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The interaction between individuals in biological populations, dilute components of chemical systems, or
particles transported by turbulent flows depends critically on their contact statistics. This work clarifies those
statistics under the simplifying assumptions that the underlying motions approximate a Brownian random
walk and that the particles can be treated as noninteracting. We measure the contact-interval (also called the
waiting-time or interarrival-time), contact-count, and contact-duration distributions in populations of individuals
undergoing noninteracting continuous-space-time random walks on a periodic two-dimensional plane (a torus)
as functions of the population number density, walker radius, and random-walk step size. The contact-interval is
exponentially distributed for times longer than the ballistic mean-free-collision time but not for times shorter
than that, and the contact duration distribution is strongly peaked at the ballistic-crossing time for head-on
collisions when the ballistic-crossing time is short compared to the mean step duration. While successive contacts
between individuals are independent, the probability of repeat contact decreases with time after a previous
contact. This leads to a negative duration dependence of the waiting-time interval and overdispersion of the
contact-count probability density function for all time intervals. The paper demonstrates that for populations of
small particles (with a walker radius that is small compared to the mean-separation or random-walk step size),
the ballistic mean-free-collision interval, the ballistic-crossing time, and the random-walk-step duration can be
used to construct temporal scalings which allow for common waiting-time, contact-count, and contact-duration
distributions across different populations. Semi-analytic approximations for both the waiting-time and contact-

duration distributions are also presented.
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I. INTRODUCTION

This paper examines contacts between individual particles,
each of which is undergoing an independent continuous-
space-time random walk on a periodic two-dimensional plane
(a square with periodic boundary conditions, topologically a
torus). Contact between particles is defined by particle prox-
imity. The particles are noninteracting, with their trajectories
unperturbed by contact. We study the contact-interval (also
called the waiting-time or interarrival-time), contact-count,
and contact-duration distributions for any individual in the
group, and the dependence of these distributions on particle
number density, random-walk step size, and particle radius
(one-half the contact distance). While a closed-form analytic
solution for the distribution of the first contact time between
two Brownian particles as a function of their separation is
known in one and three dimensions (see, e.g., Refs. [1,2]), an
explicit solution in two dimensions is not known. This makes
direct calculation of both the minimum first-passage contact
time (equivalent to the waiting time for a given realization of
particle separations in a population) and the contact-duration
distributions difficult. We have succeeded in deriving approx-
imate forms for these distributions (Secs. III B and IV), but
we rely largely on numerical simulations of many Brownian
particles over many time steps to demonstrate scalings and
behaviors as a function of population properties.
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The study of random walks, Brownian motion, and first-
passage processes has a long and rich history (see, e.g.,
Refs. [1,3-9]). Many studies have focused on first-passage
probabilities for single-particle intersections with targets over
a wide range of spatially complex and time-varying configu-
rations (see, e.g., Refs. [1,7], and references therein). Mean
first-passage times for individuals and mean encounter time
between walkers on networks is also well studied [10-12].
Closer to the work presented here are studies addressing the
probability of an encounter between two walkers in con-
fined domains, analytically in one dimension [13,14] and
numerically in more than one [15]. In general, closed-form
solutions for encounter statistics between individual random
walkers in groups of more than two are difficult to achieve,
particularly in two dimensions [16]. Recent work has made
headway in analytically determining the fastest first-passage
time of a large number of Brownian particles to a target
[17-19] and in numerically assessing the long-time exponen-
tial behavior of the distribution of the minimum-time for a
group of diffusive walkers to encounter an individual diffusing
target as a function of system size in one-, two-, and three-
dimensional confined domains [20]. Progress has also been
made in understanding the particle velocity and kinetic-energy
distributions in few-body populations of colliding particles
(both hard-sphere and Hertz-potential) and their convergence
to the thermodynamic limit [21,22]. Here we focus on contact
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statistics between individuals in populations of independent
random walkers in which the random-walk characteristics are
determined separately from contact between individuals.

We find that the ratio of the ballistic mean-free-collision
time [the mean time between collisions if the particle were
to move ballistically (without a change in direction) at the
random-walk step velocity] to the random-walk-step duration
is a critical parameter. The waiting time is exponentially dis-
tributed for times longer than the ballistic mean-free-collision
time but not for shorter times (Sec. III A). Contact count
distributions are consequently non-Poissonian over all time
intervals, even in populations with large number densities
(Sec. IITC). When the ballistic mean-free-collision time is
used to scale the waiting time, its distribution collapses to a
common form for all populations sharing the same particle
size (Sec. III A). Waiting-time sensitivity to particle size is
captured by the ratio of the ballistic-crossing time (the time it
takes for two particles to cross on a straight-line and head-on
trajectory) to the random-walk-step duration. For small parti-
cles, the contact duration distribution is strongly peaked at this
ballistic-crossing time, and the ballistic-crossing time can be
used to scale the waiting time (Sec. III D) and contact-duration
time (Sec. IV) between populations differing in particle size.

Several lengthscales (or equivalently timescales as de-
scribed above) determine contact between individuals in
populations: the step length taken by the walkers (the corre-
lation length or Lagrangian integral scale for more complex
motions), the mean separation or number density of the parti-
cles, and the contact distance (particle radius). It is the relative
magnitudes of these that determine the contact statistics ob-
served. In the random-walk population models presented here,
these quantities are prescribed parameters. In more complex
systems they are constrained by the underlying dynamics
of the flow, which determine the particle motions, and the
population properties, including the nature of the particle
interactions.

Because the particles we consider are noninteracting, our
results are most relevant to systems in which particle contact
yields no change, or a low probability of change, in the parti-
cles’ motions, systems for which proximity rather than direct
contact is critical, or systems in which multiple encounters
are required before interaction. Some examples include con-
tagion in biological systems [23-25], chemical systems with
low reactivity [26-28], and aggregation under conditions of
uncertain coalescence [29,30]. More broadly, this work serves
as a simplified baseline for understanding contact statistics
in systems with more complex interactive dynamics, such as
turbulent flows or crowded populations [31-34].

II. RANDOM-WALK MODEL

We simulate the motion of a collection of particles under-
going independent continuous-space-time random walks on a
periodic two-dimensional plane of unit length in width and
height (a square with periodic boundary conditions). Each
successive step of each random walk is taken in a random di-
rection (uniformly distributed in angle between zero and 2i)
and has a random length (uniformly distributed between zero
and a specified maximum). The waiting-time and contact-
count results presented here are very likely independent of the

step-length distribution employed, so long as that distribution
has a finite mean and variance to ensure a Brownian diffusive
limit [35]. We have checked this empirically for populations
of individuals sharing a common and constant step-length.
One might anticipate that the contact-duration distribution,
on the other hand, has greater sensitivity to the step-length
distribution because contact durations between small particles
(smaller than the step size) do not typically extend over dif-
fusive timescales. Though we have not yet fully investigated
this aspect, we show in Sec. IV that contact durations are
dominated by ballistic crossings, and so we expect that they
too are insensitive to the step-length, so long as the mean step
size is greater than the particle size.

In our random-walk model, the position of each walker on
the plane is resolved by numerically advancing their position
in small substeps, with a small random correction made to
the size of the final substep to avoid multiple random-walk
trajectories making directional changes simultaneously, which
would otherwise occur due to the discrete nature of the nu-
merical steps and is not present in real flows. In test cases,
the correction has no influence on the results presented in this
paper, but for consistency the solutions presented here were
all computed employing it. In short, each random walker takes
small equal-length numerical substeps (with the exception of
the small correction to the last substep) in the same direction
for a specified total number that is uniformly distributed be-
tween zero and the maximum step-length. Since the walkers
effectively move at constant speed, the number of numerical
substeps taken sets the temporal resolution of the steps and
thus that of the contact-interval and contact-duration mea-
surements. Aside from studies focused on temporal resolution
checks, 10* numerical substeps were taken per mean random-
walk step in all simulations.

In addition to checking that the conclusions drawn in this
paper do not depend on the numerical details of how the ran-
dom walks were constructed (as outlined above), we have also
checked that the results depend only very weakly, and then
only for very low values of particle number, on the imposed
domain periodicity. Instances of weak solution sensitivity to
periodicity are discussed along with the simulation results
in Sec. III below, and to mitigate those, solutions for the
lowest number density (four walkers per unit area) case were
computed not only for the unit square but also for a domain
three times as long in each direction. Number densities below
4 were not examined, as our focus is on solutions for which
periodicity plays no role, and our standard domain size is the
unit square. The results presented in this paper are effectively
those for populations of a given number density in an infinite
two-dimensional domain.

The fundamental parameters of the multiple-walker
random-walk simulations are the walker radius a and the
mean step length Ar, which are taken common to all the
walkers in any given simulation, and the number density of
walkers in the domain n, or equivalently the mean nearest-
neighbor separation in the population 0.5//n [32]. Contact is
defined as a separation of 2a or less between walkers, with the
motions of the individuals unchanged by contact. No inter-
action between individual walkers is modeled. The particles
overlap during times of contact and move along trajectories
independent of the contact between them. This, along with
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the periodic boundary conditions imposed, ensures that the
particle positions, which are initially uniformly distributed
on the plane (x and y positions independently and uniformly
distributed between 0 and 1) remain uniformly distributed as
the positions evolve.

In units of the domain width and height, the range of pa-
rameter values employed for this paper are as follows: walker
radius a ranging from 0.000 05 to 0.035, mean step size Ar
equal to either 0.012 55 or 0.0251, and number density n
ranging from 4 to 1600 per unit area. Importantly it is the
relative magnitudes of these quantities, not their individual
values, that govern the solution statistics.

III. CONTACT INTERVAL

A. Simulation results

The interval between contacts t for each walker in the sim-
ulations was computed as the time elapsed between the end
of a previous contact (the end of a time period during which
the walker was within a distance 2a of another walker) to the
beginning of the next. In all but those cases with the largest
walker radii (see Sec. IV), the occurrence of simultaneous
contact between more than two individuals is vanishingly rare,
and so this interval represents the time between binary con-
tacts. The normalized waiting-time probability densities p(t)
that result for walkers in a series of simulations differing only
in population number density are shown in Fig. 1. The popu-
lations simulated for these plots have different walker number
densities n, but they share the same mean step-size Ar and
contact distance 2a. The distributions in the figure are shifted
downward vertically, each by a factor of 10, for clarity, with
the uppermost curve (blue) plotting the unshifted distribution
obtained from the simulation with the lowest walker number
density (n = 4) and the lowermost plot (brown) showing the
distribution obtained from the simulation with the highest
walker number density (n = 1600). Over the remainder of
this section, we will show that the differences between the
waiting-time distributions apparent in Fig. 1 are due to the
differences in the ratio of a population’s ballistic mean-free-
path length (the mean distance a walker would travel between
collisions if it were to move ballistically at the random-walk-
step velocity) to the mean-step length taken by the individual
walkers.

For high number densities (short ballistic mean-free path
compared to the mean-step length), the walkers take few
steps between collisions. In this collisional limit, many walk-
ers move on nearly ballistic trajectories between successive
contacts, and the interval between contacts is approxi-
mately distributed as the mean-free-collision interval, p(t) =
1/7, exp(—t /%), where the ballistic mean-free time T, =
1/(4nav) (e.g., [36]). With v taken to be the average relative
ballistic velocity [37], v = V2 v, and with time measured
in units of the mean step duration, Ar =1, so that v =
Ar/At = Ar, the ballistic mean-free time becomes T, =
1/(4+/2na Ar). The limiting exponential collision probabil-
ity density is overplotted with solid lines in Fig. 1 for the
three cases with highest walker number densities. It is nearly
indistinguishable from the actual distribution for the n = 1600
case (bottommost plot, shown brown). As 7, — 0 (because
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FIG. 1. Normalized probability densities p(t) of the time inter-
val T between two successive contacts for any individual random
walker in a population of walkers. Time is measured in units of mean
step duration At. Distributions below the uppermost one are offset
vertically by factors of one-tenth for clarity. Cases differ only in
walker number density (n = [4, 10, 25, 100, 400, 1600] top to bot-
tom, blue to brown). They share the same mean step-size (Ar =
0.0251) and walker radii (a = 0.0005). The nearly indistinguishable
overlapping distributions second from top are from simulations with
identical n conducted separately in 1 x 1 and 3 x 3 domains. These
were undertaken to test the waiting-time distribution sensitivity to
domain periodicity. Overlapping distributions fifth from the top re-
sult from populations having the same product of n Ar but differing
in n and Ar individually (see the main text). The exponential bal-
listic mean-free-collision interval distribution is overplotted with
solid lines for the three cases with highest walker number densities
[nearly indistinguishable from the actual distribution in the highest
number density case (bottommost, shown brown)]. An analytic ap-
proximation (see Sec. III B) to the low number density waiting-time
distribution (uppermost blue plot) is indicated with a solid black
curve.

n Ar — oo for a given finite particle radius), the range of
waiting times over which distribution is nonexponential goes
to zero, and the distribution becomes strictly exponential
for all waiting times [16]. In that limit, all walker contacts
occur on strictly ballistic trajectories. Note that for 7, < 1,
the timescale over which the collision-interval distribution
becomes nonexponential becomes less than one-mean step
time, and the step-duration (or equivalently the step-length)
distribution itself becomes important to the solution.

With time measured in units of the mean step duration,
the ratio of the ballistic mean-free-collision time to mean
step duration is given by R = 1/(4v2naAr), with R ~
[3520, 1410, 563, 141, 35.2, 8.80] for the cases shown top to
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FIG. 2. Probability density p(t/7,) of the waiting time t (with
time measured in units of mean step duration) scaled by the ballistic
mean-free-collision interval 7, = 1/(4na?v), with relative veloc-
ity © = +/2Ar/At. Cases differ in walker number density n =
[4, 10, 25, 100, 400, 1600], but share the same mean step-size Ar =
0.0251 and walker radius ¢ = 0.0005. Color scheme and underlying
simulations match those of Fig. 1, but here they are difficult to
distinguish after the 7 scaling. An analytic approximation (Sec. III B)
to the waiting-time distribution is indicated with an underlying solid
black curve. Note that while plotted over the full abscissal range,
this solution is only valid for times very short compared to 7,. The
inset replicates the plots for two pairs of random-walk simulations.
The lower pair illustrates the dependence on domain periodicity at
small number densities, and the upper pair (offset vertically) displays
the small mismatch between simulations with the same value of
n Ar but with differing number density n and mean step length Ar
individually (see the main text).

bottom in Fig. 1. While the populations we simulate fall short
of the strictly ballistic limit, the waiting-time distributions ap-
proach the collisional exponential over all but the very shortest
time intervals in the highest number density (lowest R) cases.

In the opposite large-R limit, low number densities or small
step lengths (long ballistic mean-free path compared to the
mean step-length), the walkers undertake many random-walk
steps between contacts. In this Brownian limit, the waiting
time for any individual in the population is the minimum
statistic of the first-passage time to a separation of 2a with any
other individual [38]. An approximate semianalytic solution
for its form is developed in the next section (Sec. III B) and
is overplotted with a thick black curve for the lowest number
density case in Fig. 1. It does a reasonable job of capturing the
distribution over these timescales.

All the simulations illustrated by Fig. 1 share the same
random-walker radius a, thus each distribution shown approx-
imates a family of distributions sharing the same value of
n Ar. The overlapping distributions plotted fifth from the top
in Fig. 1 illustrate this with simulations whose individual n
and Ar values differ by factors of 2 and 1/2. While distri-
butions are nearly identical, small differences are apparent
(barely distinguishable here, but see Fig. 2, inset). The dif-
ferences reflect the unaccounted for changes in the relative
amplitudes of the mean nearest-neighbor particle separation

and the mean step size to the particle radii as n and Ar are
changed. The simulations are not strictly similar when the
particle size is held constant. There are weak sensitivities to
the change in the relationships between the contact distance
and the step-size and between the contact distant and the mean
spacing of the walkers in the domain, because at close range
and over short waiting times the frequency of walker contacts
is sensitive to the walker size (see Sec. III D).

Separately, sensitivity to domain periodicity was investi-
gated. The pair of waiting-time distributions plotted second
from the top in Fig. 1 result from two random-walk sim-
ulations conducted in different size domains (3 x 3 shown
magenta and 1 x 1, shown purple) but otherwise sharing iden-
tical parameter values (identical values of n, a, and Ar). While
nearly indistinguishable in this plot, there are small differ-
ences in shape of the two distributions that are more apparent
in the inset of Fig. 2. This very weak sensitivity to domain
periodicity decreases even further with increasing domain size
and/or particle number density, because contacts that result
from periodic edge crossings become less numerous relative
to those occurring in the bulk of the domain as the total
number of particles simulated increases. Thus, the boundary
periodicity we impose plays no significant role in the results
we present.

The importance of the ballistic mean-free-collision time as
a scaling parameter is more clearly illustrated by Fig. 2, which
replots Fig. 1 after scaling the waiting time by 7, (with no
vertical offset of the distributions). Application of this scaling
means that the abscissal extent in Fig. 2 is about 4.7 times that
shown in Fig. 1 for the n = 4 distribution and about 1% of that
shown in Fig. 1 for the n = 1600 distribution. When scaled
by the ballistic mean-free-collision time, the waiting-time
probability densities collapse to a nearly common distribution.
The small differences remaining are due to the walker-size
(contact distance) sensitivities and domain periodicity effects
discussed above, and illustrated by the figure inset.

B. Approximate solution in the Brownian limit

In a population characterized by large R (long ballistic
mean-free path compared to mean step-length), particles un-
dertake many random-walk steps between contacts, either
because the step length is very short or the number density is
very low. In this Brownian limit, the waiting time for any indi-
vidual is the minimum order statistic of the first-passage time
of any other member of the population to a circle of radius
2a surrounding the target (accounting for relative velocities
in the diffusion coefficient), and the waiting-time distribution
is determined by evaluating that minimum statistic given the
pair-separation distribution on the plane (see e.g., [39,40]
for general expositions of order statistics, and [41,42] for its
recent application to the fastest first-passage time to a target).
Unfortunately, the distribution of the first-passage time to
a circular object is not explicitly known in closed form in
two dimensions, and so the minimum statistic is not easily
evaluated.

Equivalently, in terms of pair separation, the waiting time
for any individual is the minimum statistic of the first-passage
time to a pair separation of 2a with any other individual in
the population. Pair-separation studies have a rich history,
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particularly in turbulent transport (see, e.g., Refs. [43-48] and
references therein), where the focus is often on mixing and
thus on dispersion from small to large separations. We outline
in Appendix some important characteristics of the time-
reverse problem, from large separations to small, that underlie
the contact considerations here. Importantly, while the distri-
bution of the distance between individual pairs as a function
of time is well known in the Brownian limit [Eq. (1) below],
even in this limit the distance between any two walkers only
approximates a one-dimensional diffusive process at short
and long times (Appendix). Over intermediate times the pair-
separation variance is a nonlinear function of time, making an
exact closed-form expression for the first-passage time over
all timescales difficult. We develop here an approximate solu-
tion for short first contact times in large R populations (Fig. 1)
or equivalently for all populations over times sufficiently short
compared to the ballistic mean-free-collision interval (Fig. 2).

In the Brownian limit, the distance r, between two unbi-
ased random walkers is Rice-distributed [49-51],

2, 2
Iy rg ry rors
o) = Zexp (- o 2, 1
pirsiro) o2 exp( 202 >0<02) 0

where [ denotes the lowest order modified Bessel function
of the first kind [52], ry is the initial separation of the par-
ticles at t =ty, and 0> = 4D (t —ty) with D = Ar?/4At.
Unfortunately this distribution does not readily yield a closed-
form expression for the first-passage-time probability density,
and thus it cannot be conveniently used to determine the
waiting-time distribution, the minimum order statistic of the
first-passage time to a given separation. However, Brownian
pair separation [Eq. (1)] has two limiting forms (Appendix).
For At St —1tg < rg At/(2Ar), where rg At/(2Ar) is the
earliest possible time that the distance between two walkers
can equal zero, the pair-separation distribution evolves as a
truncated Gaussian. While the Gaussian distribution is conve-
nient for the first-passage time calculation, it is not relevant.
The first-passage time distribution for any individual walker
cannot be determined using the pair-separation distribution
valid for times less than or equal to the minimum time for
contact.

In the opposite limit, t —fy = 4r§At/ Ar?, many steps
have been taken and the pair-separation distribution is approx-
imately Rayleigh (Appendix),

( l| [)'\’ s (rs_r0)2 (2)
P\rs, Lo, lp) ~ 0_2 €xXp 20_2 .

Using this pair-separation distribution to evaluate the proba-
bility density of first-passage to a separation of 2a yields its
Laplace transform (see, e.g., Ref. [1]),

Koly 53"

f(slro) = —=—= )
Koly/ =)
with the Bromwich integral solution (see, e.g., Ref. [53]),
2 [e'e}
f(l‘|l’0, o) = _/ Me—uz(t—fo)
T Jo
0(Bu)Yo(Au) — Jo(Au)Yo(Bu) @

[Jo(Bu))* + [Yo(Bu)]?

where A = |ry — rol/v2D, B = |ry — 2a|/v2D, and Ky, Jy, and
Yy denote the lowest-order modified Bessel function of the
second kind and the lowest-order Bessel functions of the first
and second kind, respectively [52]. The factor 2D in A and B
results because both particles are moving with the same Brow-
nian properties and thus the effective diffusion coefficient is
doubled.

Beyond this formal solution, the inverse Laplace transform
of Eq. (3) can be determined analytically only in the large
s limit. This corresponds to short first contact times (small
t — tp). In this limit and to lowest order, Ky(x) ~ /772 x> e™*
[52], and the inverse transform of Eq. (3) is

2 -2 —2a)?
Fltlr )~ 2L 220) <—é’l‘;(l—_“t)0)> 5)

exp
ro /87D (t —tg)3

when taken to be independent of r,, as appropriate. The
first contact time ¢ — fy between any two walkers is Lévy-
distributed, and it depends on their initial separation ry and
radii a.

The approximations made in the development of this first-
passage-time distribution imply that it is valid only for short
first contact times between walkers that have taken many steps
before contact. Within our context, this is the short-time limit
of populations characterized by large R (long ballistic mean-
free time to mean step duration). It is applicable as well to very
short waiting times in any population (Fig. 2), because, for
times very short compared to the ballistic mean-free-collision
interval, the waiting time is dominated by particles that have
made directional changes while still in close proximity fol-
lowing a previous contact (Secs. III C and III D below). We
note the curious fact that, with these approximations, the
first-crossing time distribution for a given ry in two dimen-
sions is equivalent to that without approximation in the three
dimensions [1]. This does not mean that the waiting-time
distribution derived using it will be the same as that in three
dimensions, because the distributions of particle separations
sampled by the populations in two and three dimensions are
different.

Given the first-passage-time probability density [Eq. (5)],
one can calculate the waiting time for a given distribution of
particle separations as the minimum order statistic. The wait-
ing time for any individual in a large collection of Brownian
particles is the minimum first-passage time to a separation of
2a from a value larger than this. It is the shortest time for
the separation between a particle and any other member of
the population to reach a value of 2a. For independent but
non-identically-distributed variates (as is the case for first-
passage-time distributions for each member of the population
since each depends on a different separation distance from
the target individual), the minimum order-statistic is given
by Fy(x)=1— I—[?/’[l — Fi(x)], where [ ] indicates the prod-
uct, and F;(x) are the cumulative distributions from which
M samples are drawn (e.g., [40,54]). For the approximate
Lévy-distributed first-crossing time [Eq. (5)], the cumulative
distributions are complementary error functions [52], so

N—1 T B
Fn@~1-]] [1 - %erfc<\/ %)] ©)

i L
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where T =t — 1 is the waiting-time interval for an individual
walker, and ry; is the separation between it and each of the
N — 1 other walkers on the plane.

Since each Brownian particle in the population isotrop-
ically and randomly samples the square plane (as ensured
by the periodic boundary conditions imposed), the distances
between them at any instance in time are distributed as the
distances between two randomly chosen points on the unit
square. This is given by [55]

2wry — 8r§ + 2;’8,

—Qm+4)ro + 8ro\ 13 — 1 — 213

ro < 1,

p(ro) =
+ 8rg arcsin (%), 1 <ry< V2.
0

(7
The cumulative waiting-time distribution F{;)(7) is thus deter-
mined by sampling the planar-separation distribution [Eq. (7)]
for ry;, N — 1 times, and evaluating Eq. (6) with those values.
The average cumulative distribution is achieved by repeat-
ing this process many times, and the corresponding average
waiting-time probability density is plotted as a black curve
in Figs. 1 and 2. It does a reasonable job of approximating
the distributions observed for populations with low number
density, those with a large ballistic mean-free path compared
to the step size, or over time intervals very short compared to

the ballistic mean-free-collision time in all populations.

C. Contact counts

The nonexponential waiting-time distributions observed
(Figs. 1 and 2) imply non-Poisson count statistics (e.g., [56]).
The rapid decline in probability density at short waiting
times yields a rapid decrease in the hazard function A(t) =
p(t)/[1 — P(7)], where P(t) is the cumulative waiting-time
distribution, with increasing waiting time. This suggests neg-
ative duration dependence and overdispersion of the contact
count probability mass function (e.g., [57]), p(;), where N, is
the number of contacts an individual walker has with any other
over a time interval of 7 steps. Contacts between random walk-
ers are independent, but the probability of contact between
any two individuals depends on the elapsed time since the last
occurrence. It is more likely for two random walkers recently
in contact to contact each other again because the mean and
variance of their separation increases with time. In a confined
space, recontact depends on the domain size [15]. For a popu-
lation of individuals on an effectively infinite plane (a periodic
domain of sufficient size, so that the number of contacts due
to periodic edge crossings is negligible compared to those
occurring in the bulk of the domain, as discussed in Sec. I[IT A
above), the importance of recontact compared to new contact
depends on the value of the ballistic mean-free-collision time.
For times shorter than the ballistic mean-free-collision time,
the waiting time is not exponentially distributed because the
likelihood of recontact with a previously contacted walker is
greater than the likelihood of contact with a new walker.

The upper panel of Fig. 3 displays (for each of the simula-
tions whose waiting time distribution is shown in Figs. 1 and
2) the number of contacts an individual walker experiences
over a 2000-step interval. Unsurprisingly, higher counts occur

0 50 100 150 200 250 300

(@) ]

log,(p(N))

log,(pN)) |
-10

FIG. 3. Probability density p(J;) of the number of contacts N,
experienced by a walker in time interval 7. Simulation runs and color
coding are the same as those of Figs. 1 and 2, with cases differing
in the walker number density n = [4, 10, 25, 100, 400, 1600] (shown
blue and brown, left to right in the upper panel) but sharing the same
mean step-size Ar = 0.0251 and walker radii @ = 0.0005. In the
upper panel, count distributions are plotted for an interval of 2000
steps. In the lower panel, count distributions are plotted for four
different time intervals scaled by the ballistic mean-free-collision
time: approximately 11, 5.7, 2.8, and 0.57 7, (offset top to bottom).
For reference these correspond to 40 000, 20 000, 10 000, and 2000
random-walk steps in the n = 4 simulation (shown blue and purple in
3 x 3 and 1 x 1 domains, respectively) and 100, 50, 25, and 5 steps
in the n = 1600 run (shown brown). Poisson distributions based on
the mean N, values are overplotted with solid-dotted curves in both
panels.

in simulations with higher walker number densities (smaller
R). Perhaps less expected is that significantly non-Poisson
count statistics, overdispersion of the contact count probabil-
ity mass function, are apparent even at high number densities
and even in the cases for which the waiting-time distribution is
exponential at all but the very shortest waiting times. The short
waiting-time excess results in non-Poisson count statistics in
all the simulations.

Scaling the count intervals by the ballistic mean-free-
collision time collapses the count statistics as it did for the
waiting-time distributions. In the lower panel of Fig. 3, the
count distributions are plotted in groups for all the simulations
using four different time intervals each scaled by the ballistic
mean-free-collision time: approximately 11 7, 5.7 T, 2.8 Tp,
and 0.57 7, (offset top to bottom). The Poisson-distributed
cores of the count distributions for the mean-free-collision
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weighted time intervals overlap, and all distributions show
similar non-Poisson count excesses for large count values.
Somewhat unexpectedly, overdispersion of the distribution
appears to be slightly greater in small R simulations (high
number density) than in large R simulations. This seems
counter to the expectation that as 7, — 0 (as n — o0) all
walker contacts should occur on strictly ballistic trajectories
and that therefore the negative duration dependence of the
waiting time should vanish because there is no chance of re-
contacting a previously contacted walker before another. The
unexpected behavior is due to the finite particle size (interac-
tion distance). As the particle size (along with step length)
are fixed across these simulations, the particles are bigger
relative to the interparticle spacing as the number density
increases. This enhances the relative importance of recontact
with previously contacted particles compared to new contact
even after the count interval has been scaled to account for the
differing n Ar values.

D. Sensitivity to interaction distance

The contact interval between walkers at close range is
sensitive to the interaction distance (or equivalently the walker
radii). As the particle radii increase toward the step length,
recontact becomes more probable because smaller changes
in direction are required for recontact. In the extreme, when
the radius approaches the mean nearest-neighbor separation,
multiwalker overlap becomes much more likely. The ballistic
mean-free-collision time scaling we have employed up to this
point does not capture particle size effects.

Plotted in the upper panel of Fig. 4 are the ballistic mean-
free collision-time scaled waiting-time distributions realized
in simulations computed with identical walker step size and
number densities, but with differing interaction distances. The
orange curve (second from bottom at small t/7,) plots the
same waiting-time distribution as that of the same color in
Figs. 1-3. In that simulation, the particle radii were equal to
4% of the mean step size and 0.7% the mean nearest-neighbor
distance. Walker radii in the remaining simulations illustrated
by Fig. 4 range from one-tenth (blue curve, lowermost at small
7 /%) to 70 times (yellow, flattest curve in the inset) those val-
ues. As walker radii get larger, the nonexponential behavior of
distribution at short waiting times becomes more pronounced
even when the waiting-time interval is scaled by 7. Short
waiting times become more probable as the walker radius
(interaction distance) approaches the step-size, and as it ap-
proaches the mean nearest-neighbor separation, multiwalker
overlap becomes more likely (gray and yellow curves, Fig. 4,
inset). In the opposite limit, very small particle size relegates
the nonexponential behavior to very short times. As a — 0
for finite n Ar, the time over which the walkers are in close
enough proximity for nonballistic motions to be important for
recontact also goes to zero, and as this limit is approached, the
waiting-time distribution becomes exponential for all but the
shortest time [blue curve, lowermost at small t /7, Fig. 4(a)].

A relevant timescale for contact between walkers is the
ballistic-crossing time for head-on collisions, f#, = 2a/Ar,
with time measured in mean step duration so that Ar =1,
and a walker-radius independent timescale can be constructed
from the product 7,7, = 1/ (2\/5 n Ar?). Simulations sharing

o =

N N

2.5 3.0 3.5 4.0

109,,(p(z/7p))

9(P(77))

FIG. 4. Waiting-time distributions for simulations that share
the same step size and number density but differ in particle
size (interaction distance). Colors indicate distributions (top to
bottom, blue to brown) obtained from simulations with walker
radii a ~ [0.004, 0.04,0.08,0.2,0.4] Ar or equivalently about
[0.00071,0.0071, 0.014, 0.035,0.071] times the mean nearest-
neighbor distance between walkers. The inset shows waiting-
time distributions for simulations with a ~ [0.6, 2.8] Ar or about
[0.1, 0.5] times the mean nearest-neighbor distance, gray and yellow,
respectively. Waiting time in the upper panel is scaled by the ballistic
mean-free-collision time %, and in the lower panel by /%, 1, where 1,
is the ballistic-crossing time for head-on collisions. The later scaling
is independent of a, but it does not account for multiparticle overlap
(gray and yellow in the inset).

the same value of n Ar? but with differing walker radii a yield
overlapping waiting-time distributions when the waiting time
is scaled by /T #, (lower panel in Fig. 4). Deviations from
this scaled waiting-time distribution occur when a approaches
the step size or the mean nearest-neighbor distance (brown,
uppermost curve at small t/7, in the main figure, gray and
yellow curves in the inset).

As pointed out by anonymous referees, a number of sub-
tleties remain. Apart from repeat encounters between nearby
walkers, the nonballistic nature of the particle trajectories
themselves introduces non-Poisson behavior. Changes in di-
rection of a finite-size particle causes overlap of the area
explored by that particle before and after the directional
change. This implies nonconstant contact rates with other
walkers (via a reduction in the new area explored per unit
time immediately after each directional change), and thus

014103-7



MARK PETER RAST

PHYSICAL REVIEW E 105, 014103 (2022)

departures from Poisson-distributed contact counts which are
larger for larger particles. This effect may be more appar-
ent in populations of walkers with larger radii and lower
number densities than those studied here. Moreover, because
of the importance of recontact in our simulations (the high
probability of repeated contact very soon after the first be-
cause of the particles’ close proximity, Sec. III C), the waiting
time distribution for the first contact and that for subsequent
contacts may be considerably different. Characterization of
the nth contact waiting-time distribution and its dependence
on population number density, random-walk step length, and
particle size is of significant interest, particularly under cir-
cumstances of low interaction probability or when multiple
contact encounters are critical for interaction.

IV. CONTACT DURATION

The contact duration 7. is also sensitive to the walker radius
(interaction distance). The contact-duration probability den-
sity is shown in the upper panel of Fig. 5 for the same set of
simulations as those for which the waiting-time distributions
are plotted in Fig. 4. As expected, the mean contact duration
increases with increasing walker size, but additionally the
distributions are structured, showing a discrete peak at 7.

In most of the simulations studied, the mean random-walk
step size was taken to be much larger than the particle size,
which defines the contact distance. For example, in the simu-
lations we studied in Sec. III, 2a/Ar ~ 0.04 or 0.08. In those
simulations underlying the distributions in the main body
of Fig. 4, 2a/Ar ~ [0.008, 0.08, 0.16, 0.4, 0.8], and in those
contributing to the distributions plotted in the inset of Fig. 4,
2a/Ar ~ [1.2,5.6]. When the particle radii are smaller than
the random-walk step size, most contacts occur over a single
step and the contact duration is dominated by the ballistic
crossing of the two particles in random directions. When this
is the case, the separation of any two walkers at close range
can be approximated by the ballistic equation of motion based
on their relative velocity,

rf = rg + 2ryg Art (cos8; — cosby)

— 2 AP t% cos(6, — 6), (8)

where 0, and 6, are the angles the walker velocity vectors
make with the axis between them, and time is measured in
steps so that their speeds are equal to Ar (v = Ar/At with
At = 1). The contact duration, in this limit, is the time it takes
for the distance between two objects on ballistic trajectories to
go from a value of 2a (first contact) to less than 2a and back
(last contact). It is given by the z, > 0 solutions to

_ 2a (cosf; — cosbs)

T Ar 1—cos(6) —6,) ©)

c
Thus, under the ballistic-crossing approximation, the contact-
duration distribution is given by Eq. (9), with 6, and 6,
independently and uniformly distributed between zero and
27 . It is plotted, for the values of 2a and Ar used in the simu-
lations, in the lower panel of Fig. 5. Each distribution peaks at
t, = 2a/ Ar, the ballistic-contact time for head-on collisions
(marked with vertical dashed fiducial lines). The distribution
wing to shorter contact durations reflects the intersection-

tc
0.0 1.0 2.0 3.0 4.0 5.0 6.0
T T T T T T T T T T T T

IOglo(p(tc))

Iogm(p(tr))

FIG. 5. Contact duration 7. (in units of the mean step
time) distributions (upper panel) for simulations differing in
particle size only. Colors indicate distributions (left to right,
blue to yellow) obtained from simulations with walker radii
a ~[0.004, 0.04, 0.08, 0.2, 0.4, 0.6, 2.8] Ar or equivalently about
[0.00071, 0.0071, 0.014, 0.035, 0.071, 0.1, 0.5] times the mean
nearest-neighbor distance between walkers (the same simulations
and the same color scheme as Fig. 4). Contact duration distribution
for randomly oriented ballistic intersections (lower panel) between
objects of the same size as the walkers in the simulations yielding
the distributions in the upper panel. Vertical fiducial lines indicate
the ballistic-crossing times for head-on collisions, #, = 2a/Ar. Note
that, as discussed in the main text, the distributions in the lower panel
collapse identically into one when the contact duration is rescaled by
t,. Scaled simulation distributions are shown in Fig. 6.

chord-length distribution for walkers moving in opposite, but
not head-on, directions, and wing to longer contact durations
reflects the extended contact periods that can occur between
walkers traveling in the same direction, between walkers with
low relative velocities. These idealized ballistic distributions
are self-similar, overlapping when 7. is scaled by f,; the dis-
tributions in the lower panel of Fig. 5 are identical when the
contact duration is rescaled by the ballistic-crossing time.
The contact-duration distributions measured in the simu-
lations (upper panel of Fig. 5) show similar features, also
peaking at #, = 2a/Ar but with differently shaped wings and
some sensitivity to the walker radii (the step size and num-
ber density are constant over these runs). In the simulations
there is a finite probability of directional change by one
of the walkers during contact. This nonballistic contribution
to the motion flattens the distribution peak and lessens the
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FIG. 6. Contact duration ¢. distributions for simulations dif-
fering in particle size only, scaled by the ballistic-crossing time
t, = 2a/Ar. Colors indicate distributions obtained from simulations
with walker radii a =~ [0.004, 0.04, 0.08, 0.2,0.4] Ar or equiva-
lently about [0.00071, 0.0071, 0.014, 0.035, 0.071] times the mean
nearest-neighbor distance between walkers (the same simulations
and color scheme as Figs. 4 and 5). Contact duration distribution for
randomly oriented ballistic intersections is indicated with the under-
lying solid black curve. The inset shows waiting-time distributions
for simulations with a ~ [0.6, 2.8] Ar or about [0.1, 0.5] times the
mean nearest-neighbor distance (gray, rightmost peak, and yellow,
leftmost peak, respectively).

probability of very short or very long duration contacts (in
comparison to the idealized purely ballistic distributions).
With increased particle radius, the probability of directional
change during contact increases. For very large particle
radii, the interaction distance approaches the step size (2a =
1.2 Ar, gray curve, peaking second from right) and the mean
nearest-neighbor separation (2a ~ 0.5/./n, yellow, rightmost
curve), and the distributions lose the ballistic-crossing peak
altogether. This occurs in the first case because a change in
the direction of particle motions occurs during most every
encounter, and in the second because multiparticle contact
becomes more frequent, blending the contact durations.
Rescaling ¢, by #, highlights these nonballistic effects and
the residual sensitivity of the contact-duration distributions
to particle radius. Figure 6 displays the distributions from
Fig. 5 after rescaling 7. by #,. The underlying black curve plots
the randomly oriented ballistic-crossing time distribution. The
simulation distributions largely overlap under this scaling, but
they show a residual systematic decrease in the amplitude of
the peak relative to the wings with an increase in particle size
(Fig. 6, main body, orange to brown, lower amplitude wings to
higher). This trend continues until nonballistic effects domi-
nate when the walker size becomes comparable to the step size
or to the mean nearest-neighbor distance (Fig. 6, inset). Note
that, for the smallest walker radius (distribution shown in blue,
that with the largest histogram bins), the numerical substep
employed is insufficient to fully resolve the 7, distribution over

the narrow interval around #, displayed or to capture contacts
shorter than the head-on ballistic-crossing time.

V. CONCLUSION

In this paper, we examined waiting-time, count, and
contact-duration statistics in populations of noninteracting
random walkers as functions of the interaction distance (par-
ticle size), the random-walk step length (correlation length of
the motions), and the mean separation of the walkers (number
density) in the populations. A particular ordering was chosen
for the magnitudes of these parameters, typically a < Ar <
0.5/+/n in the simulations. In more complex and realistic
settings, the lengthscale values and their ordering depend on
the dynamics of the motions and the physical properties of the
population and its members.

Using random-walk simulations, we uncovered nonexpo-
nential waiting-time (non-Poisson count) behavior associated
with a negative-duration dependency of the waiting-time in-
terval. The nonballistic motions of walkers in close proximity
shorten the waiting time to repeat contact. Since the mean
and variance of the separation between two walkers increase
with time, the probability of repeat contact between two walk-
ers increases with decreased distance between them, peaking
immediately after a previous contact. This increase in the
probability of the next contact soon after a previous one
leads to short waiting-time enhancement and overdispersion
of contact counts. The random directional changes in the
motions also modify the contact duration distribution, which
would otherwise reflect strictly ballistic crossings between
individuals.

Further, we demonstrated that the differences between
the waiting-time, contact-count, and contact-duration dis-
tributions in different populations are determined by key
timescales: the step duration, ballistic mean-free-collision
time, and ballistic-crossing time. Temporal scalings based on
these collapse the waiting time and contact count distributions
into common forms across different populations, with very
small residual differences reflecting particle size sensitivities
at close range and larger deviations occurring when the walker
radius (interaction distance) approaches the step size or the
mean nearest-neighbor separation in the population. Similarly,
the contact-duration distributions for populations differing in
particle size, overlap when scaled by the ballistic-crossing
time, with the individual distribution shapes again showing
small residual sensitivity to finite-particle-size effects at very
close range.

The canonical random walk induced by elastic collisions
between ballistic trajectories, in an ideal gas, for example,
is a special limiting case of the random walks we consid-
ered here. It displays strictly Poissonian statistics because
directional changes are caused by the collisional interaction
between the particles themselves. In populations undergoing
Brownian motion, this may not be the case. The random-
walk characteristics are determined separately from contact
between the individuals undergoing the Brownian motion.
Examples in natural systems range from biological, in which
the random-walk characteristics may be determined by behav-
ior, to physical, in which the motion of a dilute component
may be governed by collisions between it and the primary
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component or by an underlying turbulent flow. This paper
focused on the simplest case in which each individual in
the population undertakes an independent random walk in
two dimensions. The results are most relevant to systems
in which particle proximity is critical and contact results in
no change (or a low probability of change) in the particles’
motions, or to systems in which multiple contact encounters
are required before interaction. They also form the basis for
follow-on work which will look at how the population contact
statistics reported here change with more complex underlying
dynamics. This includes more complex flow dynamics, such
as turbulent flows which show nondiffusive Lagrangian trans-
port (see, e.g., Refs. [48] and references therein) and more
complex models of particle contact, including particle interac-
tion and nonoverlap (volume exclusion). The effect of particle
interaction has been previously evaluated for many particle
diffusive systems using macroscopic fluctuation theory [58]
in the context of both occupation times in one dimension [59]
and the short and long time limits of the nonescape probability
from a bounded domain [60]. The importance of particle vol-
ume exclusion has been recently assessed using the boundary
local time distribution (see, e.g., Refs. [61] and references
therein) in the context of both first-passage time problems
[62] and contact counts between two Brownian particles on a
plane [63].

One important application of the work presented in this
paper may be contagions in human populations. The motions
of individuals in populations may be largely determined in-
dependently from contact events, as in our model, though
elements of collective behavior [64] may also be present.
Individuals cross each others’ paths within an interaction
distance (contagion radius) of each other, the overlap of conta-
gion zones does not necessarily cause trajectory changes, and
the interaction distance is often smaller than the correlation
length of the motions. Under these circumstances, contacts
are unlikely to show exponential waiting-time distributions
and corresponding Poisson counts, and the contact-duration
distribution may be peaked around the ballistic-crossing time
of two individuals. As the number density of individuals varies
between populations, the timescale over which nonexponen-
tial contact statistics are apparent should as well. It would
be interesting to test the limits of these suggestions using
high-resolution cell-phone location data [34].

ACKNOWLEDGMENTS

Special thanks to Paul Beale and Pablo Mininni for their
encouragement, the anonymous referees for their suggestions,
and to Jacob Rast and Luke Rast for stimulating discussions,
incisive questions, and key pointers. This work was supported
in part by a College Scholar Award from the University of
Colorado, Boulder which was made possible through the gen-
erosity of donors to the College of Arts and Sciences.

APPENDIX: PAIR SEPARATION IN TWO DIMENSIONS

Underlying the contact statistics in populations of random
walkers are the statistics of pair separation, as the waiting
time interval between contacts (the interarrival time) for any
individual is the minimum statistic, over all other individuals,

of the first passage time to a specified contact-distance given
the pair-separation distribution of the population [38]. While
in the Brownian limit the diffusion equation readily yields a
closed-form solution for the random-walk first-passage time
distribution to a point or sphere in one or three dimensions
(the Levy distribution), it fails to yield such a convenient
solution in two dimensions. The fundamental underlying diffi-
culty arises because, while the motion of each individual on a
two-dimensional plane can be described as a two-dimensional
random walk, the distance between any two walkers only
approximates a one-dimensional constant diffusivity process
in the short- and long-time limits. At intermediate times the
pair-separation probability distribution evolves from approxi-
mately Gaussian to Rayleigh with a corresponding nonlinear
change in the variance.

In two dimensions, the distance r, between two unbiased
random walkers, as a function of their initial separation 7, at
t = 1y, is Rice-distributed,

s rf + r? rors
p(rslro) = — exp (— 262(’)10(?), (A1)

with [y denoting the lowest-order modified Bessel function of
the first kind [52] and the scale parameter o> = 4D (t — 1),
with D = Ar?/4At, in the continuous time and space limit.
The pair-separation variance [the variance of the Rice distri-
bution, Eq. (A1)] is a nonlinear function of the scale parameter
0> =4D(t — 1), and thus time,

2
o
TL%/z( — 73/20'2),

where L%  indicates the square of the L, Laguerre
polynomial.

The standard deviation of the separation between pairs in
random-walk simulations is plotted as a function of time in
Fig. 7. Time is measured in units of the number of steps
taken (i.e., At = 1). The simulations follow those described
in Sec. II of the main text, but for individual pairs rather than
populations, and they are of a short enough duration that peri-
odicity plays no role. We use them to measure pair separation
as a function of time for different values of the initial separa-
tion rp and mean step length Ar. The solid color (nonblack)
curves in Fig. 7 plot o; for initially well-separated (rp = 0.7)
pairs taking steps of mean length Ar = 0.0041 (solid orange
curve) and Ar = 0.0021 (solid blue curve). As expected,
the distance between two random walkers scales ballistically,
o, ~ t, for times short compared to one step, and diffusively,
o, ~ t1/2, for times greater than this. For reference, the o, ~ ¢
and o, ~ t/? scalings are indicated with black dashed lines,
and the strict diffusive limit for each individual simulation,
o, =0 =+4D(t — 1), is plotted as a dotted curve of the
same color. The offset between the theoretical diffusive limit
and the numerically determined result at long times (the offset
between the dotted lines and and solid curves of the same
color at long times) reflects the discrete early ballistic motion,
which is resolved numerically for times less than 1 by taking
small substeps (see Sec. II of the main text).

The same simulations were also run for smaller initial pair
separation (rp = 0.02). The resulting evolution of the pair-
separation standard deviation is plotted in Fig. 7 using dashed
line styles. They illustrates how the solid curves would behave

ol =202 +r} — (A2)
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FIG. 7. Standard deviation of the pair separation distribution as
a function of time (in units of the number of steps taken) for random
walkers of varying initial separation and step length. Curves of solid
(gray) colors indicate pair separation results for walks with step
lengths (left to right) Ar = [0.0041, 0.0021] and an initial separation
of ry = 0.7. The black curve plots standard deviation of the separa-
tion for a pair with step length Ar = 0.0251 and initial separation
ro = 0.002. The latter are values typical of those immediately after
contact between pairs in the walker population simulations discussed
in the main text. Dotted curves of the same colors indicate the
expected standard deviations in the diffusion limit as discussed in
this Appendix. Dark orange and dark blue dashed curves plot the pair
separation distribution standard deviations for two pairs of random
walkers with step length Ar = [0.0041, 0.0021] and initial separa-
tion ry = 0.02. Small dotted vertical fiducial lines indicate the time
of first possible contact between those pairs and the approximate time
of transition to the long-time Rayleigh distribution limit (see Fig. 8
and discussion in this Appendix).

if extended to longer times. The curves deviate from diffusive
scaling at t — ty & ro/(2Ar) (marked by the left-hand short
dashed vertical fiducial lines for each case). This is the earliest
possible time (time measured in mean step duration, At = 1)
that the distance between the two random walkers can equal
zero. Diffusive scaling is reestablished later, but with a re-
duced variance equal to USZ = (4 —)/2 o? (indicated with
dotted dark orange and dotted dark blue lines). By Eq. (A2),
this occurs for rg « 202, and the approximate time at which
it occurs, t —fy X 4r§ /Ar?, is marked by the two right-hand
short dashed vertical fiducial lines.

The change in variance betweent — #y ~ ry/(2Ar)andt —
to &~ 4r3 / Ar?* reflects a change in the underlying separation
probability density function. In two dimensions, this depends
critically on both the initial separation and the elapsed time.
Figure 8 shows the temporal evolution of the normalized pair
separation distribution for pairs of walkers whose separation
variance is plotted with the dashed dark blue (lowermost)
curve in Fig. 7. For times shorter than one step, the probability
density function is non-Gaussian (gray, uppermost curve in
the upper panel of Fig. 8), reflecting the ballistic separation
of the walkers [Eq. (8), main text]. This ballistic phase is
important in determining the contact duration distributions (as
discussed Sec. IV of the main text). For somewhat longer

Ts
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FIG. 8. Snapshots of the pair-separation probability density as
a function of time for pairs of walkers whose separation variance
is plotted with the dashed dark blue curve in Fig. 7. Distributions
are shown for t — 1y = [0.5, 1.0, 3.0, ro/(2Ar) = 4.76] (narrow to
wider PDFs, respectively) in the upper panel, and for r —t, =
[10.0, 60.0, 473/ Ar* = 363] (narrow to wider PDFs, respectively)
in the lower panel. In the upper panel, black curves indicate best-fit
Gaussian distributions, and in the lower panel, black curves indicate
best-fit Rice distributions. Best-fit Rayleigh distributions are shown
in red in the lower panel.

but still short times, 1.0 <t — 1y < rg/(2Ar) (illustrated by
the remaining curves in the upper panel of Fig. 8), the pair
separation is distributed as a truncated Gaussian, with the
truncation occurring at a value of r = ry =22 Ar (t — ty), the
maximum and minimum separations that the walkers can
achieve over the elapsed time. During this period, the separa-
tion distribution variance scales diffusively, with a diffusivity
equal to twice that of the displacement of an individual walker
from its origin, 02 = 0> = 4 D (t — t,). For times longer than
t —to = ro/(2Ar) (lower panel), the pair separation is Rice-
distributed, with the mean shifting to larger separations with
time and the variance growing more slowly than ¢ because the
separation values reflect across r = 0. At long times, r — #y =,
4r5/Ar?, the Rice distribution asymptotes to Rayleigh, with
the variance again scaling with ¢ — #, but offset to a reduced
value 632 = (4 — )/2 0. These behaviors, while making
direct calculation of the first passage time difficult, provide
an opportunity for simplified analysis in the short and long
time limits (Sec. III B, main text).
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It is important to note that, depending on the ratio of the
particle to step sizes, the transition to Rayleigh-distributed
walker separation can occur at any time with respect to the
ballistic to diffusive scaling transition. For initial separations
smaller than the step size, the shift to Rayleigh distributed
walker separation occurs during the ballistic phase of the
motion (over times shorter than about one step). This is il-
lustrated by the black curve in Fig. 7). For that, the initial
separation between walkers was taken to be twice a typical
walker radius a employed in the many-walker population sim-
ulations described in the main text (rg = 2a = 0.002). This is
the separation walkers would have immediately after contact
in the those experiments. The step size was take to be a
factor of about 12.5 greater than this (Ar = 0.0251), again

a value typical of most of the simulations undertaken for
the main body of this paper. With these parameters, the pair
separation distribution becomes Rayleigh before the variance
scaling transitions from ballistic to diffusive, and the variance
asymptotes directly to its Rayleigh distribution value.

For most of the population simulations discussed in the
main text, the walker interaction distance was taken to be
much smaller than the step length, and thus, for simulation
times longer than about one step after each contact, the separa-
tion between any two walkers is already Rayleigh-distributed
with the mean separation increasing as the square-root of
time and the variance increasing linearly with time. This is
consistent with the approximate solution derived in Sec. III B
of the main text.
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