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Long-time position distribution of an active Brownian particle in two dimensions
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We study the late-time dynamics of a single active Brownian particle in two dimensions with speed vy and
rotation diffusion constant Dg. We show that at late times ¢ 3> D', while the position probability distribution
P(x,y, t)in the x-y plane approaches a Gaussian form near its peak describing the typical diffusive fluctuations, it
has non-Gaussian tails describing atypical rare fluctuations when /x2 + y2 ~ vot. In this regime, the distribution
admits a large deviation form, P(x, y, ) ~ exp {—r Dg ®[\/x? + y*/(vot)]}, where we compute the rate function
®(z) analytically and also numerically using an importance sampling method. We show that the rate function
®(z), encoding the rare fluctuations, still carries the trace of activity even at late times. Another way of detecting
activity at late times is to subject the active particle to an external harmonic potential. In this case we show that
the stationary distribution Py (x, y) depends explicitly on the activity parameter D;' and undergoes a crossover,
as Dg increases, from a ring shape in the strongly active limit (Dz — 0) to a Gaussian shape in the strongly

passive limit (Dg — 00).

DOI: 10.1103/PhysRevE.100.062116

I. INTRODUCTION

Recent years have seen enormous activities, both theo-
retical and experimental, in the study of the dynamics of
self-propelled active particles. These self-propelled particles
generate dissipative directed motion by consuming energy di-
rectly from the environment [1-5] and appear in a wide variety
of biological and soft matter systems which include bacterial
motion [6,7], cellular tissue behavior [8], formation of fish
schools [9,10] as well as granular matter [11,12] and colloidal
surfers [13], among others. For interacting self-propelled par-
ticles, novel collective behaviors have been observed such
as flocking [14,15], clustering [13,16—18], phase separation
[19-21], and absence of well-defined pressure [22]. Interest-
ingly, even in the absence of interactions, the spatiotemporal
dynamics of a single self-propelled particle exhibits rich and
complex behavior. This has led to a flurry of recent activities
on the study of the stochastic processes describing the motion
of a single self-propelled particle [3,23—47].

Among various models of a single self-propelled particle,
perhaps one of the simplest is the so-called active Brownian
particle (ABP) in two dimensions (2D). An ABP is a single
overdamped particle which moves in the 2D x-y plane with
a constant speed vg. In addition to its Cartesian coordinates,
(x(t), y(1)), the particle also carries an internal “spin” given
by the orientational angle ¢(¢) of its velocity (see Fig. 1). This
internal degree of freedom ¢(¢) generates the self-propulsion.
The three coordinates x(¢), y(¢), and ¢(¢) evolve with time via
the coupled Langevin equations [3-5],

X = vgcos ¢(t)

y = vg sin ¢(t)

¢ = v/2Dgny (1). ()
Here 74(¢) is a Gaussian white noise with zero mean and

a correlator (14(f)ny(t")) = 8(t —t'). Thus, the orientational
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angle ¢(¢) undergoes rotational diffusion with a diffusion
constant Dg. In principle one can also consider an additive
translational white noise with diffusion constant Dy in both
x and y equations. However, it turns out that this additive
noise does not qualitatively change the physics of the problem.
Hence, for simplicity we drop it in the rest of the paper by
setting Dy = 0.

The angle ¢(t) is just a standard one-dimensional
Brownian motion with autocorrelation (¢(#)¢(t2)) =
2Dg min{t;, t,}. Note that here the x and y coordinates are
coupled through the angle ¢(¢) and hence are correlated.
This is the origin of “activity” in the model. This is
different from the standard “passive” Brownian particle
(PBP) where the two coordinates evolve independently
as x = «/ﬁnx(t) and y = @ny(t), where 1, ,(t) are
independent delta-correlated white noises with zero mean
and D is the standard diffusion constant. Indeed, Eq. (1)
can be expressed in the same form as that of a PBP by
writing X = &:(¢) and y = &,(¢), where the effective noises
are &,(1) =vpcos¢(t) and &,(t) = vgsing(r). Unlike the
white noises in the PBP that are independent of each other
and uncorrelated in time, the active noises &,(t) and &,(¢) are
(a) correlated with each other and (b) correlated in time. For
example the autocorrelation function of &,(¢) is given by [36]

2
)

(E(1DE(1)) ~ = exp [=Dglt — b, 2)
for large 7| and 7, with [t — 1,| fixed and similarly for &,(¢). It
follows from Eq. (2) that for times 7 > D,;l, the autocorrela-
tor converges to

(Ex(t1)Ex(2)) —> 2 Degr 6(t1 — 12) 3)

with an effective diffusion constant Deg = v% /(2Dg). Hence,
fort > D3, the ABP effectively reduces to a PBP. Thus Dgl
plays the role of an “activity” parameter—as Dy increases
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FIG. 1. An active Brownian particle at time ¢ moving in the
x-y plane with velocity vy. The internal degree of freedom ¢(z)
corresponds to the orientational angle of its velocity.

from zero, the process crosses over from a strongly active
regime (Dg — 0) to a strongly passive one (Dg — 00).

One of the simplest and natural questions in the ABP
dynamics is as follows: How does the spatial distribution
P(x,y,t) evolve with time? In the case of a PBP, start-
ing initially at the origin, this is simply a Gaussian at all
times ¢:

P,y 1) = e RO (4)

47 Dt

How does the presence of the internal degree of freedom
¢(¢) in Eq. (1) affect P(x, y, t)? In principle, P(x, y, t) can be
obtained as the marginal distribution:

o
Pan = [Py g0, )
—o0

where P(x, y, ¢, t) is the probability density in the (x,y, @)
space and satisfies the Fokker-Planck equation,

2
373()c, v, ¢, 1) = —v0<cos q)E + sinqu) D, 7P
ot 0x ay
However, this Fokker-Planck equation turns out to be very
hard to solve explicitly. Thus, despite the simplicity of the
ABP dynamics, extracting the explicit form of P(x, y, ¢) in real
space remains a challenging problem.

Recently, Kurzthaler et al. derived [37] an exact expression
for the Fourier transform (e~*7®)) where #(t) = (x(t), y(t)),
in terms of the eigenvalues and eigenfunctions of the Mathieu
equation (see Sec. II below for details). In their derivation,
(...) includes an averaging over all possible initial orienta-
tions ¢(0), chosen uniformly at random. Consequently, this
Fourier transform depends only on the magnitude k of the
wave vector k. However, this expression, although exact at all
times, is still rather formal and inverting this Fourier transform
to extract and plot P(x, y, t) in the real x-y plane is far from
obvious.

In a recent paper [36], using a backward Feynman-Kac
approach we were able to derive, for any fixed initial orien-
tation ¢(0), exact and explicit expressions for the marginal
distributions P(x, t), P(y,t), and P(r2, ) at short times ¢ <
Dy'. A fixed initial condition makes the x and y motion for
the ABP anisotropic, especially at early times ¢ < D;l. This
is manifest in the marginal distributions P(x, ) and P(y,t)
which are completely different from each other at early times

[36]. For example, for the initial condition ¢(0) = 0, it was
shown that, for r <« DEI, the marginal distribution P(y, ¢) has
a simple Gaussian form,

202D
with o2 = 207F;3
Y 3

2 2
/o)),

(N

In contrast, the marginal P(x,t), for t K D;', has a com-
pletely different expression given by the scaling form

vot—x>’ ®

P(x,t) =
. 1) v()DRt2 x( vOD,tZ

where the scaling function f,(z) is nontrivial and was com-
puted explicitly in Ref. [36]. Note that the standard deviation
of x grows as t2, while that of y grows as 32, leading to
anomalous superdiffusion for both coordinates at early times.
Both the anisotropy and the anomalous diffusion at early times
were proposed as strong signatures of “activity” of the ABP
dynamics [36].

The picture, however, is quite different at long times
> Dgl. At long times one expects that the system forgets
the initial condition—hence the anisotropy disappears, and,
moreover, by the central limit theorem, normal diffusion is
restored with an effective diffusion constant Deg = vé/ (2Dg)
[3,5,36]. This indicates that for ¢ > D;l, the typical behavior
of P(x,y,t) is described by the Gaussian form as in Eq. (4)
with an effective diffusion constant D = Dy = v% /(2Dg).
The question remains whether it is possible to see any sig-
nature of the activity in this long-time regime, apart from just
a trivial renormalization of the diffusion constant.

The purpose of this paper is twofold. In the first part, we
show that the same backward Feynman-Kac approach that we
had used earlier in Ref. [36] to derive the early-time dynamics
(R4 D,;l) can be extended to derive explicitly P(x,y,?) at
late times ¢ > D}l. We show that, while the distribution
near its peak is Gaussian describing the probability of typical
fluctuations as expected, it has nontrivial non-Gaussian tails
describing atypical rare fluctuations when r = /x2 +y2 ~
vot. On this scale, we show that P(x,y,t) admits a large
deviation form,

P(x,y,t) ~ exp |:—tDR CD(

2 2
_vx+y>] ©

Vol

where the rate function ®(z) is supported over z € [0, 1]. In
this paper we compute ®(z) analytically. Computing ®(z)
from numerical simulations is also challenging as it requires
measuring extremely small probabilities of rare fluctuations.
In this paper we estimate ®(z) from numerical simulations
with extreme precision by adapting the importance sampling
method and find a perfect agreement with our analytical result
(see Fig. 3). Our main conclusion is that at late times, while
there is no trace of activity in the central Gaussian peak, the
tails of the distribution still carry signatures of activity that is
encoded in the rate function ®(z).

We note that the marginal distribution P(x, t) was studied
in Ref. [31] and a similar large deviation form as in Eq. (9)
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was found,

P(x,1) ~ exp |:—t D @X(i)}, (10)
Vot

where the rate function ®,(z) is supported over z € [—1, 1]
and is symmetric around z = 0. While this rate function
@, (z) was found to be related to the lowest eigenvalue of the
Mathieu equation via a Legendre transform, the asymptotic
behaviors of ®,(z) were not extracted. Interestingly, the same
rate function ®,(z) was also found in the current distribution
of an interacting active particle system [38], within an effec-
tive mean-field description, that just renormalizes the single-
particle velocity vy which now depends on the density p—
still, the asymptotic properties of ®,(z) were not analyzed.
In this paper, we show that, for z € [0, 1], the rate function
®(z) in Eq. (9) describing the two-dimensional probability
distribution, indeed coincides with ®,(z) in Eq. (10) and we
provide the asymptotic behavior of ®(z) both as z — 0 and
z— 1.

In the second part of the paper we consider another way to
detect the signatures of activity at late times by subjecting the
ABP to an external harmonic potential of stiffness u. Here the
system approaches a stationary state at long times Py (x, y) =
P(x,y,t — 00). This stationary distribution changes its char-
acter as a function of the activity parameter D'. In the
strongly active limit Dg — 0, the stationary distribution is
highly non-Gaussian and has a ring shape of radius vy/u. In
contrast, in the weakly active regime Dg — o0, the stationary
distribution has a Gaussian shape. We study, both numerically
and analytically, this crossover in the shape of Py, (x,y) as a
function of the activity parameter D"

The rest of the paper is organized as follows. In Sec. II
we discuss an elegant geometrical interpretation of the ABP
dynamics in terms of a random algebraic curve in two dimen-
sions and provide a detailed summary of our main results. In
Sec. III we compute the rate function ®(z), both analytically
and numerically. Section IV is devoted to the study of the
ABP in a harmonic trap. Finally we conclude in Sec. V.
Some details of the calculations are relegated to the four
Appendices.

II. THE MODEL AND THE SUMMARY OF THE RESULTS

The ABP model has already been defined in Eq. (1) in
the Introduction. We assume that the particle starts at the
origin x = y = 0, with a given initial orientation ¢(0). We are
interested in calculating the distribution P(x, y, t) at late times
> D,;l. Before summarizing our main results, it is useful to
first make a historical remark that will also provide an elegant
geometrical representation of the ABP.

It turns out that much before the ABP model appeared in
the literature of active self-propelled particles, Eq. (1) was
already introduced and studied in the mathematics literature
by Mumford in a completely different context [48]. Mumford
was interested in the properties of two-dimensional random
algebraic curves in the context of computer vision. Consider
a continuous curve {x(¢), y(¢)} in 2D, where ¢ denotes the arc
length along the curve (see Fig. 2 for a schematic representa-
tion). Thus 7 increases monotonically as one moves along the
curve. Let T = (cos[ep(2)], sin[¢p(¢)]) denote the unit tangent

A

T = (cos ¢(t), sin p(t))

FIG. 2. Geometric interpretation of the ABP as a two-
dimensional algebraic curve with random curvature [48].

vector to the curve at arc distance ¢, where ¢(¢) represents
the angle between 7' and the x axis. Hence the coordinates
(x(t), y()) of the curve are expressed in terms of the angle

¢(t) via
x(t):/ dscos ¢(s), y(t):/ dssing(s). (11)
0 0

Let «(t) denote the local curvature at arc distance ¢. Conse-
quently, the local radius of curvature R(¢) = 1/« (t). Consider
an infinitesimal evolution of the curve from ¢ to t 4 dr.
Clearly, R(t)d¢ = dt and this gives k(t) = i—‘f. Mumford
proposed a “random curvature model” for the algebraic curve
where «(t) is a delta-correlated white noise with zero mean.
As a result, ¢(¢) in this random curvature model is just a
Brownian motion with arc length ¢ playing the role of time.
Hence the random curve described by Eq. (11) is exactly
equivalent to an ABP in Eq. (1) with vg = 1. Mumford was
precisely interested in calculating P(x,y,t) and wrote down
the Fokker-Planck Eq. (6). However, he was not able to solve
it and remarked, “T have looked for an explicit formula for P
but in vain” [48].

As mentioned in the Introduction, recent progress was
made in Ref. [37], where the authors derived an exact ex-
pression for the Fourier transform f(k, t) = (e~*7®) where
the average is also performed over all initial orientations
of the angle ¢(0) chosen uniformly in the range [—m, ].
Consequently, the Fourier transform depends only on the
magnitude k of the wave vector k and the distribution in real
space is isotropic at all times ¢. Reference [37] derived f(k, t)
in the presence of an additional translational noise in Eq. (1).
On setting this additional noise to zero, their result reads

> 7 dy o 2ikvg 2
k,t) = ~hoat —ceou| = , (12
flkiy=Y e [/O 5o (2 D )} (12)

n=0

where cey,(v, g) are solutions of the Mathieu equation, 7
periodic and even in v, with eigenvalue a,,(q) (see Sec. III

for more details) and A,, = azn(2g:° )%. Although exact for

all 7 in the k space, extracting the behavior of P(x, y, t) in real
space is nontrivial and has not been done so far.

In this paper, using an alternative backward Feynman-Kac
formalism, we obtain an exact expression valid at all times
for the moment-generating function of P(x, y, t )—similarly to
f(k, t) above but with imaginary k. However, our solution is
valid for arbitrary initial condition ¢(0) [see Eq. (30)]. Next,
for large times (¢ > Dlgl), we extract explicitly from this
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moment-generating function the behavior of P(x, y, t) in real
space. In particular we show that at late times the probability
density admits a large deviation form as in Eq. (9) in the
Introduction, which describes the non-Gaussian tails of the
distribution in the real space. We show that the rate function
®(z) can be expressed as the Legendre transform of the lowest
eigenvalue ag associated with the m-periodic even solution of
the Mathieu equation:

2o | = Lo (2P 13
e IV

The rate function ®(z) is supported over the interval z €
[0, 1]. Note that ®(z) depends only on the scaled radius z =
Vx2 4+ y2/(vot). This indicates that —In P(x, y, ) becomes
completely isotropic at late times and does not depend on
the initial orientation ¢(0). Hence even the marginals, such

J

209 53231

1 1 (1-2)

12, 1.4 6
28+ 3T+ 1532 T 2001
D(z) =

£-2 3 2 51 3
8(1—z) 16 64 _ﬁ(l—z) _W(I_Z) 4+ ... as

A plot of ®(z) is given in Fig. 3. In Sec. III we further
compute numerically the marginal P(x, t) (see Fig. 4) using an
importance sampling method. From this marginal we extract
the rate function ®(z) numerically, as shown in Fig. 5, finding
excellent agreement with our analytical prediction.

In the second part of the paper we study the position
distribution P,(x,y,t) of the ABP trapped in a harmonic
potential of stiffness w. In this case we derive an exact
recursion relation in Eq. (66), valid at all times ¢, for the
moments My (1) = (z(t)Z'(t)), where z(t) = x(¢) + iy(t). We
show that this recursion relation can be solved explicitly for all
t in the two opposite limits: (a) the strongly active limit, i.e.,
when Dg — 0, and (b) the strongly passive limit, i.e., when

1.5 T

D(2) ¢t

0.5

0

0 0.2 0.4 0.6 0.8 1

FIG. 3. The rate function ®(z) supported over z € [0, 1]. The
solid (orange) line corresponds to the exact expression given in
Eq. (13) evaluated using Mathematica. The dashed lines correspond
to the explicit asymptotic expansions in Eq. (15). The solid (violet)
line with the quadratic behavior z?/2 corresponds to passive Brown-
ian particle.

Z8+... as

as P(x, t), has the asymptotic form

P(x, 1) ~ exp |:—tDR cpx(iﬂ, (14)
Vot

where ®,(z) is supported over the interval z = x/(vot) €
[—1, 1] and is symmetric around z = 0. For positive z, using
the isotropy, we have ®,(z) = ®(z), where ®(z) is given in
Eq. (13). Thus the rate function ®(z) can also be extracted
from the late-time behavior of just the marginal P(x, t), which
turns out to be somewhat easier to analyze. For the simplicity
of notation, henceforth we will drop the subscript x from
@, (z). As mentioned in the Introduction, this result in Eq. (14)
already appeared in Refs. [31,38], though the detailed analyt-
ical form of ®(z) was not carried out. In this paper, we show
that the asymptotic behaviors of ®(z) as z - 0 and z — 1
can be extracted from Eq. (13) using the known asymptotic
properties of ag(q) and we obtain

z—=0
(15)

71

(

Dr — o0. From these exact moments we derive, in these two
limiting cases, the exact radial distribution at all times t,

2
Prad(r,t):/ P.(r,60,1)do, (16)
0

where P, (r, 0, t) is the position distribution in the polar coor-
dinates. We show that in the strongly active limit (Dg — 0),
the stationary position distribution at long times approaches
a ring shape in the x-y plane of radius vy/u (see the lower
panel in Fig. 6). In contrast, in the strongly passive regime
(Dgr — 00), the stationary distribution is a Gaussian (see the
upper panel in Fig. 6),

pDg uDg(x* + y*)
5 exp | — 5 .
Yo Yo

A7)

Pytar(x,y) =

For intermediate values of Dg, we study the stationary dis-
tribution Py (x, y) numerically and find that as Dy increases,
Pyt (x,y) crosses over from the ring shape to the Gaussian
shape as displayed in Fig. 7.

III. POSITION DISTRIBUTION AT LATE TIMES:
LARGE DEVIATION

In this section we study the behavior of the position
probability distribution P(x, y, t) of an ABP at late times ¢ >
D,;l. We consider Eq. (1) and assume that the particle starts
at the origin x(0) = y(0) = 0. For a fixed initial orientation
¢(0) = u, the radial symmetry is broken and, consequently,
the coordinates

t t
x() = Uo/ dtcos¢(r) and y()= UO/ dt sing(t)
0 0
(18)
will have different statistical behaviors, especially at early

times. At late times, for typical fluctuations, this anisotropy
is expected to disappear and one would recover the isotropic
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Je(£)-{x(0)]

FIG. 4. Marginal distribution P(x, t) for different (large) values of t = 20, 40, 80 obtained from numerical simulations using importance
sampling. (a) The dimensionless probability density o, P(x, t) plotted as a function of the centered and rescaled position [x(¢) — (x(¢))]/0,

where o, =

(x2) — (x)2 is the standard deviation. For comparison, we have shown the pure Gaussian distribution by the solid (red) line.

(b) 0. P(x, t) plotted as a function of |x(t) — (x(¢))| to emphasize the asymmetry between P(x, t) and P(—x, t). The solid and open symbols
correspond to the x(¢) > (x(¢)) and x(¢) < (x(¢)), respectively. The two branches become identical as ¢ increases, indicating the symmetric

distribution in the t — oo limit.

Gaussian distribution as in Eq. (4) with the effective dif-
fusion constant Deg = v% /(2Dg). Here we are interested in
the atypical large fluctuations in the tails of the distribution
P(x,y,1t), where \/x2 4+ y% ~ vy t. We show that these atypical
fluctuations also become isotropic, at least to leading order
at large ¢, and P(x,y,t) is described by the large deviation
form as in Eq. (9) where the rate function depends only on

7= /x%2 + 2/ (vot).

A. Analytical computation of the large deviation function

To compute these atypical fluctuations of P(x, y, t) it turns
out to be convenient to first study the marginal distribution,

19)

P,(x,t) = /dyP(x, y 1),

d(2)

FIG. 5. The large deviation function ®(z) vs z=[x(t)—
(x(1))1/(vot) for three different values of ¢, as obtained from numer-
ical simulations. The solid black line corresponds to the asymptotic
behavior near z — 0 in Eq. (15). The dashed black lines correspond
to asymptotic behavior near z — =1 in Eq. (15).

where x(t) = vy fé dtcos¢(r)and ¢(0) = u € (—x, ). For
convenience, we further rescale the x coordinate and define

w(t) = )@ = /Otdr cos p(1).

Vo

(20)
Therefore, P,(x,t) = (1/vg) P,(w,t). Thus w(t) is just a

functional of a one-dimensional Brownian motion ¢(¢) that

=75 Y =250 Y Stationary y

I I I >
0 Anisotropic Dy Isotropic e lsotropic t
RAP ' diffusion Gaussian

y y
t=75 1=250 \
} X /x
| ] ] >
I I I >
0 Anisotropic ! Anisotropic Dyt Isotropic t
RAP ' delocalized delocalized

FIG. 6. Position probability distribution P(x, y, t) for an ABP in
a 2D harmonic trap of strength p at different time #. Upper and
lower panels correspond to the cases u~' > Dg' and u~! < Dg',
respectively. The presence of anisotropy at short times and the delo-
calized stationary state (for ' < D;l) are two specific signatures
of activity. The numerical data have been obtained for D' = 102
and ! = 10° (upper panel) and D' = 10° and ! = 107 (lower
panel).
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starts at ¢(0) = u. The statistical properties of such Brown-
ian functionals can be very conveniently derived by using a
backward Feynman-Kac approach where one treats the initial
condition ¢(0) = u as a variable—for several examples and
applications, see Ref. [49]. A key quantity for this method
turns out to be the moment-generating function

12
Q,,(u,r)=(e*"fod“°w<”)=/ dwe P (w, 1), (21)

—t

where we note that the range of w is € [—t,¢]. For the
functional w(t) = f(; dt cos ¢(t), the backward Feynman-
Kac equation for the moment-generating function Q,(u,?)
then reads [49]

90 920
a_tf’ = Dg auz” — pcosuQ,, (22)
with the initial condition Q,(u,t = 0) = 1. Equation (22) is
just the Schrodinger equation in imaginary time for a particle
in a periodic potential cos u. We look for a solution of the form
e 4 (u). Then Eq. (22) becomes
d*y
Dr—= + (2 — pcosu)y(u) =0, (23)
du?
where the physical solution should be periodic with a period
27 [recall that u = ¢(0) € (—m, )],

Y(u) = y(u+2m). (24)

It turns out that the above equation can be recast as the
standard Mathieu equation [50] with a rescaling u = 2v,

¥ (v) + (a — 2g cos 2v) Y (v) = 0, (25)

where a = 41 /Dy and g = 2p/Dg. Note that the periodicity
condition in Eq. (24) translates in the variable v to

V() =y (v+ ). (26)

For any fixed ¢, the Mathieu equation (25) admits four fam-
ilies of periodic solutions for a discrete set of values of the
parameter a called characteristic values or eigenvalues [50]:

(i) the elliptic cosine cey, (v, q), m-periodic and even func-
tion in v with eigenvalues a = a,,(q);

(i1) the elliptic cosine cey,+1(v, q), 2w -periodic and even
function in v with eigenvalues a = as,+1(q);

(iii) the elliptic sine se,(v, g), m-periodic and odd func-
tion in v with eigenvalues a = b,,(q);

(iv) the elliptic sine sep,+1(v, g), 2m-periodic and odd
function in v with eigenvalues a = b;,,11(q).

The condition in Eq. (26) allows only the m-periodic
solutions, ce,,(v, g) and sey,(v, g). The general solution of
Eq. (23), satisfying Eq. (24), can then be written as

> u 2p tDg 2p
Op(u,t) = ng(‘:Azncezn <§’ D_R) exp [—Tazn<D—R
o0
u 2p tDg 2p
+ Zansezn<§, D_R> exp [_Tbh(D_R)]'

n=0
(27)

The coefficients A,,, and B»,, can be determined from the initial
condition. Setting ¢+ = 0 and using the orthogonality of the
elliptic cosine and sine functions one gets:

Ao [ 0 O)cezn<f,2—p>du, (28)
. 2 Dg

B | 0y, 0>se2n(f,2—”>du, (29)
. 2’ Dx

where the proportionality factors are just the normalization
of cey, and sep,, respectively. Using the initial condition
Op(u, t = 0) = 1 and the parity of the functions ce, and se,,
we immediately see that By, = 0 while A;, # 0. Therefore we
finally get

1D

00
u 2[) _ ao(z—”)
4 atZEAn 72 B e 4 TERDR 7 30
Qe =0 e <2 DR)e G0

Clearly the dependence on the initial condition u appears only
in the eigenfunctions cey,, but not in the eigenvalues ay,.

At late times ¢ > Dgl, one can make progress since the
solution in Eq. (30) is dominated by the smallest eigenvalue
ao(g) and we get

Op(u,t) ~ exp [—&a()(z—p)}. 31

It is important to remark that in this limit the argument of
the exponential is independent of the initial condition # (only
the prefactor, which is subdominant in ¢, depends on u). The
behavior of ag(g) is known both for ¢ — 0 and ¢ — oo limits:

Zn:l ®on an
Zn:O ﬂ” qli%

Explicit values of «y, and 8, are known [50] and are quoted in
the Appendix A. This allows us to extract both the cumulants
and the large deviation function of the x coordinate of the
particle position, as we now show.

Let us recall that Q,(u,t) = (exp[—px(t)/vol) is the
moment-generating function of w = x/vy. More precisely,
expanding the In Q,(u, t) in powers of p gives

(=p)" "),
n! Vg

for ¢ —> 0

ao(q) = { (32)

for ¢ — oo

[e¢]

InQy(u,t)=>"

n=1

, (33)

where (x"). denotes the nth cumulant of x. To leading order in
large ¢, taking the logarithm of Q,(u, t) in Eq. (31) gives

- tDg 2]7
log Q,(u, 1) ~ —TGO D) 34
R

Next we use the small p expansion of ao(lz)—i) in Eq. (32) and
match powers of p to extract the cumulants in Eq. (33). To
leading order in large 7, this gives for the even cumulants

. @n)! [ 2v\ "
<x2 )c X —o, 4 (D_O) DRta (35)
R

while the odd cumulants vanish to this leading order of z.
Note that at this leading order for large ¢, the cumulants
are already independent of the initial condition u. Using
the known explicit values of a, [50], we get the first few
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cumulants explicitly to leading order for large ¢:

4 \ Dg
) 6
6
.~ 145 — | Drt
W) <DR> .
2404045 [ vy \®
8 0
e = (22 Dity 36
(x%) 756 <DR> R (36)

in agreement with the results obtained in Refs. [31,38] using
the tilt-operator method due to Lebowitz and Spohn [51],
which, for Brownian motion, is equivalent to the forward
Feynman-Kac formalism. Note that the sign of the even cu-
mulants oscillate with increasing n. Since the odd cumulants
vanish in this long-time limit, they leave no trace of the
initial anisotropy for large . However, the presence of nonzero
higher-order even cumulants already indicates that the tails of
the distribution are non-Gaussian.

To extract the large deviation behavior of the marginal
P(x,t) from its moment-generating function in Eq. (31) we
proceed as follows. For fluctuations on a scale x ~ vy, we
anticipate the large deviation form (to be verified a posteriori)

P(x, 1) ~ exp |:—t D @(iﬂ, (37)
Vot

where ®(z) is the rate function, supported over the in-
terval z € (—1,1). In terms of the rescaled variable z =
x/(vot) = w/t, the moment-generating functionis Q,(u, t) =
(exp (—px/vg)) = (exp (—pt z)). Substituting the anticipated
form Eq. (37) for P(x,t) [or equivalently for P(z,t)] in
Eq. (21) gives

1
0,(u. 1) ~f dz exp{ —tDR|:£Z-i- <I>(z)“. (38)
-1 DR

For large ¢, evaluating the integral by the saddle point method
we get

. p
Qp(u, t) ~ exp { —tDg _{Iélzrél |:D—RZ + CID(Z)] } (39)
Comparing Eq. (31) and Eq. (39), we get
. P 1 2p
—{21121 [D—Rz + d)(z)} = 4aO(DR). (40)

Inverting this Legendre transform, the rate function ®(z) can
be finally expressed as

. 1 2p zp
q)(Z) = m;tx I:Za()(D—R) — D—Ri| (41)

The eigenvalue ag(q = 2p/Dg) is a symmetric function of
q. Hence it follows immediately from Eq. (41) that ®(z) =
®(—z). While Eq. (41) has appeared before in the literature
[31,38], its behavior for z — 0 as well as z — +1 was not
extracted. Here we use the asymptotic expansions of ay(g), for
both small and large ¢ in Eq. (32), to determine the limiting
behaviors of ®(z) as z — 0 and z — 1, respectively. The
details are provided in Appendix B and the explicit limiting

behaviors of ®(z) are given in Eq. (15) of Sec. II. In Fig. 3,
we provide a plot of ®(z) for z € [0, 1] [note that ®(z) =
@(—2)].

So far we have studied the marginal P(x, ) and observed
that to leading order in large ¢, — In P(x, ¢) is independent of
the initial condition u. This means that one would observe
the same rate function ®(z) for the marginal distribution
along any axis and not just for P(x,t). As a consequence
—In P(x, y, t) would also be described by the same rate func-
tion ®(z) with z = /x% + y2/(vot) € (0, 1). This gives the
large deviation form for P(x,y,t) as announced in Eq. (9)
in the Introduction. The rate function ®(z) associated with
P(x, y, t) is thus the same as in Eq. (41) but with its argument
z € (0, 1). Note that the large deviation form in Eq. (9) not
only contains the probability of extremely large fluctuations
of order r = \/x2 + y2 ~ vt but also the typical fluctuations
where r ~ /7. To see this, we note that for » ~ /7, the scaled
variable z = r/(vot) ~ O(1 /\/f) and hence is very small for
large 7. Using the quadratic form of ®(z) ~ z?/2 near z = 0
in the small z expansion in Eq. (15) and substituting this in
Eq. (9), one recovers the typical Gaussian fluctuations

P(x,y, 1) ~ e~ H Dt (42)

with Degr = v2/(2Dg).

We close this discussion with a final remark. We note
that the result for ®(z) in Eq. (41) could also have been
derived directly from the result of Kurzthaler ez al. in Eq. (12).
However, we presented here an alternative derivation based on
the backward Feynman-Kac approach for two reasons. First,
our result in Eq. (30) is valid for arbitrary initial condition
¢(0) and demonstrates, in particular, how the dependence on
the initial condition disappears at late times, leading to an
isotropic tail of the position distribution P(x, y, ) in the x-y
plane in Eq. (9), with a rate function that only depends on
the rescaled radial distance z = \/x2 + y2/(vot). Second, we
wanted to develop a single unifying method that is able to
provide explicitly P(x, y, t) both at early times t < DEI [36]
as well as at late times t > D;l — our approach based on the
backward Feynman-Kac formalism does exactly that.

B. Numerical measurement of the large deviation function

The dynamics of the ABP is also simulated numerically
to measure the position probability distribution and the large
deviation functions. For measuring the moments and distribu-
tions in the typical regime one can use the standard Euler’s
method where the Langevin equations are discretized as

x(t +dt) = x(t) + vy cos p(t)dt
y(t 4+ dt) = y(t) 4+ vo sin ¢ (¢ )dt
ot +dt) = ¢(t) + /2Drdtng(t), (43)

where n4(t), for each ¢, is an independent random number
drawn from the zero mean unit variance Gaussian distribution.
We start from the fixed initial condition ¢(0) = 0, set dt =
1073 and 10~*, vy = Dg = 1 and measure only the marginal
distribution P(x, t) for different values of ¢ (for this we do not
need to monitor the y coordinate). Since ¢ (0) = 0, the average
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value of x is nonzero and is given by [36]
(x(1)) = (cos (1)) = —=(1 — 2", (44)
Dy

Note that when we monitor P(x, t) we actually plot it as a
function of x(z) — (x(¢)).

Using this standard Euler method of integrating the
Langevin equation, we can easily sample 10® realizations.
This limits the smallest probabilities which can be resolved
to be >107%. To estimate P(x,t) when its value is much
smaller, e.g., when P ~ 102%, we use the importance sam-
pling method. This approach has been successfully used to
extract the tails of distributions with extremely small prob-
abilities in a wide variety of problems [52-62]. The basic
idea behind the importance sampling method is to sample
trajectories (or configurations in general) ending at x(¢) with
an additional exponential tilt e=%*®), where 6 is an adjustable
parameter. Positive values of 6 will bias the trajectories with
very negative x(t) >~ —t. Contrarily, negative 0 samples tra-
jectories ending near the other limit, i.e., x(¢) >~ t.

Let P(w) denote the probability of the trajectory w =
{x5;0 < s < ¢} of the ABP during the time interval [0, ¢]. The
expectation value of any observable O(w) is given by

(O())p = waP(w) O(w). (45)

The presence of the tilt introduces a bias in the trajectory
probabilities,

e*(ﬂx(t)
Zy
where Zy is the normalization constant which depends only

on 6 and 7. The expectation value (O(w))p can be computed
from this tilted ensemble by reweighing the observable,

Q(w) = P(w) (46)

(O(w))p = /Dwé(w)Q(w), “47)
where
- _ O(w)P(w) s
O(w) = —Q(w) =" Zy0(w). (48)

In practice, a trajectory is completely specified by a se-
quence of N = t/dt Gaussian random numbers 7;. In order
to generate trajectories from the biased ensemble we rely on
a Metropolis approach. Starting from an allowed trajectory
w ending at x(t) we generate a trial tilted trajectory @ by
modifying a fraction r of the N random numbers 7;’s that
characterize the trajectory w. The trial trajectory is accepted
with a probability Pyiec = min{1, e /FO—ON where ¥(¢) de-
notes the ending point of the trial trajectory. The value of
the parameter r is adjusted in order to have Py ~ 0.5 in
average.

To measure the distribution P(x,¢) for a wide range of
values of x, we change the value of the parameter . In the data
presented in Figs. 4 and 5 we have used 6 = £0.75, 1.5,
+2.0, and £2.5. The histogram obtained for each value of
0 is shifted by an unknown amount Zy. To fix it, we use the
histogram obtained from the standard Euler simulation, which
is correctly normalized and accurate near the origin x = 0
and corresponds to & = 0. For the smallest negative (positive)

value of 6, we match the histogram obtained from the biased
sampling with the right (left) part of the & = 0 curve. We
continue the same matching procedure for the subsequent
values of 9 to get the full curve P(x, t).

The marginal distribution P(x, t) thus obtained for differ-
ent values of ¢ are plotted in Fig. 4(a). As is visible from
this plot, the importance sampling has allowed us to resolve
P(x,t) near the boundaries x = £1 to an accuracy smaller
than 1072 for t = 20. Figure 4(b) shows P(x,t) plotted as
a function of |x(#) — (x(¢))| which illustrates that the distribu-
tion becomes symmetric around the mean as ¢ increases.

The large deviation function ®(x/vot) is extracted
from the P(x,t) obtained from numerical simulations
following

D(x/vot) = _DLRtUOg P(x,t) —log P(0, 1)]. (49)

This ensures that ®(0) = 0. This is plotted in Fig. 5 for dif-
ferent (large) values of 7. The symbols correspond to the data
obtained from numerical simulations and lines correspond
to the asymptotic expansions of the rate function ®(z) in
Eq. (15). The agreement between the numerical data and the
analytical curves, near both z = 0 and z = %1, improves as ¢
increases, validating our prediction.

The nontrivial behavior of the large deviation function is
one clear sign of “activeness” of ABP at late times. As already
mentioned, another, more direct, way to explore the “active”
regime is to put the ABP in an external potential. In the next
section we investigate the behavior of an ABP in a harmonic
potential.

IV. ABP IN A HARMONIC TRAP

In this section we consider the behavior of an ABP in
the presence of a confining harmonic potential U (x,y) =
w(x> +y?)/2. In this case, the Langevin equations governing
the dynamics of the particle become

X = —pux+ vgcosp(t)
y=—uy+vsing)
¢ = V2Dgny(0). (50)

The ABP in a harmonic trap has been extensively studied
both theoretically and experimentally [24,28,32,42,43,47]. In
a recent experiment, Janus swimmers were confined in a two-
dimensional harmonic-like trap with the use of an acoustic
tweezer and the stationary density was measured by varying
the trap strength [32]. Strong signatures of activity were
observed even in the dilute limit, with a crossover from a
Gaussian-like stationary state, to a strongly active stationary
state, where the particles cluster at the outskirts of the trap.
The dilute limit corresponds to a collection of noninteracting
active Brownian particles (ABP) in a harmonic potential as in
Eq. (50). Numerical studies of this model have also observed
a similar crossover in the stationary state [24,28].

Dynamical behavior of an ABP differs crucially from that
of a PBP, also in the presence of a harmonic potential. For
a “passive” or ordinary Brownian particle, the presence of a
harmonic trap of strength  sets a relaxational timescale '
At times ¢ < ™!, the particle diffuses isotropically and for
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t > u~!, a Gaussian (Boltzmann) stationary distribution is
reached. As explained before, for an ABP, the coupling to the
rotational diffusion introduces an additional timescale Dgl,
where Dy, is the rotational diffusion constant.

While the activity induced crossover in the stationary po-
sition distribution of an ABP has been studied both experi-
mentally and numerically, the interplay of the two timescales
w~ ! and D,;l leads to fascinating dynamical features as we
demonstrate below. The physical picture emerging from our
study is summarized in Fig. 6 for Dgl < ~! (upper panel)
and for DEI > u~! (lower panel). In both cases, at short-times
L min(D;l, w1, the presence of the activity gives rise to
strong anisotropy with the particle retaining its initial orienta-
tion (chosen to be along x direction here). In this regime, the
effect of the trap can be neglected and the dynamics reduces
to that of a free ABP. At later times, if D' < ™', then the
anisotropy starts to disappear and the ABP undergoes ordinary
diffusion (upper middle panel). Eventually, for ¢ > u~! the
probability distribution saturates to a Boltzmann-like form
with a single Gaussian peak at the center of the trap. On the
other hand, for a strongly active system, i.e., when D;l >p!
the anisotropy persists and the particle starts to accumulate
away from the center of the trap. For ¢ > Dgl the isotropy is
slowly recovered (lower right panel). The stationary distribu-
tions we obtain in the two limiting cases are in agreement with
the experimental and numerical observations [28,32].

The position distribution P, (x,y,t) can be obtained by
integrating out the orientational degree of freedom from the
full probability density P, (x,y, ¢, t):

Pu(r.y.1) = /dm(x, v é.1). 1)

Starting from the Langevin equations (50), it is easy to write
down the corresponding Fokker-Planck equation,

9
O Pu(x,y, ¢,1) = 5[(;}»6 — vpcos P)P,]

P,
g2’

9 :
+ a—y[(uy —vosing)P,] + Dg

where we have suppressed the argument of P, on the right-
hand side for brevity.

In the long-time limit the position distribution P, (x, y, )
converges to a stationary form which is denoted by

Pstat(xs )’) = P/L(xa yst - OO) (53)

Unfortunately, the Fokker-Planck equation (52) is hard to
solve, even for the stationary state. Very recently, in Ref. [42],
the same Langevin equation (50) was studied but in the
presence of an additive translational noise in the x and y
directions with a nonzero translational diffusion constant D7.
The stationary distribution Py (x, y) was computed from the
associated Fokker-Planck equation as a power-series expan-
sion in terms of the parameter A = vy/+/DgrD7. However, this
result cannot be easily extrapolated to the case Dy = 0, where
A — oo (except in the strongly passive case where Dp — 00
limit is taken first). This is because, in general, the two limits
do not commute: (i) First Dy — 0 and then + — oo and (ii)

first + — oo with finite Dy and then Dy — 0. While we are
interested in limit (i), Ref. [42] studied mostly the limit (ii).

Here we follow a different approach that involves deriving
and solving an exact recursion relation satisfied by the mo-
ments of the position. A similar method involving recursion
of moments was studied by Gredat, Dornic, and Luck (GDL)
in Ref. [63] in the context of a reaction diffusion equation.
In their problem, GDL were interested in the (imaginary)
exponential functional of a Brownian motion with a nonzero
drift. Here we adapt their approach to our ABP problem in
a harmonic trap. Our recursion relation, though formally ap-
pears deceptively similar to that of GDL, the slight difference
actually leads to very different physics and results. Indeed, in
Appendix C we will discuss in detail the differences between
the two recursion relations.

It is first convenient to recast the Langevin equations (50)
in terms of a complex coordinate z = x 4 iy. Our goal is to
evaluate the moments of the type

My (1) = (57 @), (54)

where Z(t) = x(t) — iy(t) is the complex conjugate of z. From
Eq. (50) it immediately follows that z(¢) evolves according to

2= —puz + vpe?®, (55)

which can be formally solved to get
t
2(t) = vo / dse HI=9i90) (56)
0

We assume that the particle starts initially at the origin x =
y = 0 with ¢(0) = 0. In principle, one can use Eq. (56) and
the Gaussian property of the process ¢(s) to express My ;(t)
as a (k + I)-fold multiple integral. However, evaluating this
multiple integral explicitly seems very hard. Instead, we will
derive below an exact recursion relation for the moments
My (1).

To proceed further, it is useful to discretize the continuous-
time expression of Eq. (56) in a discrete-time setting. We
imagine that the interval [0, ¢] consists of n discrete intervals
each of length ¢ > 0, such that # = ne. We then split the time
interval [0, ¢] in the integral in Eq. (56) into two separate
intervals [0, €] and [¢, ¢]. This gives

& t
z2(t) = v |:/ e*ﬂ(t*‘Y)H(IJ(S) ds +/ e*ﬂ(t*‘Y)Jri(b(S) dsi|' (57)
0 &
The first integral, to leading order in ¢, gives e *'¢, where we
used ¢(0) = 0. In the second integral, we make a change of
variable s = ¢ + 7 and rewrite itas [j © e #(—ETDFREDg
Next we write ¢(e + 1) = ¢p(e + 1) — ¢(¢) + ¢(¢), i.e., add
and subtract ¢ (¢). Putting this together, we get

t—e
2(t) ~ vo[e_“’s + @) f e—f“’—s—f)”@(f)dz}, (58)
0

where

b(v) = ¢(e + 1) — P(e). (59)
Now we will use the crucial property that é(1) is also a
Brownian ~motign starting at ¢(0) = 0 and with correlation
function (¢(#1)¢(t2)) = 2Dg min(ty, ). Importantly, the sta-
tistical properties of ¢(t) do not depend on ¢. In other words,
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one can write a statistical identity in law
¢(t) = ¢(2), (60)

where = means that the right-hand side and left-hand side
have identical distributions. Consequently, using this identity
(60) and the definition of z(z) in Eq. (56), one gets

1—e -
/ e MI—EmIHI O g = 71 — ¢). (61)
0

Hence, (58) provides us with a statistical identity,
2 =vpee M 4 POz — ). (62)

Denoting z, = z(t = ne) in the discrete-time setting, we then
obtain a statistical recursion relation

in =V € e He + Nn Zn—1, (63)

where 1, = ¢® is an effective noise, independent of z,_;.
The complex conjugate Z, also satisfies a similar relation,

Zn=vg € e M+, 71, (64)

where 7, is the complex conjugate of n,,. Using the Gaussian
property of ¢(s), one can easily evaluate the moments of the
noise 7,. For instance, one gets (n,) = e~*P% and correlation
(1 ) = e-ePrt17,

Using Equations (63) and (64) one can now derive a
recursion relation for the discrete-time version of the moment
My (n) = (Z°7)). We take ¥ in Eq. (63) and Z/ in Eq. (64),
multiply them, and then take the expectation value with re-
spect to the noise 71,. We use the independence of 7,, and z,_;
and the known moments of the noise 7, and then expand in
powers of . Keeping terms only up to order O(e), we get

My (n) > [1 — eDg(k — 1)* 1My 1 (n — 1)
+voge M TkMi_1,;(n — 1) + IMy ;1 (n — 1)].
(65)

Taking the continuous-time limit ¢ — 0 and replacing
[My.(n) — My ;(n — 1)]/¢ by the time derivative dM; ;/dt we
arrive at the exact recursion relation

My, = —Dg(k — 1My ; + voe ™ [kMy_1; + IMy 1],
(66)

with the conditions My ¢(¢) = 1 at all times and M; ;(0) =0
for k, [ > 0. We also use the convention M ;(1) = 0 fork, [ <
0. It is easy to check that M, ;(t) = M, (t). Equation (66)
allows us to compute the moments explicitly in a recursive
fashion (see Appendix D for the first few values of k, ).

Note that, since the right-hand side is explicitly time
dependent, it is not possible to obtain the stationary state
by simply equating M, ; to zero; rather, one has to find the
full time-dependent solution and then take long-time limit
to find the same. It turns out that this can be done in the
two limiting cases, Dg — 00 (strongly passive) and Dg — 0
(strongly active) which are discussed in details below.

A. Strongly passive limit (Dr — 00)

To solve the moment evolution Eq. (66) in the limit of
Dr — oo we inspect the large Dy behavior of the first few
moments presented in Eq. (D4) in Appendix D. It turns out

that these quantities, to the leading order in DEI, are of the

form
k+1 —uiN\ k : PN
vy k! <e“)<e"—e“>
, k>l
[(k—D)!>\ Dg I

(67)
Indeed, substituting this ansatz in the recursion relation (66),
it can be verified that Eq. (66) is indeed satisfied by Eq. (67) to
leading order for large Dg. Note that this leading-order result
for My ;(t) in Eq. (67) is actually valid for all time 7, including
t=0.

To extract further information, we consider the diagonal
moments M ;(t) = ([z(¢)z()]F). Using z(t)z(t) = x*(t) +
y2(t) = r2(t), the diagonal element M; ;(t) = (r**(¢)) is pre-
cisely the 2kth radial moment of the full distribution. This
radial moment is given by

(PEe) = / N
0

where Py,q(r, t) is the marginal radial distribution,

M (1) ~

P4 g ) dr, (68)

2w
Praa(r, t) :/ Pu(r,0,1)do. (69)
0

Here P, (r, 6, t) denotes the position probability in the radial
coordinates and is equivalent to P, (x, y, t) [64]. Setting [ = k
in Eq. (67) we then get

2 k
(rP4(0)) = My (1) = T(k + 1)[%(1 - 6_2’”)} - (70)

Anticipating a Gaussian behavior for the radial distribution,
we make the ansatz, and check a posteriori that P.,4(7, t) has
the form Paa(r, 1) = A(t) e 307 . Substituting this ansatz in
Eq. (68) and comparing to the result in (67), we see that

A(t) = 2B(t). B(t) = — PR 1)
B ’ T ov2(1 — ey’
Finally, this gives
2 uD wDgr?
Paa(r.1) = — s exp [—z—Rz, - (72)
V2(1 — e 201) V2(1 — e 201)

Note that this solution is valid at all times ¢. In particular, at
early times, when DEI &t <« pu~! the solution in Eq. (72)
corresponds to free isotropic diffusion with a diffusion con-
stant Deg = v% /2Dg. This scenario corresponds to the upper
middle panel in Fig. 6. In contrast, when ¢ > u~!, the radial
distribution (72) approaches a stationary form.

Moreover, from Eq. (67) it follows that for k % I, My ;(t)
decays exponentially with time and vanishes in the long-time
limit. This indicates that the distribution quickly loses the
anisotropy and the stationary distribution becomes radially
symmetric. Consequently, the stationary position distribution
in Eq. (53) is given by

1
Py (x,y) = Eprad(r»t — 00). (73)

Using Eq. (72), one gets the expected Boltzmann distribution

uD uDg(x* + y*)
Pua(x,y) = =K exp [— Y a4
7TU0 UO
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FIG. 7. Stationary distribution Py, (x,y) of an ABP in a harmonic trap for different values of Dg = 0.1 (left), Dg = 1.0 (center), and
Dr = 10.0 (right). The left and middle panels show the delocalized state where the particle is most likely to be accumulated away from the
center. The right panel corresponds to the passive limit where the stationary distribution is Gaussian. Here the trap stiffness u = 1.0 and

Vg = 1.0.

with an effective temperature Tor = v3/2Dg = Degr, in full
agreement with the experimental observation [32].

B. Strongly active limit (D = 0)

In this case, the first term on the right-hand side of Eq. (66)
drops out and it can be checked that

% K+l
My, (1) = [;(1 - 6_‘"):| (75)

solves the resulting equation at all times 7. Again, setting/ = k
in (75) the time-dependent radial moments are given by

2k
(r(0)) = Myp() = [%(1 - e‘*”)] . (76)

Comparing Eq. (68) with Eq. (76) gives the time-dependent
marginal radial distribution,

u vo(1 —e™H)
vo(l — e™#1) w

Note, however, that strictly for Dg = 0, the position distribu-
tion P(x, y,t) is not radially symmetric. Indeed, in this case,

the Langevin equation (1) in the main text reduces to a pair of
deterministic equations:

Praa(r, 1) = i| 77)

X=—ux+v and y = —puy, (78)

with initial conditions x(0) = y(0) = 0. Solving these equa-
tions give x(¢) = (vo/u)(1 — e #") and y(r) = 0. Conse-
quently, the position distribution function is given by

Pule, 1) = 5[x _ W}a@. (79)

One can check that the moment M; ;(#) computed with
this distribution is indeed given by (75). Moreover, the ra-
dial marginal distribution P,q(r, t) computed from this two-
dimensional distribution is indeed given by (77).

Thus strictly for D = 0 the position distribution in the 2D
plane is highly anisotropic. This is true even in the t — oo
limit, where we see from Eq. (75) that

k+1
M (t — o0) = <@> for all , 1. (80)
"

Thus, the off-diagonal elements remain nonzero as ¢ — 0o,
indicating the presence of anisotropy in the stationary state.

However, for any finite Dg > 0, the rotational diffusion
spreads the particle position uniformly over the angle [0, 27].
Consequently, in the long-time limit and Dz — 0, the po-
sition distribution approaches a stationary form that is fully
isotropic in the 2D plane. Indeed, from the exact expression
for the moments in (D4), it is easy to verify that, for D — 0%,
the off-diagonal elements decay as My ;(r) ~ e Prk=D"1 g
late times for k # [. In particular, for ¢ > DE', My, () —
0 for k # [. In contrast, the diagonal elements approach to
nonzero values as t — o0o. More precisely, we find

o 2k
Mk’k(t — 00) —> | —

My, (t - o0) — 0,

k#1. (81)

Note the difference with the strictly Dg = 0 case in Eq. (80).
Consequently, in this Dg — 0% limit, for # > D', it follows
from Eq. (81) that the position distribution approaches an
isotropic form in the stationary limit and is given by

M VU
Pstat(x,y)z 2_8[\/x2+y2__0}7 (82)
T Vg n

where the particle is strongly confined at the boundary of the
trap r, = vo/ /. This non-Boltzmann distribution results from
the strongly active nature of the dynamics.

Figure 7 shows the stationary distribution Py, (x, y) in the
(x,y) plane obtained from simulations, for different Dg. As
Dy decreases, the stationary distribution shows a crossover
from the passive regime, with a single-peaked Gaussian
around r = 0, to the active regime, with a delocalized state
where the particle is confined around a narrow ring away from
the origin at r, = vo/u.

V. CONCLUSION

To summarize, this paper has two parts. In the first part,
we have studied the late-time dynamics of a free ABP in two
dimensions, focusing on the position distribution P(x,y, ).
We have showed that while the typical fluctuations are de-
scribed by a Gaussian distribution as expected from the
central limit theorem, large fluctuations, where /x2 + y2 ~
O(vgt), are described by non-Gaussian tails. These rare
fluctuations capture the signature of “activity” even at late
times 7. In this regime we have showed that P(x, y, t) admits
a large deviation form P(x,y,t) ~ exp [—Dgrt®(z)], where
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7= +/x2 +¥2/(vot). We have computed the rate function
®(z) both analytically and numerically.

Another way to observe the fingerprints of activity in the
position distribution at late times is to switch on an external
harmonic potential with stiffness w. In this case the position
distribution approaches a stationary form at late times and
the stationary distribution Py (x, y) depends explicitly on the
activity parameter DEI. We compute the stationary distribu-
tion explicitly in the two opposite limits: (i) strongly active
(Dgr — 0) and (ii) strongly passive (Dg — ©0). In the former
case the distribution is ring shaped with ring radius r = vy/p,
while in the latter case it is a Gaussian centered at the origin.
As Dg increases the shape of the distribution smoothly crosses
over from the ring shape to the Gaussian shape. This is
in agreement with the results seen in experiments [32] and
simulations [24,28].

We find it remarkable that even for this simplest ABP
model (free or harmonically confined) the position distribu-
tion P(x,y,t) cannot be computed exactly at all times in the
real space. At least in this paper we managed to compute
analytically the large deviation function that describes the
atypical fluctuations at late times for the free ABP.

Another well-studied model for active particle is the so
called run-and-tumble particle (RTP) where a particle chooses
an angle at random and moves with a constant speed vy in
that direction during a random interval of flight time 7, drawn
from a distribution p(7). At the end of each flight, the particle
chooses a new random direction and a random flight time and
the process continues. This describes typically the movement
of Escherichia coli bacteria. When the interval distribution
p(t) = 8(r — 19), corresponding to a constant flight length
during each run, the process is known as Pearson’s random
walk [65-67]. On the other hand, if p(t) = y e™77, then this
is called the persistent random walk [68]. For the persistent
random walk, with an exponential flight-time distribution, the
Fourier transform of the position distribution function f (1?, )
at time ¢ has been computed explicitly in d = 2 in Ref. [23]
and more recently for d = 1, 2, 3 in Ref. [25]. However, to
the best of our knowledge, the large deviation function has
not been extracted from these Fourier transforms. It would be
interesting to compute the large deviation function ®rrp(z)
for the RTP in d = 2 and compare it to the ®(z) for the ABP
computed in this paper. For the Pearson’s case, one has to
consider a discrete time n (the number of flights) and calculate
the associated large deviation function ®peyrs0n(2). To the best
of our knowledge, this also has not been done explicitly
and it would be interesting to compare this to the ABP. We
expect, on general grounds, that this large deviation function is
nonuniversal and varies from model to model. However, in all
these models, we expect that the large deviation function will
carry the signature of activity, as demonstrated in this paper
for the ABP model.

There are many other interesting open questions related
to our work. For example, it would be interesting to study
the dynamics of an ABP in higher dimensions and derive the
associated rate function ®(z). In this paper we have focused
on a single ABP—it would be interesting to derive the large
deviation function associated with the late-time density profile
of a gas of interacting ABP’s. Finally, in the presence of a
confining potential, we have studied the stationary state in the

case of an isotropic harmonic trap. It would be interesting to
study the position distribution of an ABP in an anisotropic
harmonic trap, or more generally for anharmonic traps, in two
or higher dimensions.
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APPENDIX A: EXACT SOLUTION OF MATHIEU
EIGENFUNCTIONS

As explained in Sec. III, we are interested only in the -
periodic even solutions of the Mathieu equation,

ce3,(v, g) + [a2(q) — 2q cos 2v]cezn(v, ¢) = 0, (A1)

where a,,(q) are the associated eigenvalues. To calculate
the moments and the large deviation function we only need
the lowest eigenvalue. The series expansion of that lowest
eigenvalue ay(q) is known for both in the small-g and large-g
limits. For small g,

oo
ao(q) =Y g™ (A2)
n=1
The first few coefficients are quoted here (see, e.g., Ref. [69]),
w=—% o=
Ao = —3a7, O = o ..., (A3)

On the other hand, in the large-¢q limit, the expansion is given
by (see, e.g., Ref. [69])

[e ]
ao(q) =Y _ Bug' 2, (A4)
n=0
where
fo=-2, Bi=2 P=-1
Bs=—m5. Bi=—n% Bs=—gpm - (A

APPENDIX B: SYSTEMATIC DETERMINATION OF &(z)

Equation (13) in the main text relates the large deviation
function ®(z) to the eigenvalue ay through a Legendre trans-
form,

. P o] = L (2P Bl
_1121111@ D—RZ+ (@) —Zao D) (B1)
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The large deviation function can be extracted from the inverse
transform,
1
d(z) = max [3a0(2h) — hz], (B2)
where we have defined h = p/Dg. The large deviation func-
tion is then given by

®(2) = yao[2h*(2)] — 2 h*(2), (B3)

where h*(z) is the value of & corresponding to the maximum
of the function g,(h) = % ao(2h) — z h and can be obtained by
setting its derivative to zero, i.e., by solving

1d

17n ap(2h) = z. (B4)
As ap(2h) is known as the sum of an infinite series in &
[see Egs. (A2)-(A4)], it is best to solve the above equation
recursively. It is easy to see that for small values of z, h* is
also small while for z — =1, the maximum occurs at large
values of 4* [70]. It is then convenient to use Eq. (A2) [respec-
tively, Eq. (A4)] for finding #*(z) near z = 0 (respectively,
near z = =£1).

Let us first look at the case z ~ 0. In this case, using the

series (A2), Eq. (B4) becomes

] o0
3 > a2 () =1z (B5)
n=1

In the following we solve this equation recursively to system-
atically determine ®(z) as a series in z. To the lowest order,
i.e., keeping the term linear in / only, we have

200h* = z, (B6)

which, using the value of «, [see Eq. (A3)] yields h* = —z.
This value of A*, substituted in Eq. (B3), and keeping the
lowest-order term again, gives

P() ~ 12 (B7)

Equation (B7) implies that, close to the origin z = 0, in the
long-time limit, the position distribution is Gaussian. The
higher-order corrections can also be systematically calculated
in a recursive manner.

Since both ®(z) and ay(2h) are even functions of their
arguments, it is easy to see that #* must be an odd function
of z, and we can write a series expansion,

K@= > cn™ (B8)

m=1,3,--

Substituting this form in Eq. (B5), and then comparing co-
efficients of powers of z on both sides, one can solve for
the ¢,, recursively. Clearly, c; = —1, as we have explicitly
shown above. The next few coefficients are computed using
Mathematica as follows:

_ 20
C5 = 192° 7

[ 53231 (B9)

2
8’ 294912

C3 =

Using these coefficients and substituting Eq. (B8) in Eq. (B3)

one can construct ®(z) as a series expansion in z, which is
given in Eq. (15) in the main text.

The behavior of ®(z) near the boundaries z = £1 can

also be extracted in a similar manner. As ®(z) is an even

function of z, it suffices to compute it near one boundary, say,
z = —1. We follow the same procedure as traced above but
use Eq. (A4) for ay. Accordingly, Eq. (B5) becomes

00 ,3 n
n V=5
Y s (1-3) e == (B10)
n=0
which we solve order by order to find 4*(2).
To the lowest order, we have
Bi
=2z, B11
Bo + N z (B11)

which, after substituting the values of 8y and 8, yields h* =
1/8(1 + z)*. Using this value of #* in Eq. (B3), we get, near
z=-—1,

O(z) ~

1
8(1+2) B2

The higher-order corrections are systematically obtained by
assuming a series expansion for A%,

R =Y ba(1+2),

n=-2

(B13)

where b_, = 1/8, as shown above. The coeffcients b, for n >
—2 can be obtained by substituting Eq. (B13) into Eq. (B11)
and equating coefficients of powers of 1+ z on both sides.
This exercise gives

boy=0, by=4, b=s. (B14)
The large deviation function ®(z) near z = —1 is then ob-
tained using Eq. (B13) in Eq. (B3) and is given by
1 1 1+
Q) =————— (d+2)
8(1+2z) 16 64
3 51
— (42— ——(1+2)+---. (BIS)

256 4096

Using the symmetry of ®(z), its behavior near z =1 can
be obtained from the above equation by substituing z — —z.
This is quoted in the main text in the second line of Eq. (15).

APPENDIX C: CONNECTION TO GDL

In Ref. [63] GDL were interested in the imaginary ex-
ponential functional of a Brownian motion and studied an
effective process given by

t
2P (1) = vy / e M) g, (CI)
0

The two processes, z(t) in (56) and z%PL(¢) in (Cl1), look
deceptively similar. However, it turns out that they have rather
different properties and in fact the recursion relation for the
moments turn out to be rather different.

A recursion relation for the discretized version of z
can be derived following a scheme similar to the one used for
z(t) in the main text, and yields [63]

Z = voe e n g (C2)

GDL(t)

which is manifestly different from our recursion relation (63).
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_ Correspondingly, the recursion relation for the moments
M, (t) = M,SPL(I) in the GDL case also turns out to be very
different [63],

%Mk,l = —[plk + D)+ Drlk — 1’1 My

+ ok My—11 + I My 1-1). (C3)
Note that there is no explicit time dependence on the right-
hand side of this equation (C2) and the moments in the station-
ary state can be simply obtained by setting the time derivative
to be zero on the left-hand side of (C2). As mentioned above,
the situation in our case is completely different.

APPENDIX D: SOLUTION OF THE MOMENT RECURSION
RELATION

The moments My ;(t) evolve according to
My, = —Dg(k — 1My,
+voe M kM1 + IMy ;1]. (D1)
J

vo(e ™ — e~ Drt)

We can think of (k, /) as the grid points on the 2D lattice with
k,1 > 0. We note that by definition My () = 1 at all times 7.
As a result, it is easy to see from the recursion relation (D1)
that the solution My ;(t) is symmetric under exchange of k and
l,ie.,

My (1) = M i (2). (D2)
Hence, it is sufficient to study M ;(¢) only for k > [. The

recursion relations for the first few values of k and [ read, for
instance (with the convention that M; ;(t) = 0 for k,/ < 0),

My (1) = —DgM; o(1) + voe Mo o(t)

M, 1(t) = 2voe " M o(t)

M o(t) = —4DgM, (1) + 2voe " My (1), (D3)
and so on. These equations can be solved recursively, i.e.,
using the solution of the previous equation. The solution

of these first few moments can be written explicitly at all
times 7,

Mio(t) =
1,0 Dr— 1t
vl 1—e 24 2(1 — e~ Prtmdty
M () = -
(Dr — 1) iz D+ 1
v [(3Dg — p)e " — 2(2Dg — p)e~ Prr 4 (D — p)e*Pr!]
My o(t) = .

(D4)

(Dg — n)(2Dg — 1)(3Dg — 1)

As we see, the solutions quickly become long and cumbersome as k and / increase. Fortunately, Eq. (D1) can be solved exactly
to find My ;(¢) for all k and / in the two limiting cases (Dg — oo and Dg = 0) which is done in the main text.
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