle can reset to a fixed location x;
at a random sequence of times generated by an exponential probability density ¢ (7)=re™"",
where r is the resetting rate. The probability that no resetting has occurred up to time 7 is then
¥(r)=1- [;¥(s)ds=e""". In the following we identify x, with the initial position by setting
X0 = Xr, as illustrated in Fig. 1 for reset before capture. For simplicity, we will assume that the
resetting is instantaneous and there are no refractory delays. (Extensions to finite return times
and other delays can be found elsewhere [28,29,31].) Using renewal theory it can be shown that
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the splitting probabilities and conditional FPT densities with resetting, which are distinguished by
the subscript r, can be expressed in terms of statistical quantities without resetting as follows [23]:

- _ T, (X0) *Iﬁk(xoﬂ") _ jk(xo,r) _ Ag(v,r) 41
() 1 —rQ(xq,T) Zjvzl jj(xo,r) Z;V:1 Aj(v, r)7 1)

and
Wr,k(xo)f;,k(x()» 5) = mr(x0) — (r + s)ﬁk(xo, r+s)  2mv(r+s)Ap(v,r 4+ s) 42)

1—r@(xo,r—|—s) _S—|—27FV7‘Z§V:1AJ‘(1/,7’+S).

We have used equations (2.5) and (3.14). Moreover, differentiating equation (4.2) with respect to s
shows that the unconditional MFPT with resetting is

Q(x0,7) _ 1 1—-27v Zivzl Aj(v,r)

Tr(x0) = — 4.3)
r(x0) 1—rQ(xp,7) T 27TVZ§V=1 Aj(v,r)
In the case of a single target, we have . 1 (x¢) = 1 and equation (3.11) implies that
Ty (x0) = 11-2mvA;(v,7) _ 11+ 2nvD[R(x1, s|x1) — G(x1, s|x0)] . (4.4)

r 2mvA;(v,T) r 2mrv DG (x1, s|x0)

Let us first consider the small-r regime, which was previously analyzed in [23]. Taylor
expanding equation (4.1) in r for fixed v, we have

o (x0) = 7k (x0) + 1A} (1,0) +o(r) _ mp(x0)[1 — T (x0)] + o(r)
R = Zj-vzl Al (v,0) + o(r) 1—rT(x0) + o(r)

=7 (x0) + r7 (x0) (T (%x0) — T (x%0)) + o(r), (4.5)

where Aj indicates differentiation with respect to the Laplace variable. Hence, we recover the
condition that to O(r), resetting at a rate r will increase the splitting probability to the k-th target
provided that T'(x¢) > T (xo). Similarly, Taylor expanding equation (4.3) gives

2m ol [AL(1,0) + 7 AL (1,0)/2+ o(r)]  T(x0) — rT® (x0) /2 + o(r)

Tr(x0) = - Z;}\/:1 A4 (,0) + ofr) 1—7rT(x0) + o(r)

=T(x0) + r[T(x0)% — T® (x0) /2] + o(r). (4.6)

where T(?)(xq) is the unconditional second moment without resetting. We see that the
unconditional MFPT will be reduced in the small-r regime provided that the coefficient of
variation (CV) satisfies the inequality o (x0)/T(x0) > 1, where op = V/ T(2) — T2,

In the case of a single target, we can derive an explicit expression for the above inequality
using equations (3.31) and (3.32). That is,

2
T(x0)? — T (x0)/2 = [UU]? {Go(xl,xo)—Ro(xl,xl)— ! ]

2nvD
u 1+ 270D Ry(x1,
B ‘2| |:G1(X17X0)—G1(X17X1) _awl WIV) 0(x1 Xl)]]
ul? U/
B ﬁ - LGl x0) — RG]
uP? 1
* 9D |:G0(X17XO) — Ro(x1,%1) — m} {1 + 2771/DR0(x17x1)] +0(1)
o
——mGo(Xl,Xo)—kO(l). 4.7)
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Hence, to leading order, the MFPT will be reduced in the small-r regime provided that
Go(x1,x0) > 0. The generalization to the multiple target case is Z;\;l Go(x;,%0) > 0. Note that
in [23] this result was derived by separately solving the BVPs for T" and T,

Another major advantage of working with the full FPT densities is that the expressions (4.1)
and (4.3) for the splitting probabilities and unconditional MFPT hold for all resetting rates 7.
Hence, the calculation of the splitting probabilities and FPTs outside the small-r regime reduces
to the problem of obtaining accurate numerical or analytical approximations of the modified
Helmholtz Green’s function G(x,r|x’). This particular issue has been addressed by Lindsay et
al. [21], and we adapt their results to the current problem. It turns out that an important step in
the evaluation of the Green’s function is to decompose G as the sum of the free-space Green’s
function and a regular boundary-dependent part:

G, 51x') = 55 Fo((/5/Dlx — x'|) + R, slx), (48)
where K((z) is the modified Bessel function of the second kind and Ris nonsingular as x — x'.
Using a boundary integral method, it can be shown that for |x — xg| = O(1) and large 1/s/D, the
boundary contributions to R are exponentially small so that [21]
1 = 1
G(x, s]x0) ~ 5= Ko(v/s/DIx = x0l), x# X0, R(x0, 5|x0) ~ —5—=(Inv/s/D —In2 + ),
4.9)
where . ~ 0.5772 is Euler’s gamma constant. We now observe that the off-diagonal matrix terms
in (3.10) are exponentially smaller than the diagonal elements, so that to leading order,

~ (2m) ' Ko(y/s/Dlxy, — xq))
Ap(v,s) = 171/(1n\/s/7D71n2+'yc)7 \Vs/D>1. (4.10)

Hence, under the boundary-free approximation, Ay (v, r) depends on the distances of the targets
from xg but is independent of the shape of the domain and the absolute locations of the targets.
Numerically it has been shown that such an approximation remains valid even at intermediate
values of r (or equivalently at intermediate times) provided that xp and x;, j=1,..., N, are not
close to the boundary and there are no bottlenecks separating the targets from x. This result is
reinforced in the presence of resetting.

Substituting for Ay, into equations (4.1) and (4.3) yields the finite-r approximations

N Ko(\/T/Dlx), — x0|)
SN Ko(y/r/Dlx; — xol)’

Tk (X0) (4.11)

and

T (x0) ~ % 1—v(ln\/r/D—1n2+~.) — VZ;-Vzl Ko(y/r/Dl|x; — x0|). 4.12)

v Ko(v/r/Dlx; — o)

We can then use equation (4.12) to explore how the unconditional MFPT varies with the resetting
rate r, the number of targets and the distribution of distances |x; — xg|,i=1,..., N. In Fig. 4 we
plot the finite-r expression for T} as a function of r for a set of IV targets whose distances from
xg are of the form pn :=|x, — xo| = po + (n — 1) Ap. Since the approximations (4.11) and (4.12)
break down for small  we impose the restriction /D > 1. For a range of parameter values we
find that 75- has a minimum at an optimal resetting rate rqpt that depends on N, Ap and pg. In all
cases Ty — oo as r — oo, which reflects the fact that if the particle resets too often then it never has
the chance to reach even the closest target. The divergence of 7' can be explored further using the
asymptotic expansion

- 1 —92
Ko( 2) 5, ¢ {1 8Z—|—O(z )., z— o0, (4.13a)
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Figure 4. Plot of unconditional MFPT T3 (xo) under the boundary-free approximation for /r/D >1 and N targets
with |xn, — x0| = po + (n — 1) Ap. (a) po = 0.5, N = 3 and various Ap. (b) po = 0.5, Ap =1 and various N. Other
parameters are D =1 and v =0.1.

which implies that
=7/ Dxx—xo| =
Tk (X0) ~ 13 /i = xal . V/r/D>1, (4.14)
dj=1e Vv T/Dlxjixo‘/\/ [x; — %o
and
_ N —\/7/Dl|x;—x0]| L
1V2/m—vY e i /A//T/D|x; — xg|
Tr(x0) ~ = 7=1 i . \T/D > 1.

T uy i e Vr/Plximxalf [ e/ Dl — xo
If we now order the targets such that
|x1 —x0| < |2 —x0| < ... <|xn — Xol,

then the target closest to the reset point x¢g dominates in the large-r regime and

\/r/D|x1 —x
Ty~ VYO X0l 2 Dol (4.15)
vr s

Equation (4.15) establishes that the unconditional MFPT diverges exponentially.

5. Accumulation of target resources

Turning to our second example of an extended narrow escape problem, suppose that, rather than
being permanently absorbed or captured by a target, the particle delivers a discrete packet of some
resource (burst event) to the target and then returns to x, initiating another round of search-and-
capture. The return to xg is distinct from resetting before capture considered in section 4, since the
latter can occur at any time, see Fig. 1. (One could also consider a combination of both forms of
resetting [23].) The sequence of bursts resulting from multiple rounds of search-and-capture leads
to an accumulation of packets within the targets, which we assume is counteracted by resource
degradation at some rate . Furthermore, suppose that the total time for the particle to unload its
cargo, return to xg and start a new search process is given by the random variable 7 with waiting
time density p(7), which for simplicity is taken to be independent of the location of the targets
(under the assumption of instantaneous reset). Let M}, (¢) be the number of resource packets in
the k-th target that have not yet degraded at time ¢. As we have shown elsewhere [23,32,33],
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the accumulation of resources within the targets can be analyzed by reformulating the multiple
search-and-capture model as a G/M/ oo queuing process [34,35]. Here we simply quote the results
for the steady-state mean and variance of Mj.

First, the mean is given by

— 7k (X0)

M, (x0,7) = T Gx0) + 7ean] (5.1)

where 7(xq) and T'(xq) are the splitting probabilities and unconditional MFPT of a single
search-and-capture event, and Tcap = [ 80 Tp(7)dr is the mean loading/unloading time. Hence,
the relative distribution of resources across the population of competing targets is determined
by the splitting probabilities 7 (x¢), whereas the total number of resources depends on the
unconditional MFPT T'(xq), that is,

1

N
M 5 = M b T T e L\
tot (X0,7) ];:1: k(%0,7) Y(T'(x0) + Teap)

On the other hand, the variance (and higher-order moments of the resource distribution) depend
on the full conditional FPT densities in Laplace space that were calculated in section 3. In
particular, the variance takes the form

< T (x Tk (%0)P(7) i (%0, 7) T (x
Var[My,(xo0,7)] = My(x0,7) [1 —Zleﬂj(Xo)ﬁ(v)fj(XOﬁ) +1— My( 07’7)] ; (5.2)

where fk (x0,y) are the conditional FPT densities. Using equation (3.14), we see that

=7 2mvp(y) A (v, y -
Var[M(x0,7)] = M (x0,7) { — o) N( ) +1— Mg(x0,7)| - (5.3)
L=2mvp(y) 3 oj=1 Aj(v,7)
It turns out that we can express the variance of the target resource distribution in terms of
quantities associated with a search process with stochastic resetting at a rate ~. That is, setting
r =+ in equations (4.1) and (4.3), and rearranging, we have

Ag(r,7) 9 1
SN, A () =T,k (X0), 27”’; Aj(v,y) = 15T (o)
Hence, equation (5.3) can be written in the form
Var[My,(x0,7)] = My (x0,7) [ Tk (X0)P) +1- Mk(x07’7):| - (5.4)
YTy (%0) + 1= p(7)

In the absence of loading/unloading delays, p(y) =1 and 7cap =0, we obtain the simpler
expression

Var[My(x0,7)]

_ 7k (%0) {M,k(xo) B 7, (X0)
YT (x0) [VTy(x0) T (x0)

Note that mj(xg) = (x0) and T'(x0) =Tp(x0). In conclusion, the steady-state variance
depends on the splitting probabilities and unconditional MFPTs for a search process without
resetting and one with resetting at the degradation rate ~.

We now explore the y-dependence of the Fano factor (without delays), which we write as

+ 1} . (5.5)

Fi(x0,7) = Var[My(x0,7)] _ 2w Ay (v, )  mg(x0)
| My(x0,7)  1—2m 350 Aj(ry)  /T(x0)

+1. (5.6)

The Fano factor is a natural quantity to consider in the case of a queuing process, since the latter
is an example of a counting process that tracks discrete events. The best known example of a
counting process is the Poisson process, which is Markovian and has a Fano factor of one. In
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applications this is often used as a baseline to characterize the noise in a counting process. First,
taking the limit v — oo in equation (5.6) implies

lim Fk (X(), ’7) =1. (57)

y—0oQ

Next, in order to determine Fj(xg, ) in the limit v — 0, we use equation (3.22):

1/N + 2m0[Ap(v) + 73k () + 0(7)] 7k (%0)
Fi.(x0,7)=|— — +1 5.8
KO0, { 20 SN [A;(0) + 7 () + 712G () + o(72)] AT (x0) 9
:{ (V) + 2myxe(v) +o(v)  m(%o) +1}
[T(x0) + 1T (x0)/2 + 0(1%)] 7T (x0)
_ Tip(xo) 173 (x0)
=1— 7 (x0) Jlj(xoo) -5 T(xo)g + O(7). (5.9)

Thus, in the limit v — 0, the Fano factor depends on the splitting probabilities and low-order
moments of the FPT densities.

However, we can also determine the Fano factor for finite values of v using the approximations
(4.11) and (4.12):

vKo(v/7/D|x — %ol) _ mk(x%0)
1—v(ln\/7/D —In2+7c) — v N Ko(y/7/Dlxj —xql) 7T (x0)

Since 7, (x0) and T'(xg) depend on the Green'’s function Gy of the diffusion equation, which does

Fy(x0,7) = +1. (5.10)

not decay exponentially to the boundary, we need to specify the shape of the search domain. For
the sake of illustration, consider a single target at a radial distance a from the center of a circular
search domain with unit radius, see Fig. 5(a), with a sufficiently small so that the approximation
(5.10) holds. For a single target, w1 (x) =1 and

1 2mvD 1
T (x0) U] 1—27vD[Go(x1,%0) — Ro(x1,%x1)]’

(5.11)

13—
(a) (b)
1.2 ]
5 0

g1 ]
8 { ]
Lol e i
. // 4

/ a =0.05 a =0.2
09¢  ___ a2 =01 - a=04

1 2 3 4 5 6 7 8 9 10
degradation rate y

Figure 5. (a) Single target in a circular search domain of unit radius. The target is located at a distance a from the center
of the circle. Each time the particle is captured by the target it delivers a resource packet and immediately returns to
xo = 0 to initiate another round of search-and-capture. (b) Plot of steady-state Fano factor as a function of the resource
degradation rate and various radii a. Other parameter values are D =1, v =0.1
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where || = m and we have used equation (3.31). For the unit circle with xo =0,

1 x> 3 3
Go(x70)—% —ln|x|+7—1 , Ro(x,x)——g—w. (5.12)
Hence, the MFPT is
_ _ 14 vD[lna — a?/2] 2

T=T(a)= 50D 1—vD[lna—a”/2], (5.13)

and the Fano factor takes the form F; = F'(a, ) with

Ko(\/v/D

Fla,~) = vKo(vy/Da) S (5.14)

1 —v(ln\/v/D —1In2+~.) —vKo(y/v/Da) 77T(a)

In Fig. 5(b) we plot F'(a, ) as a function of the degradation rate ~ for various radii a. It can be seen
that F' — 1 as v — oco. Moreover, the Fano factor increases as a decreases, that is, as the distance
from the reset point decreases.

6. Conclusion

In this paper we used asymptotic PDE methods to analyze extended 2D narrow capture problems.
The classical version is based on diffusion of a particle in a bounded domain with one or
more small O(e) absorbing interior targets or traps. First, we developed an efficient method
for obtaining asymptotic expansions of statistical quantities such as splitting probabilities and
moments of the conditional FPT densities by carrying out a Taylor expansion of the latter in
Laplace space. This avoids having to solve a separate BVP for each quantity. We then used
our asymptotic analysis of the FPT densities to determine the effects of stochastic resetting
on the unconditional MFPT, extending previous results in the small-r regime. We exploited
the exponential-like asymptotic decay of the Green’s function for the modified Helmholtz
equation in order to construct boundary-free approximations of statistical quantities that hold
for intermediate and large values of the resetting rate r. This allowed us to identify target
configurations where the MFPT is minimized at an optimal resetting rate. Finally, we investigated
the size of fluctuations in the steady-state distribution of target resources under multiple rounds
of search-and-capture. We proceeded by expressing the Fano factor for the number of resources
in a target in terms of the splitting probabilities and unconditional MFPTs for a search process
with resetting at the degradation rate . In future work we hope to develop further the theory of
extended narrow capture problems. One obvious example is to consider three-dimensional search
processes. The major difference from 2D is that the associated Green’s functions have singularities
of the form 1/|x| rather than — In |x| as x| — 0. Another example is to consider partially absorbing
targets, whereby the sets U/}, in Fig. 1 are treated as partially absorbing domains in which the flux
into the k-th target is of the form Jy(xo,t) =& jl/lk p(x, t|xo)dx, where & is an absorption rate.
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