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We study analytically how noninteracting weakly active particles, for which passive Brownian
diffusion cannot be neglected and activity can be treated perturbatively, distribute and behave near
boundaries in various geometries. In particular, we develop a perturbative approach for the model
of active particles driven by an exponentially correlated random force (active Ornstein-Uhlenbeck
particles). This approach involves a relatively simple expansion of the distribution in powers of the
Péclet number and in terms of Hermite polynomials. We use this approach to cleanly formulate
boundary conditions, which allows us to study weakly active particles in several geometries: con-
finement by a single wall or between two walls in 1D, confinement in a circular or wedge-shaped
region in 2D, motion near a corrugated boundary, and finally absorption onto a sphere. We consider
how quantities such as the density, pressure, and flow of the active particles change as we gradually
increase the activity away from a purely passive system. These results for the limit of weak activity
help us gain insight into how active particles behave in the presence of various types of boundaries.

I. INTRODUCTION

Active particles consume fuel locally to propel and gen-
erate persistent motions [1, 2]. Examples of such self-
propelled particles range from humans [3] down to mi-
croorganisms [4, 5] and artificial swimmers [6-8]. The
propulsion and, most importantly, the persistence or cor-
relation time of the direction of propulsion are responsi-
ble for out-of-equilibrium phenomena such as phase sepa-
ration without attractive interactions [9] and preferential
motion through funnel-shaped walls [10] or around gear-
like objects [11, 12].

When an active particle collides with a solid boundary,
it often surfs along the boundary until eventually turning
around and propelling away [10, 13, 14]. This behavior is
difficult to analyze mathematically because it often leads
to singular behavior at a boundary. One approach is to
treat a system of active particles (without passive diffu-
sion) in the presence of a wall as two coupled populations
of particles: those stuck at the wall and those in the bulk
[15-17]. This results in additional terms in the equations
for density that capture the fluxes of particles from the
bulk to the wall and similarly, from the wall back into
the bulk. This formulation is related to a class of models
known as two-way diffusion equations in which one must
specify how particles at the wall reenter the bulk [18-
20]. An alternative approach is to represent boundaries
as soft confining potentials, which has been useful for
studying the pressure and distribution of active particles
[21-23]. However, compared to passive Brownian parti-
cles, for which we have the Boltzmann distribution, it is
considerably more difficult to determine the distribution
of active particles in arbitrary potentials.

To gain insight into how activity affects the behavior
of active particles near different types of boundaries, we
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consider the limit of weakly active particles, when passive
Brownian diffusion cannot be neglected and activity can
be treated pertubatively. Passive Brownian diffusion due
to thermal fluctuations is always present in any physical
system. As we will see from a mathematical perspec-
tive, including passive diffusion makes it easier for us to
deal with boundaries by allowing us to define familiar
Neumann, Dirichlet, or Robin type boundary conditions.
Physically, these may represent impenetrable or absorb-
ing boundaries. The limit of weak activity is also partic-
ularly useful because it allows us to apply perturbation
theory to known results in the limit of passive particles
or zero activity.

The paper is structured as follows. In Section II, we
introduce and summarize the active particle model of a
Brownian particle driven by an exponentially correlated
random force. In Section III, we show how the Fokker-
Planck equation describing the distribution of these ac-
tive particles can be solved perturbatively by expanding
the distribution in powers of the Péclet number and in
terms of Hermite polynomials. In Sections IV, V, and
VI, we use this approach to study several problems of
noninteracting weakly active articles near impenetrable
boundaries. This includes simple confinement in 1D,
confinement to a circular or wedge-shaped region, and
confinement by a corrugated boundary. Finally, in Sec-
tion VII, we consider an absorbing boundary problem of
weakly active particles around a spherical absorber. For
each example geometry, we start the section with a brief
description of the equations we solve and the boundary
conditions we apply to obtain the distribution of active
particles.



II. ACTIVE PARTICLES DRIVEN BY AN
EXPONENTIALLY CORRELATED RANDOM
FORCE

We start by describing a Brownian particle driven by
an exponentially correlated random force. The equation
of motion for its position is given by the overdamped
Langevin equation

7 =mn+/2Dy7?Es, (1)
where 1y is the friction coefficient, D, is the passive diffu-
sivity, and &, is a zero mean Gaussian white noise with
(&ra(t)&r5(t")) = 0apd(t —t"). Note that the passive dif-
fusivity can be related to temperature through the Ein-
stein relation D,y = kpT. The variable 1 is the active
force that propels the particle. We assume this force has
first and second moments

(na(t)) =0, (2a)
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where 7 is the persistence time of the propulsion, v is
the swim speed, and d is the spacial dimension. In other
words, this propulsion force on average has no preferred
direction and is exponentially correlated in time. The
exponential correlation in time means that the active
particle will have memory of its propulsion direction for
roughly a time 7 before orienting in a new direction. Note
that the magnitude of the correlations are chosen so that
the characteristic propulsion force is \/(n?) = yv, which
is simply the force needed to move through a viscous en-
vironment at a speed v.
One common way to generate an exponentially cor-
related random force is through an Ornstein-Uhlenbeck
process given by
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where &, is a zero mean Gaussian white noise indepen-
dent of &, with (&, 4 (t)&, (")) = dapd(t —t'). Egs. (1)
and (3) thus describe the dynamics of an active particle
driven by an exponentially correlated random force. The
mean-squared displacement of such a particle is given by

(r2(1)) = 24D, + 20°7> [i

1+ ei] (4)
There are two timescales: 7 and dD,/v?. The latter
is the crossover between passive diffusion and ballistic
motion. On timescales longer than the persistence time
t > 7, the propulsion force becomes uncorrelated and the
active particle effectively diffuses with (r?) ~ 2dD.gt,
where the effective diffusivity Deg = D) + v37/d is
the sum of the passive and active diffusivities D, and
D, = v?7/d. For t < dD,/v?, the particle undergoes
passive Brownian diffusion with (r?) ~ 2dD,t. Finally

for dD, /v? < t < 7, the particle undergoes ballistic mo-
tion with (r?) ~ v?t2. Note that this ballistic regime dis-
appears when 7 < dD,,/v? or equivalently vr < \/dD,,
that is, when transport due to propulsion is much smaller
than transport due to passive diffusion. We refer to such
particles as “weakly active”, which will be our main focus
here.

The Langevin equations (Egs. (1) and (3)) can be re-
cast into a Fokker-Planck equation. The distribution of
a noninteracting system of these active particles satisfies
the Fokker-Planck equation
202
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where p = p(r,n,t) is the distribution of the active par-
ticles and

1
Jr = ;770 —DpV,p, (6a)

1 ,}/2,02

o=

Vop. (6b)

are the currents for positions and propulsions. Note that
passive diffusion introduces the spacial gradient V,.p in
J,-, which will be extremely useful for formulating bound-
ary conditions.

Our goal is to find a way to solve Eq. (5) for the distri-
bution of active particles. Note that in the bulk far from
any boundary, the spacial density of noninteracting ac-
tive particles should be uniform and the propulsion force
7 for this model will be Gaussian distributed in steady-
state. The exact steady-state distribution in the bulk
satisfying Eq. (5) is

2
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We wish to determine how this distribution changes near
a boundary given certain conditions on the current or
density at that boundary.

III. PERTURBATION THEORY AND
EIGENFUNCTION EXPANSION

To simplify the problem, let us define the dimensionless
position and propulsion force to be
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where the length scale A = /2D,,7 is how far the parti-
cle passively diffuses in a persistence time and the force
scale o = /27202 /d is roughly the force needed to move



through a viscous environment at speed v. This length
scale A\ is important and will show up again and again
in subsequent sections. In our context of boundaries, we
can interpret it as the distance over which active parti-
cles will be persistent and still interact with a boundary
through diffusion and propulsion. In other words, within
this distance, we will observe the influence of a bound-
ary on, for example, the distribution of active particles.
Beyond this distance, however, the active particles may
reorient many times without colliding with a boundary
and thus behave as if they are in bulk.

The resulting dimensionless Fokker-Planck equation in
steady-state is

Vip+ Viop+2V, - (0p) =26 - V.p, (9)

where the dimensionless distribution is p(7,7) =
p(AF,an)A4o?. Throughout the work, tildes will indi-
cate a dimensionless quantity. The only parameter that

remains is
VT _ /Pe (10)
6 g =
dD, ’

where Pe is the Péclet number which is the ratio of ad-
vective transport (swimming) to diffusive transport. This
parameter controls the level of activity of the particles;
for example, € = 0 corresponds to a passive particle while
€ > 1, a strongly active particle. As mentioned earlier,
our main focus here will be on weakly active particles or
ek 1.

To make further progress, we perform two expansions
on the distribution: an expansion in powers of ¢ and
an eigenfunction expansion in Hermite polynomials (Ap-
pendix A1). To keep things simple here, we will only
show the series solution for 1D, though it should be em-
phasized that the result can easily be extended to arbi-
trary dimensions (Appendix B). We start by writing the
distribution in powers of ¢ as
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which gives us for each order
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The zeroth order solution 5(9) is related to the density
of passively diffusing particles, which is usually easy to
find. Thus, we can determine the effect of activity by
iteratively computing higher-order terms starting from
the solution for passive Brownian particles.

There should be no active particles with an arbitrarily
large propulsion force 7. In other words, the distribution
in m should decay sufficiently quickly as |n| — oo. We
can therefore simplify the second and third terms on the
left-hand side of Eq. (12) by expanding the distribution

in terms of Hermite polynomials. By writing each order
of the distribution as

P, 7) = D CE (@)™ Hy (i), (13)
m=0

we reduce the entire problem to solving for the coeffi-
cients (Z), which satisfy in 1D the simple ordinary
differential equation

azcy S P (n-1)
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(14)
We will focus on two kinds of boundaries: impenetrable
and absorbing. At an impenetrable boundary, particles
cannot pass through it and so the current normal to the
boundary must be zero. At an absorbing boundary, par-
ticles are removed from the system and so the density
at the boundary is maintained to be zero. By writing
the current J, = 2enp — % or density p in terms of the

coefficients C,(,? ), we can use the orthogonality of Her-
mite polynomials to determine the boundary conditions
for the coefficients. We now illustrate this approach with
several examples of noninteracting weakly active parti-
cles in different geometries.

IV. PROBLEMS IN CARTESIAN
COORDINATES

A. Active particles on a line

Consider the simplest example of noninteracting
weakly active particles freely propelling left or right on a
line until they collide with an impenetrable wall. We are
interested in how the presence of such a wall modifies the
bulk distribution of active particles (Eq. 7). As outlined
in Section III, the dimensionless distribution in 1D can
be written as

P =Y > W (@)e T Hu(i),  (15)
m=0

n=0

where the coefficients satisfy Eq. (14). We consider the
cases of active particles confined by one solid wall and
between two walls.

1. 1D semi-infinite domain: one wall

We start with the case of an impenetrable wall at = 0
that confines the active particles to the region > 0. The
zero current condition at this wall J,(0,7) = 0 gives us
the condition on the coefficients

dci™ (0 e .
WO _ oD(0) +26m+ 1)C P 0). (16)
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FIG. 1. Several of the geometries we consider: a) active particles near a single hard wall, b) active particles inside and outside
a circular boundary, c) active particles confined to a wedge-shaped region, d) active particles near a corrugated boundary, and

finally e) active particles near a spherical absorber.

Details of the solution can be found in Appendix C1.
We are interested in how the presence of an impenetra-
ble wall affects the distribution p(x,7n) and the currents
Jz(x,m), Jy(x,m) of the active particles. In the bulk, the

distribution is given by Eq. (7) with d = 1. As we ap-
proach the wall, the distribution will no longer be inde-
pendent of z. Up to €2, the distribution is

n? o . « - om?
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where A = /2D, 7 and 0 = /27?v2. Integrating out the
active force n, we have for the spacial density

Pbulk (18)
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The €2 and €* contributions to this density are shown in
Figure 2. The density is elevated over the length scale A,
which, as we discussed earlier, is the distance over which
the presence of the wall will be felt by the active particles.
Another way of thinking of this is that persistence of the
active particles causes them to spend more time near the
wall, thus elevating the density. The excess number of

particles near the wall is given by

Nexcess = / [p(x) - pbulk] dz
0

442 -5
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(19)

It is interesting to note that the € correction does not
further increase the density near the wall and actually
depletes it, as there is a decrease in the excess number
of particles near the wall. This suggests that at higher
Péclet numbers, the accumulated density may become
steeper.

The currents in the position x and active force n are
given by

To(z,m) = 6% (pb:lk> %
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FIG. 2. € (blue) and €* (orange) contributions to the density
of weakly active particles near a single impenetrable wall (Eq.
18). The €* contribution gives an elevated density while the
€* contribution slightly depletes the density near the wall.
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FIG. 3. Currents Jx(z,n), Jy(z,n) (Egs. (20a) and (20b)) re-
sulting from activity near a single impenetrable wall. The
circulation shows the simple behavior of active particles pro-
pelling towards the wall, spending time turning around, and
then propelling away.
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These characterize how the positions and propulsions of
our active particles change on average as they move near
a wall. There is circulation in the xn-plane (Figure 3), a
signature of out-of-equilibrium systems [24]. In this case,
the behavior is quite simple: active particles on average
swim towards the wall, spend some time turning, and
then swim away. It is interesting to note that while we
observe currents at order €, we do not observe any devi-
ations from the passive density p(z) = ppux until order
€2. The currents result in an asymmetric distribution in
7 at the wall. Up to order ¢, the distribution at the wall

(20b)

is

The correction shifts the mean to (n),—¢ ~ —eyv =
—YV4/ ”;—T. Physically, this occurs because particles with
D

7 < 0 swim towards the wall and have an increased den-
sity when they are slowed while particles with n > 0
swim away and have a decreased density. The result for
(n) can also be obtained from a simple balancing of cur-
rents. Recall that the density (Eq. (18)) is elevated by
€2 ppulk over a length scale 4 /D,T, which gives a diffusive

flux Jag ~ Dpezpﬁ away from the wall. Setting this
P

equal to the swim flux Jywim ~ %(Tl>pbu1k, we get an av-
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the wall. At higher Péclet numbers, we expect that the
distribution at the wall will shift more towards n < 0
and that the density p(0,n > 0) will become significantly
depleted. This occurs because the moment an active par-
ticle turns around, it immediately propels away from the
wall and no longer contributes to p(0,n > 0).

erage propulsion of (n) ~ vD,, = v g—: towards

2. 1D finite domain: two walls

We now consider the case of active particles confined
between two walls located at x = £L. Unlike for a sin-
gle wall, there is no bulk where the distribution of ac-
tive particles is unaffected by the wall. When there are
two walls, each wall can have an effect on the distribu-
tion at the other. The zero current boundary conditions
Jz(£L,n) = 0 give the following relation for the coeffi-
cients

dCM(£L I -
% = UV (ED) +2(m+ 1)CLD (D). (22)

The steps for finding the solution (Appendix C2) are
similar to those of the single wall. The main difference
is that we now have a finite number of particles trapped
between the two walls instead of an infinite bulk with
constant density. Taking p(x,n) and integrating out 7,
we have for the density

p(x) _1_|_ 2 COSh@ tanh@ (23)
N2L T \cosno2 T L )

where N is the number of particles between the walls.
Note that as a result of the accumulation at walls, there
is a depletion of particles around the center of the con-
finement. This is captured by the second term in the
parenthesis, which vanishes in the limit of large separa-
tion of the walls.

For large separations, each wall should not influence
the other and we should obtain the result for a single



wall in the previous section. Indeed, taking L > A, we
find

N V(-
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which is simply the sum of the accumulations due to each
wall if it were by itself. We can also examine the opposite
limit of two walls that are very close to each other (L <«
A), for which we find the the parabolic profile

p(x) ~ % [1 +é2 (f\z - ?)L;)} . (25)

We now look at the distribution of particles at each
wall to see how one wall may influence the other. The
distribution at the walls to order € is

N % V27 V2L

which gives for the average propulsion at each wall

2L
(n)(£L) ~ teyvtanh \fT (27)
Interestingly, we can interpret this average propulsion as
a weighted average (n)(£L) ~ FeyvP. £ eyvPy, where
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are the weights for the closest and farthest walls, respec-
tively. Note that these weights are proportional to how
much the closest and farthest walls contribute to the ac-
cumulation. When the two walls are far apart (L > \),
we get back the single wall result (n)(+£L) ~ Feyv since
the farthest wall contributes nothing (P; < P, ~ 1).

8. Pressure on solid boundaries

One question of interest is how one relates the density
of active particles to the pressure they exert on walls.
For an equilibrium system of noninteracting particles,
the density is p(z) = po everywhere and the pressure
is simply the ideal gas pressure P = pokpT. To com-
pute the pressures in our present case of noninteracting
active particles, we start by replacing the impenetrable
walls with soft confining potentials. This approach of
using soft potentials has been useful for computing the
mechanical properties of active particles near boundaries
[21-23, 25-27]. The idea is that a confining potential, just
like a wall, can prevent particles from moving a certain
direction. The pressure can then be computed by sim-
ply summing up the forces the potential exerts on the
particles. One can then take the limit as the potential
becomes steep to obtain the pressure for an impenetrable

wall. For our purposes, we consider the ramp potentials
(Appendix C3)

—fr, <0
U(z) = 29
@) {o, z>0 (29)
for one wall at z = 0 and
—fx—fL, x<—-L
U(x) =10, —L<x<L (30)
fr— fL, x> L

for two walls at * = +L. The mechanical pressure for
both these cases is simply given by the integral

pP= —/U’(x)p(m)dz. (31)

over one of the wall regions where U(xz) # 0. The dis-
tributions and the pressures obtained for these ramp po-
tentials are left for Appendix C3. We are interested in
the limit of impenetrable walls or f — oo. In this limit,
we find the pressures

P = pbulkDp'Y(l + 62)7 (32)
for one wall and

P ND,y
2L

tanh 2L
1+e2<1—anf2LA , o (33)
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for two. We start by noting that the pressure for one
wall (Eq. (32)) is actually exact even though it was ob-
tained from perturbation theory. A proof of this can
be found in Appendix C3. There are two interpreta-
tions of this pressure. The first interpretation is P =
poulk[Dp(1 + €2)]y = poucDesry, which can be thought
of as the ideal gas pressure of particles with an effective
diffusivity Deg = D, 4+ v27. The second interpretation is
P = [pouic(1 + €2)]Dpy =~ pwanDpy, where pyan = p(0) is
the density at the boundary. This is just the the passive
pressure due to the elevated density of particles (Eq. (18))
close to the wall. For the case of confinement between
two walls, the situation is different as there is no longer
a bulk. However, notice that we still have the relation
P ~ pwanDyy, where pyan = p(£L). Using Einstein’s re-
lation Dy = kT, we may write P ~ py.nkpgT for non-
interacting active particles. While we have only shown
that this relation for pressure holds up to order €2, it is
not inconceivable that it should hold in general. In Ap-
pendix C4, we show that for the exactly solvable model
of noninteracting 1D run-and-tumble particles with pas-
sive diffusion, this relation for pressure holds without any
approximations. It is worth noting that a similar relation
has been shown to hold for noninteracting active Brow-
nian particles [27], a different model of active particles.



B. Confinement in 2D: right-angled corner

In previous sections, we considered weakly active par-
ticles in 1D. Those results can easily be extended to flat
walls in higher dimensions such as an infinite line (2D)
or infinite plate (3D). In fact, the density profiles, par-
ticularly the exponential decays of density away from a
flat wall, are exactly the same as those obtained in 1D.

We are interested in going beyond these simple geome-
tries and studying cases where the walls may be curved
or are not parallel and meet at certain angles. In this
particular section, we will focus on the simpler case of
two flat walls that meet at a right angle and confine ac-
tive particles to a region x > 0,y > 0. We write the
dimensionless distribution as

p(F, 1) = €N CE(F)e™ iy, (70) Hi, (7).
n=0 m

(34)
Notice that going to higher dimensions simply requires
additional Hermite polynomials. The coeflicients satisfy

(35)

where
wy =0 4+ 2my + )OS (36a)
wy = CW )+ 2(my + )OS L (36b)

The zero current boundary conditions J,(0,y,m) =
Jy(z,0,m) = 0 give the following conditions on the coef-
ficients

oC(0.9)

5 = we(0.9) (37a)
W = w,(%,0) (37b)

Details of the solution can be found in Appendix C5.
Integrating out n from p(r,n), we find the density near
the corner is

L(T) ~1+¢é (6_@ + 6_@)
Pbulk
+ét {2\/567271 +2 <
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where pip is the 1D density (Eq. (18)) if each wall were
by itself. The last term is new and enhances the accu-
mulation near the corner. This arises due to correlations
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FIG. 4. Average propulsion (1) (Eq. (40)) near a right-angled
corner that confines active particles to > 0,y > 0. This ori-
entation towards the corner leads to additional accumulation
given by the last term of the density Eq. (38).

between 7,7, near the corner. Indeed, if we study the
full distribution, we find at order €2 the new term

p(r,n) ~ single wall contributions

+ 262 pbulke—Z—; nwgy 6_4\/5(§+y) ’ (39)
o

which gives a nonzero correlation (n,1,) near the corner

and is responsible for the extra accumulation at order e*.

If we consider the average propulsion (n) of the active

particles near the corner, which is given by

eyv ( Vs _@)
T,y)=——x= (e * e x|, 40
() (z,y) 7 (40)
we also see that there is an increased tendency for active
particles to orient and propel towards the corner (Figure
4).

V. PROBLEMS IN POLAR COORDINATES

We have thus far considered simple examples of weakly
active particles near flat walls or a right-angled corner.
We now want to study how the curvature of a surface or
the sharpness of a corner affects the distribution of these
particles. We focus our attention on two cases: a circular
boundary and a corner with an angle other than /2.

These examples are best studied using polar coordi-
nates. In polar coordinates, we write the dimensionless
distribution as

P, 0,7) =3 €N CW (7, 0)e ™ Hy, (ite) Hum, ().
n=0 m

(41)



The coefficients satisfy
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where the components of w in polar coordinates are
wy = [C,(:;,ll))my + 2(mm + 1)07(:11;11)717%} cos 6
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[ 2y + ST L sine,
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A. Active particles around a circular boundary

Consider an impenetrable circular boundary of radius
R with active particles both inside and outside. We will
separately obtain the densities in both regions. The ra-
dial current on both sides of the boundary must be zero,
or J.(R,0,n) = 0. We thus have the boundary condition
for the coefficients

(n) (B - -
Wmai@") = wy(R,0) cosf + wy (R, 0)sinf.  (44)
T

Details of the solutions both inside and outside the region
can be found in Appendix D 1. The densities outside and
inside the boundary to order €2 are

(8
Ko (38) + K, (428 ]

Pout (ra 9) =~ Pbulk 1 + 262

(45a)
pin(r,0) = %Rz 1+ 262
() () o1 (2)
ERICORACO I )
(45b)

where I, K, are the modified Bessel functions of the first
and second kinds and NV is the number of particles inside
the circular region.

Let us consider some limiting behaviors as R — oo or
R — 0. Defining 0r = r — R as the radial distance from
the circular boundary and taking |dr| < R, we obtain for
the density near a large circular boundary (R — o)

V3sr
Pout (R + 071,0) >~ ppuik (1 +e“e” . ) , (46a)

N Z5r
pin(R + 67, 0) ~ — (1 + 2R ) :
Note that these are just the density profiles near a flat
wall (Egs. (18) and (24)) since the curvature of the wall
becomes negligible as R — oco. In the opposite limit of a
small circular boundary (R — 0), we have

2¢?R? 2\
1+i <ln\c_76m>]7

(46b)

Pout (T <A, 9) = Pbulk 22

(47a)
N r?  R?
pin(r? e) = TRQ |:1 + 62 ()\2 - 2)\2):| ) (47b)

where Ve, = 0.577 is the Euler-Mascheroni constant.
The weak dependence of poyt on 7 is a result of the par-
ticles outside interacting with a small circular boundary,
which should not affect the density much. Finally, just as
in the one dimensional case, the density inside the small
region py, takes on a parabolic profile.

We are interested in how the curvature of a boundary
affects the accumulation of weakly active particles. Let
us consider the densities both inside and outside the cir-
cular boundary at r = R and compare them with the
density at a flat wall. We focus on R > A when the cur-
vature is small. To start, recall that the density at a flat
wall (Eq. (18)) is paas =~ ppuk(l + €2). For outer part of
the circular boundary, we have

A
~ 2 —_—

Pout (R, 0) — piat =~ —€ poulk 3R (48)
For the inner part of the circular boundary, we have to
be a bit more careful since there is not an infinite bulk.
We can mimic a bulk inside the region by maintaining
the density at the center » = 0 to be equal to the bulk
density outside or pi, (0, 6) = ppu- The resulting density
profile inside the circular boundary is

I (Q)q

pin(r,0) = pruic |14 2€° . (49)
W (3 (2)
When compared to the flat wall, we have
pin(R,0) = paat ~ € py 1k7)\ . (50)
in 3 a u \/iR

The €2 contributions to the densities inside (Eq. (49)) and
outside (Eq. (45a)) the circular boundary are shown in
Figure 5. On both sides of the circular boundary, the cor-
rection to density is proportional to R~!, the curvature
of the boundary. In addition, the sign of the correction
tells us that active particles accumulate more on concave
surfaces than on convex ones. This preference to accu-
mulate on concave rather than convex surfaces is shown
by a discontinuous drop in density going from inside to
outside the circular boundary.

The key observation here is that our approach, even
though applied to weakly active particles, can recover



FIG. 5. €% contributions to the density inside (Eq. (49)) and
outside (Eq. (45a)) an impenetrable circular boundary where
the density inside the boundary at r = 0 is maintained to
be ppuk.- Here, R = 10\. Active particles prefer to accumu-
late on concave surfaces such as the inner side of the circular
boundary rather than convex surfaces such as the outer side.
This gives rise to a discontinuous drop in density between the
inner and outer parts of a circular boundary that is propor-
tional to the curvature R™*.

some results beyond the weak limit such as the curvature
dependence of the density of active particles near curved
boundaries [27-32].

B. Active particles inside a wedge-shaped region

In Section IV B, we considered active particles confined
by two walls meeting at a right angle. We here consider
a more general and difficult problem of two walls meet-
ing at an arbitrary angle 2« (Figure 1c). This problem
is inspired by experiments and simulations [10, 33] that
showed that active particles could be trapped or directed
by wedge-shaped obstacles. For simplicity, we will focus
on the particular case of weakly active particles trapped
within a single wedge whose sides extend indefinitely.
The zero current boundary conditions Jy(r,+a,n) = 0
along the walls of the wedge give the following condition
on the coefficients

190w (7, +a)

T a0 (51)

= wy(7, La).
In order to make any progress on finding the coefficients
in this geometry, we have to make use of the Kontorovich-
Lebedev and Mellin transforms (Appendix A 3). Details
for computing the coefficients up to €2 can be found in
Appendix D 2. We will focus on two quantities: the aver-
age propulsion (n)(r, §) and the density p(r, #) within the
wedge. The general expressions for arbitrary wedge an-
gle 2o are quite cumbersome. Note that 2a = 7 and
2ac = /2 correspond to a single wall and two walls
meeting at a right angle, respectively. We have already
considered these in Section IV and it is quite easy to
check that the general solution Eq. (D23) reduces to those
cases. From here on, we will consider angles of the form
200 = /27! with [ = 3,4..., for which we can make
some analytical progress.

To start, the components of the average propulsion
n)(r,0) = ((Ng)(r,0),{ny)(r,0)) within the wedge are
given by

2l=2_1
eyv . mw 7@sin[7(2k+l)ﬂ70} 7@sin[7(2k+l)ﬂ+9]
(e} (r,0) 2 = Tsingy 37 {emH T TR o2
v2 o2
k=0
-2
ey i B[ - sin[ @D _g] VB g [@htnr ]
<ny>(r,9):ﬁco o (-1) {e x 2l —e 2l } (52b)
k=0

The average propulsion (n) for | = 4 or 2a = 7/8 is
shown in Figure 6a. Note the interesting combination of
exponentials in the expressions for (n,) and (n,). For
the simple case of a right-angled corner (Section IV B),
we found that we could essentially treat each wall as in-
dependent up to €2, that is, each wall contributed a single

exponential decay e or e*@ away from itself. Here,
for wedge angles smaller than 7/2, the walls near the tip
will influence each other and we find a multitude of ex-
ponentials with different length scales. This has some

consequences on the propulsion and accumulation of the
active particles. Let us focus on the propulsion along the
center of the wedge § = 0 on which we have (n,)(r,0) =0
and

2i=2_1

V2r o (2k41)
z : efTTsmT"'

This is plotted in Figure 6b for [ = 4 or 2o = w/8. The

longest length scale is % which grows with decreas-

nm/20?

eyv . om

(n2)(r,0) = — N (53)
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FIG. 6. a) Average propulsion (n) within a wedge-shaped region with angle 2a = 7/8. b) z-component of the average
propulsion (n,) along the center of the wedge 8 = 0, also for 2a = 7/8. This propulsion towards the tip decays rapidly over a

length scale ﬁ

ing wedge angle. Beyond this distance, the active parti-
cles along the center will be at least a distance A from
the sides of the wedge and will effectively not interact
with the boundaries. Within this distance, however, the
boundaries will on average orient the active particles to-
wards the tip. Thus, as the wedge angle decreases, active
particles farther and farther from the tip will have some

J

2 1—(=1)k
+ (—=1) cos {[ kt 21( i
k=0
where
—is . 2721
2 T 1
a(s) = w 142 (Sm2
27ssinh 3¢ Pt

For angles 2o = 7/2!~1 with [ > 3, there is no known
closed form solution and we have to numerically evaluate
the integral in Eq. (54). Let us focus on how the density
at the tip of the wedge Ay, = }13% A(r,0) depends on

the angle of the wedge 2a.. This dependence is shown in
Figure 7.

There are a couple of features to note. The first is
the increase in the density at the tip as we decrease the
angle of the wedge, as shown in Figure 7a. This is due
to the effect of the sides of the wedge on the average
propulsion (n) discussed earlier (Eq. 53). As the wedge
angle decreases, active particles farther and farther from
the tip are on average directed towards it, thus increasing
the density. In addition to the increase in density for
small wedge angles, we find that when the wedge is nearly
a flat wall (2 & ), the density has a linear dependence
given by Agip &~ 1 —0.44(2ac — 7). We will show how this

orientation towards it, which in turn should increase the
density near the tip.

To study the effect of wedge angle on the density
near the tip, we write the density as p(r,0) ~ ppuk[l +
€2A(r,0)]. The correction to the density A(r,#) is given
by

54
_VEr [ CRtDn g _ V3r g [@htDr g (54)
{6 £ sm[ o ] +e 2 sm[ 20 + ]} ,
T ko T . km —istl
o + (—=1)" cos ?> Sin =3 . (55)

(

is obtained using an approach developed in Section VI.
The second feature is the scaling of the tip density
Agip with the wedge angle 2a.  As shown in Figure
7b, we find an interesting weak dependence of the form
Atip ~ In(2a)7%5% This weak dependence is due to
passive Brownian diffusion and can actually be obtained
through a relatively simple scaling argument. This ar-
gument goes as follows. As we discussed earlier, there
is a length scale \; ﬁ over which the active

particles on average propel towards the tip. This in-
creases the density at the tip by pbu1k62Atip- Thus, the
diffusive flux over this length scale away from the tip
goes as Jaig ~ DP%. To estimate the advec-
tive flux, we compute a characteristic propulsion towards
the tip by averaging (n,)(r,0) (Eq. 53) over the region
0 < r < A. Thus the advective flux towards the tip

101 (N

goes as Jywim ~ S o M) (r, 0)dr| ppu- To a good
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FIG. 7. a) Dependence of the correction to wedge tip den-
sity Agip = lgl%) A(r,0) on the wedge angle 2a = 7/2'~* for
l=1,2,...,15. The black dotted line shows the linear depen-
dence close to 2ac = 7, which was obtained using the approach
developed in Section VI. b) Weak scaling of A¢ip with 2« for
small wedge angles.

approximation, we can take the upper limit of the inte-
gral to oo since (n,)(r,0) decays rapidly over 0 < r < )\
(Figure 6b). Finally, the diffusive and advective fluxes
in steady-state should balance (Jair ~ Jswim) and so we
obtain

LT 1
= Smor Z 2kt (56)

k=0 Sm T

1/5 du L7
= ~—=In—
2 = sinu 2 2L’

2

where we assumed that 2/ > 1 for small wedge angles

and approximated the sum as an integral. Thus, up

. —1/2
to a constant shift, we see that A¢p ~ In (2,%) /

In(20))~1/2, in close agreement with our numerical esti-
mates in Figure 7b.
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VI. ACTIVE PARTICLES NEAR A
CORRUGATE WALL

We now turn to one last example involving impenetra-
ble walls. We study how active particles behave near a
corrugated wall (Figure 1d) and show how we can for-
mulate the boundary condition for such a wall. This ex-
ample is inspired by experiments on asymmetric gears in
bacterial baths showing that active particles can generate
tangential forces on an asymmetric boundary [11, 12], in
addition to simulations showing that asymmetric bound-
aries can transport active particles [36-38]. Thus, we
expect that a combination of asymmetry and activity
should lead to directional motion of either the bound-
ary or the particles. However, one of the counterintu-
itive results we will find here is that there is actually no
net transport of noninteracting active particles along an
asymmetric corrugated wall if the amplitude of the cor-
rugation is too small. More precisely, the net tangential
current of noninteracting active particles near an asym-
metric corrugate wall does not decrease to zero linearly
as the wall becomes flatter and flatter.

To set up the problem, suppose we have a boundary
with a shape y = h(z) with period 2L and characteristic
amplitude § such that |h(z)| < 6. We can decompose the
shape into Fourier modes as

h(z) =4 Z he (57)

k=—o0

where hiy—g = 0, that is, the shape of the boundary os-
cillates around y = 0. Assuming that the amplitude of
the shape is small compared to the length scale of accu-
mulation or § < A, we can write the distribution as

A a) =€ CO(F) e Hp, (770) Hin, (77,),
n=0 m

(58)
where we now expand the coefficients as
COIF) = af) @) +5 Y b @e T (59)

k=—o0
The functions aﬁi) (g) are simply the solutions for a flat
wall with no corrugation, which we have already com-
puted in Section IV. The resulting equation for the un-

known coefficients bg:?k (g) is

degi)k n2k2 ik d
ik (n) _Im wy
e T 7 i A
(60)

where

wy =00+ 2me DB (61a)

1 1
wy = f:,,m)y—nk +2(my + 1)b£r7;z,rrzy+l;k:' (61b)



For the boundary condition, we require the normal com-
ponent of the current to be zero at the boundary or

12

J(x,h(z))-n = 0, where 72 is the normal to the boundary.
Assuming that § < A, we can linearize this boundary
condition to get (see Appendix E)

. da("*l) (0) da(nfl) (O) 42 (n)
(n—1) (n—1) ik My ,my—1 Mg, my+1 Am, (O)
oy 05 20+ 102, 0)] T [dy oy ) et O ERE O],
™. (0)
n—1 n—1 ik
b (0) + 2(my + Y (0) 7"2@ —0.
(62)

Determining the coefficients bgz)k (9) is quite straightfor-
ward and the expressions can be found in Appendix E.

sy

Let us start with the simplest case of h(x) = § cos & or
Ri—t1 = % In particular, consider the density p(x, h(x))
along the boundary when the amplitude of the bound-
ary is small 6 < X\ and the wavelength is large L > .
For this slow varying boundary, the density along the
boundary to linear order in the amplitude is

G cos 1~
v2r: o L

Notice that the last term, which captures the effect of
corrugation, is proportional to %. Thus, the change in
density is related to the local curvature of the bound-
ary with more active particles accumulating on the con-
cave sections than on the convex sections. The correc-
tion due to the corrugation can be written as €2 pbulkﬁ,

p(iL’, h(m)) ~ ppulk |1+ ) (63)

2

- 2 . .
% is the radius of

where R = [1 + (%)2} 227};

curvature at the maxima and minima of the corrugated
boundary. Note that this is in exact agreement with the
result for the densities outside and inside a large circular
boundary with radius R > A (Egs. (48) and (50)).

Let us now consider a more complex example. Sup-
pose we have a sawtooth-shaped boundary (Figure 8,

top) given by
276(53 + L),

W) = =0+ @ —L <z <(L
§— w2yple—CL), (L<z<L

~

(64)

The asymmetry is controlled by (, where {( = 0 cor-
responds to a symmetric sawtooth. Unlike the simple
case of a cosine-shaped boundary, the sawtooth is not
twice differentiable near the sharp tips, and so curva-
ture is not well-defined. In Section V B, we studied how
the density at the tip of a wedge depended on the an-
gle of the wedge. Using a sawtooth-shaped boundary,
we can obtain the dependence of the density on angles
near 2a = 7. Taking the slow-varying symmetric saw-
tooth with § <« A and L > ), the active particles
near the tip at x = 0 effectively see a wedge with an-
gle 20 ~ 7+ 4—57 where § > 0 and & < 0 correspond

(

to convex and concave, respectively. Writing the density
as p(z,y) = pouik [1 + €2A(x,y)], just as we did for the
wedge, we find that the correction to density at the tip
is (see Appendix E)

48
Asip = A(0,0) = 1+ fS ~1-0442a — 7). (65)

Before we conclude this section, we briefly discuss the
currents of noninteracting weakly active particles in the
presence of a corrugated wall. The explicit forms of the
currents can be found in Appendix E. For a boundary
with an asymmetric shape, one expects there to be a net
flux of active particles along the boundary. For example
in suspensions of bacteria, it has been seen that swim-
ming bacteria can be directed by funnels and can rotate
gears with asymmetric teeth [10-12]. However, for our
case of an asymmetric sawtooth boundary and noninter-
acting weakly active particles, we find the surprising re-
sult that there is no net drift along the wall to linear order
in the amplitude § of the corrugation. Mathematically,
this is easily explained by noticing that the coefficient
equation (Eq. (60)) and boundary condition (Eq. (62))
are all independent for each mode k. Since each mode is
a symmetric sine or cosine wave, none of them contribute
to a net drift. In addition, there is also no net tangential
force on the boundary by the same reasoning.

In order to get a net tangential drift or force along
the boundary, we need to couple modes with different k,
which can be done by introducing nonlinearities. There
are two possible ways to do this. The first way is go-
ing beyond the linearized boundary condition (Eq. (62))
and considering higher orders in the amplitude 6. In
fact, noting that the transformation § — —d should sim-
ply flip the direction of drift, the drift of noninteracting
weakly active particles due to an asymmetric corrugated
boundary should scale as 3 for small amplitudes of cor-
rugation. This nonlinear scaling with amplitude of cor-
rugation has been seen in simulations of noninteracting
active particles [36]. The calculation for going beyond
the linearized boundary condition is rather involved and
will be reserved for a future work. The second possible
way is including interactions such as alignment between



the active particles. Interactions may make it easier for
an asymmetric boundary to induce net fluxes. In fact, it
has been seen in simulations of aligning active particles
in corrugated channels that the net currents along the
channels can actually be linear in the amplitude of cor-
rugation [38], contrasting our result for noninteracting
active particles.

Note that while there is no net tangential drift to linear
order 4, there is still a local circulation of active particles
(Figure 8, bottom). These local fluxes of active parti-
cles towards the concave parts and away from the convex
parts of the boundary are responsible for the increases
and decreases of the densities in those parts, respectively.

VII. A PROBLEM IN SPHERICAL
COORDINATES: ABSORPTION OF ACTIVE
PARTICLES AROUND A SPHERE

For the final case, we will consider an absorbing bound-
ary as opposed to a impenetrable boundary, which has
been our focus thus far. In particular, let us consider
a uniform bath of weakly active particles in which we
place an absorbing sphere (Figure 1e). We are interested
in determining the steady-state rate at which these ac-
tive particles are absorbed and how that rate differs from
that of passive Brownian particles. For the absorption of
passive Brownian particles, this is known as the Smolu-
chowski problem [34].

In spherical coordinates, we write the dimensionless
distribution as

A7, 0,0,7) = > _ "> CH(F,0,9)
n=0 m
x ¢ Hyp, (i) Hyn, (1) Hon (772)
(66)

The coefficients satisfy

19 (NQ acyy
T

72 F or
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+ sin @ +
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where the components of w in spherical coordinates are

Wy = Wy sinf cos ¢ + wysinfsin g + w, cosh, (68a)

Wy = Wy cos f cos ¢ + wy cosfsing —w, sinf, (68b)

Wy = —Wg SN @ + wy, cos @, (68¢)
and

we = OO Y o+ 2mg + )CHT L (69)

(n—1) (n—1)

Wy = Cmm,my—l,mz + Q(my + 1)sz,my+1,mz7 (69b)
w,=Co ) 2ma+ )OS (69¢)

If the sphere has a radius R, then the absorbing boundary
condition at r = R gives us the condition on the coeffi-
cients C',(,:f)(ljl7 0, $,m) = 0. Details of the solution can be
found in Appendix F. Taking p(r, 0, ¢, 1) and integrating
out 1, we obtain to order €2 the density

p(r,0,9) R 5, A [—e‘M}E,
.

ESLRERZAV VN kS A
Pbulk r A+ V2R
(70)

where ppyuk is the uniform density far from the sphere.
The first part is the familiar 7! solution for passive
Brownian particles while the second part is the correc-
tion due to activity, which elevates the density near the
absorbing sphere. The radial current is

2 V2R
€ w{) , (11

from which we calculate the capture rate « =
| [ J-(R,0,0)R*sinfdf dg | as

Dy R
J’I‘(T70)¢) =~ _pbl% (1 +

2 V2R
n_n()(l—l—e m), (72)

where kg = 4mppuDpR is the well-known capture rate
for passive Brownian particles [34], which depends on the
radius and not the surface area of the sphere.

The correction due to activity is a new result. There
are two limits: a large target R > A\ and a small tar-
get R < A. For a large target, the time it takes the
weakly active particles to passively diffuse over a dis-
tance comparable to the radius of the absorber is much
longer than the persistence time (1 < R%/D,). On this
time scale, the active particles appear effectively diffusive
and we find the capture rate k ~ 47 ppu R(D, + v27/3),
which can be interpreted as just that of a diffusing par-
ticle with effective diffusivity Deg = D, + v®7/3. For a
small target, however, the time it takes to diffuse over
the radius of the absorber is much shorter than the per-
sistence time (7 > R?/D,). On this time scale, the
propulsions of the active particles appear persistent. We
find k ~ 4mppruiR(D, + v27v2R/3)). Note that the
correction to the rate due to activity scales as R2, which
is related to the surface area or cross-sectional area of
the absorber. This is reminiscent of the capture rate
K~ pbulkvR2 for a spherical absorber in an ideal gas of
ballistic particles [35], whose mean free paths are longer
than the radius of the sphere. One key difference of
course is that while the propulsions of our weakly active
particles appear persistent, their motions are still domi-
nated by passive Brownian diffusion. To summarize, in
both cases of a small and large target, we find that ac-
tivity increases the density and enhances capture rate of
active particles near an absorbing boundary.
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FIG. 8. Top: Sawtooth-shaped boundary defined by Eq. (64).

Bottom: Currents J(z,y) = (Jz(z,y), Jy(z,y)) due to

sawtooth-shaped boundaries with asymmetry ¢ = 0 (left) and ¢ = 0.5 (right) computed using the first 20 modes of h(z).

VIII. DISCUSSION AND CONCLUSION

We studied how noninteracting weakly active parti-
cles, for which activity can be treated perturbatively, be-
have near various types of boundaries in different geome-
tries; for example, active particles moving on a line or
in a wedge-shaped region, interacting with a corrugated
wall, or absorbing around a sphere. The key to making
progress on this problem is to include passive Brownian
diffusion, which allows us not only to cleanly formulate
boundary conditions for the different types of boundaries
but also to solve the problem systematically. In other
words, by treating activity perturbatively, we can take
the solutions for passive Brownian particles, which are
often known, and use them to iteratively compute the
corrections due to the activity. We formulated a rela-
tively simple series solution for the distribution of active
particles that consists of an expansion in powers of the
Péclet number, which characterizes the strength of activ-
ity, and an expansion in terms of Hermite polynomials.
This series solution reduces the Fokker-Planck equation
for the distribution of active particles to a simpler partial
differential equation and in some cases, to an even sim-
pler ordinary differential equation. We summarize below
some of our main results for the different geometries.

By considering the simple cases of noninteracting
weakly active particles confined by one or two impen-
etrable walls in 1D (Section IV A), we found that the

active particles on average propel towards nearby walls.
This leads to accumulation and an increase in pressure
exerted on the walls. In particular, we found that the
pressure follows the ideal gas law but instead of being
proportional to the density in the bulk, it is proportional
to the increased density at the walls.

We also determined how the curvature of a boundary
affects the accumulation of weakly active particles (Sec-
tion V). For the case of a circular boundary, we found
that the accumulation is proportional to the curvature of
the boundary. This last result has been shown to hold
in the limit of strong activity [27-32]. Thus, our ap-
proach for studying the limit of weakly active particles
can potentially gain us insight into the opposite limit.
For the case of a wedge-shaped region, we found that as
the wedge angle decreases, active particles farther and
farther from the tip gain on average some propulsion to-
wards it. Interestingly, while this propulsion does in-
crease the density near the tip, we found that the ac-
cumulation has a rather weak dependence on the wedge
angle. This is due to passive Brownian diffusion which
tends to smooth out variations in density.

Finally, we have also obtained novel results for weakly
active particles near a corrugated boundary and around
an absorbing sphere. Near a corrugated boundary (Sec-
tion VI), particularly one shaped like an asymmetric saw-
tooth, we found that there is surprisingly no net trans-
port of noninteracting weakly active particles along the



boundary to linear order in the amplitude ¢ of the cor-
rugation. This is due to the linearity of the boundary
condition and the Fourier modes that make up the shape
of the wall. We argued that in order to observe net cur-
rents we have to introduce nonlinearities such as going
beyond the linearized boundary condition or including
interactions between the active particles. For our case
of noninteracting weakly active particles, we expect to
see net currents at order §2. A nonlinear dependence
on ¢ has been seen in simulations of noninteracting ac-
tive particles [36]. For interacting active particles, it is
more difficult to determine the dependence. However, it
has been observed in simulations that for active particles
with aligning interactions, the net current is linear in
[38], suggesting that interactions may enhance the trans-
port of active particles. For an absorbing sphere placed in
a bath of active particles (Section VII), we computed the
rate at which the weakly active particles are absorbed.
This is the active version of the Smoluchowski problem
[34] for passive Brownian particles. We found that activ-
ity elevates the density near the sphere and enhances the
absorption rate. Thus, activity may be useful in enhanc-
ing the self-assembly of colloidal structures [39].

Before we end this story, there are some interesting fu-
ture directions to consider. The first direction is finding
the exact solution for the distribution of noninteracting
active particles near the simplest case of a flat wall. By
“exact”, we mean a closed-form expression for the distri-
bution or, at a minimum, for all the coefficients in our
series solution. With the current approach, one can sys-
tematically compute higher and higher orders. However,
the expressions, though straightforward, become increas-
ingly cumbersome to write down. The goal would be to
find a pattern in the coefficients that one can exploit.
Finding a clean way to do this could aid us in finding
more exact solutions in other interesting geometries.

The second direction is going beyond the linearized
boundary condition for a corrugated boundary. As we
found, there is no net transport of noninteracting active
particles or net tangential force along an asymmetrically-
shaped boundary to linear order in the amplitude of the
corrugation. In order to observe net tangential currents
or forces, one will need to consider higher orders in the
amplitude. It would be interesting to perform this calcu-
lation and to analytically compute how fast active parti-
cles are transported by an asymmetric wall or how fast an
asymmetric wall is pushed like a gear by active particles.

Finally, it would be interesting to extend the approach
developed here to more realistic models of active parti-
cles. This includes studying other models of active par-
ticles such as active Brownian particles, which typically
model many types of self-propelled colloids [6, 7], and
run-and-tumble particles, which typically model bacteria
[4]. More generally, it may be interesting to study models
where the correlations are not exponential or the persis-
tence times have a broad distribution, as has been seen
in some bacterial systems [40]. An important question is
whether there are critical differences between the many
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models of active particles, for example, when interacting
with boundaries. In addition to studying different models
of active particles, it would also be interesting to include
interactions between particles in our approach. It has
been seen that a simple repulsive interaction can have
significant effects on the density and pressure of active
particles [9, 41]. Similarly, as was discussed, interactions
may affect the transport of active particles in corrugated
channels [36, 38].
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Appendix A: Mathematical preliminaries
1. Hermite polynomials

The dynamics of the active force n (Eq. 3) can be
mapped to an overdamped particle in a quadratic po-
tential. Naturally, Hermite polynomials should come in
handy. Consider the ODE

d*F d

42— (fF 2F =0.
dﬁ2+ dﬁ(n )+ kK 0

(A1)
Note that the first two terms are the active parts of the
Fokker-Planck equation for the distribution active parti-

cles (Eq. (5)). Taking F(7j) = e~ H(#j), we have

(A2)

The solutions satisfying the condition that F'(77) decays
sufficiently quickly as |77 — 0 are Hermite polynomials
H,,(7) with eigenvalues 2 = 2m. The first few are

Ho() =1 (A3a)
Hy (1) =27 (A3b)
Hy(7]) = 47" — 2 (A3c)
Hy(7]) = 8i° — 127] (A3d)
Hy(7) = 167 — 487% + 12 (A3e)

These satisfy the orthogonality relation

/ dij e Hy () Hp (1) = V72" 6pm. (A4)
A few useful recursion relations are



and

dH,,
dn

= 2mHm,1. (AG)

For higher dimensions, we will instead have the PDE
ViF +2V;- (QF) + k*F =0, (A7)

the eigenfunctions of which are simply
~92 d
F() = e [] Hu. () (A8)
i=1

with eigenvalues k? = 2(mj + - -+ + my). This easy gen-
eralization to higher dimensions is one benefit of our ap-
proach.

2. Modified Bessel functions

For problems in polar coordinates, the coefficient equa-
tion will often be of the form

10 (LoF\  10°F
For \"or

- 2F — A

72902 " 0, (A9)
where k2 = 2(m, +m,). Writing F(7,0) = G(7)ei#, we
have the ODE

1d (_dG w?
;% <rdf) — (7,;2 + K G = 0,
The solutions to this ODE are the modified Bessel func-

tions of the first and second kinds I, (k7), K, (k7). A few
useful recursion relations are

(A10)

%I#(m?) = I, 1(k7) — L1 (kF), (Alla)
%d%(:f) = L1 (KF) + L1 (KF), (A11b)
f%m(m = K1 (k7)) — Kpar (57),  (Allc)
2T _ g, (k) + Ky (s). (A1)

There are some useful asymptotic forms. For x7 > 1, we
have

1,(k7) ~ \/%e“ (1 - 4“;; 1) : (A12a)
K (k7)) =~ \/;e—m”‘ (1 + 4“81; 1) . (A12b)
For k7 < 1, we have
I, (KF) ~ F(u1+ 5 (";TY (A13a)
Ko (kF) ~ {;(21:)1 ((@) . " Z;g (A13b)
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For problems in spherical coordinates, modified spher-
ical Bessel functions will instead be used. The PDE we
will be dealing with is of the form

10 (,0F )
a( 6%) s

+ ! 2 sinﬂa—F +71 (“)QiF_O
72sin6 90 00 72sin20 02

(A14)

where k? = 2(my + my + m;). Defining F(r,0,¢) =
G(r)Y;™(0, ¢), where Y™ are spherical harmonics, we ob-
tain the ODE

15(7:2(90)_ {1(1“)7%2}0:0.

2or \| oF 2

(A15)

The solutions to this ODE are the modified spher-
ical Bessel functions of the first and second kinds
11(k7), ki (k7). For our purposes, we only use the latter,
the first few of which are

ko(kT) = ’“:f (Al6a)
ki (k7) = % (A16b)
by () = efm(,g?f:?)—;?m?: + 3). (A16¢)
Two useful recursion relations are
LAY ) = B a (6F) — Ky (5F), (Al7a)

2041 dky (k7)
K dr

= lklfl(lﬂz) + (l + 1)]€l+1(l€f). (A17b)

3. Kontorovich-Lebedev and Mellin transforms

In wedge-like geometries 0 < 7 < oo and 67 < 6 < 65,
we no longer have periodicity in #. In addition, the den-
sity must remain finite as r — 0 or r — oo. This requires
the use of modified Bessel functions with purely imag-
inary order Kj;,. This gives rise to the Kontorovich-
Lebedev (KL) transforms, which are often used for
various problems in wedge-shaped geometries [42-46].
The pair of transforms is given by

F(v,0) = /0OC fr, Q)Kiy(nf)g, (Al8a)

2 o0
f(r,0) = —2/ F(v,0)K;, (k7)vsinh(mv)dv. (A18Db)
™ —0o0

A table of such transforms can be found in [47]. It is use-
ful to note that K;, satisfies the same recursion relations
as K, (Egs. (A11)). To use the transforms, we start by
noting that K;,(x7) satisfies

1d (_dK, , v
== - - = | K =0.
7 di (T dr ) (” f2> 0

(A19)



Thus, given a PDE of the form
10 (~8C > 1 9%C

- 2 —
o= (752 ) + K20 =0, (A20)

72 062
the KL transform reduces this PDE to the simple ODE

?C L4
W = UQC, (A21)

which has the general solution
=a(v)e”? + bv)e ?.

The functions a(v),b(v) can be determined by applying
the KL transform to the boundary condition on C(r, ).
A useful identity [44] for doing so is

C(v,0) (A22)

K, g A2
/ (wF)dF = 2K CObh 2% cosh v /2’ (A23)
which can be derived from the integral definition
K, (k7) = / e R eosht cog(ut)dt. (A24)
0

Another transform is the Mellin transform, which is
applicable to the case of kK = 0 in Eq. (A19). The pair of
transformations is

F(z,0) / f(7 0)7tdF, (A25a)
se0= [ er-zﬁ (a250)
" B c—100 s 2mi’

where ¢ is chosen such that there are no poles for Re(z) >
c. Since for our situation density must be finite, we can
set ¢ = 0 for physical reasons; otherwise we will have
divergences as 7 — 0. A table of Mellin transforms can
be found in [48].

Appendix B: Series solution in arbitrary dimensions

‘We show here the series solution in d dimensions. Just
as before, we expand the density in powers of € as

o0
7) =Y " p" (7, 7).
n=0

Substituting this into the dimensionless Fokker-Planck
equation (Eq. (9)), we arrive at

(B1)

V25 (ﬁ)+v2 (n)+2v ( 5(n )) =27V, "V, (B2)

The expansion in Hermite polynomials is the same as in
1D, except now we have a Hermite polynomial for each
component of 7. Thus, writing each order of the density
as

(B3)

d
1) = 3@ T
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we reduce the problem to solving for the coefficients
C’T(,f)(F) = 07(7;’1) mq (7), which satisfy a Helmholtz-type
equation

.....

i=1

d
viom — 2 (Z mi> oM =V . w, (B4)

where the components of w are

= Cnrzl mla—l +2(mq + 1)01(2;;2+1~ (B5)
Here, C’,(ﬁ m.—1 denotes the coefficient cln- l)ma—l,...,md'

The currents J, = 2enp — V,.p and Jn = -2np—V,p
are

d

e’ Z [w - VTC'SZLL):| e HHm (1),

M8

J, =

n=0

[72(ma + 1)C’fﬁm +1}

—7? ﬁ H
=1

It is worth noting that for most of the problems we
solve here, we only need to consider a few coefficients. We
briefly summarize the general procedure in 1D. Passive

:;k“
)
Il
NE
m3
]

3
Il
=)

(B6b)

particles are characterized by C’éo). Using this, we can
determine the next nonzero coefficient CF). Continuing,
we will have 052), 052) followed by CF’), 0353), and so on.
In other words, the nonzero coeflicients C,(,? ) for most of
our problems will often alternate between even and odd
m as we go to higher and higher orders n.

It is also worth noting that if we are interested in,
for example, the density p(7), then integrating out the
active force 1 and using the orthogonality of Hermite

polynomials will leave us with only the m = (0,0,...,0)
terms or
oo
7) =723l o). (B7)
Appendix C: Cartesian coordinates
To summarize for 1D, we expand the density as
p(, Z Z O (@)e™™ Hu(),  (C1)

n=0 m=0

where the coefficients C" (z) satisfy the ODE

d>Cf n (n-1) (n-1)
5 —2mCl) = — [C” +2(m+1)c,:+1].

(C2)



The current J(#,7) along z is

~ 0o ) - - dc(n)
Jo=3 e 3 |OnT) 2(m + O - =

(C3)

1. 1D semi-infinite domain: one wall

By setting J (Z,7) = 0 and using the orthogonality
of Hermite polynomials, we find that the zero current
boundary condition for a single wall at £ = 0 gives the
following condition on the coefficients

e (0 e n
O — D)+ 2m 4 0. (©9

To start, we note that the n = 0 order corresponds to a
passively diffusing particle whose spacial density will be
constant everywhere and the dimensionless active force
7 will be Gaussian distributed in steady state. Thus, we
have

C(O) (i‘) = N577L,07

m

(C5)

where N' = phuicy/2D,7 /7 is the normalization. Using
the zeroth order solution, we can compute the next order
n =1 to get

_Me—\/ﬁigm’b

(C6)
For n = 2, we have

C2(7) =Ne V25,0 + %/ V2e 2 — e—m] S

(C7)
For the next two orders, we will only show the solutions
necessary for obtaining the e€* correction to density in Eq.
(18). For m = 3, we have

C@ (@) =N [({f +1- ;) e~ V28 _ 2\@6—%1 '

(C8)
At this order, the other nonzero solution is for m = 3.
For n = 4, we have

(@) = 2N V2 KZ - 1) eV 4 e%] . (C9)

At this order, the other nonzero solutions are for m =
2,4.

2. 1D finite domain: two walls

The approach here is the similar to Section C1. The
only difference is we now have zero current boundary
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conditions at the two walls at # = &L or

dC (£L - -
OB _ om0 (el + 2(m + )OS (),

(C10)
and a finite number of particles NV between the walls. For
n = 0 we have

CO(&) = Ndmo, (C11)
N 2D, T
where N = 27 *T For n =1, we get
m - =3 m,1- ( )
2 cosh /2L

For n = 2 and beyond, we have to enforce that the num-
ber of particles between the two walls does not change as
we go to higher orders. This condition is

3
/ i (#)dz =0, (C13)
-L

for n > 0. Thus, we have for m =0

()~ cosh /2% _ tanh V2L
Cy’(z)=N (cosh Wi Vi . (C14)

The other nonzero solution is for m = 2.

3. Ramp potentials and pressure

To compute the pressure on solid walls, we start by
representing the boundaries as soft confining potentials
(Figure 9) and then taking the limit as those potentials
become steep. We will focus on the case of two walls at
x = £ L since the case of one wall can be obtained from
the limit L — oco. Consider the confining potential

—flz+L), z<-L
U(z) =10, —L<zxz<L (C15)
fle—L), x>1L

We split the density into three pieces pa, pp, and pc

for the regions £ < —L, —L < & < L, and L < Z,
respectively. We write the densities in the form

(@) =D Y AW (@)e™ T Hyu(i),  (Cl6a)
n=0 m=0

pp(@,a) =Y €Y B (@)e ™ Hp()),  (C16b)
n=0 m=0

po(@i) =3 > O (@e ™ Huli).  (Cl6c)
n=0 m=0

The coefficient equations corresponding to each region
are

azA® . aAly o dwa
ol —2mA£n)=ﬁ, (C17a)



One wall

Two walls

U(z) =140,
- \\\\\ -
|
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—fx, <0

¢ ’ \‘ 0, x>0

—fx—fL, x<—L

—L<xz<L
x>L

—L ! L

FIG. 9. Representation of solid boundaries as ramp potentials

@ di ’(2’?) —omp(m — B (C17b)

dig? + fdf;f) 2mC™ = dw dN : (C17c¢)
where f = 7\}% and

wy = AEZ 11) + (m+ 1)A£Z+11 ) (C18a)

wp =B 4+ (m+1)BUY, (C18b)

we =] 1’ +(m+1)Cr ). (C18c)

The boundary conditions (continuity in density and cur-
rent) at & = +L are

A(=L) = B (L), (C19a)
. - dAW(-L)  aBW(-L)
(n)/__ . m _ m

AR (=L) pr . (C19Db)
B{(L) = CRY (L), (C19¢)

dB{ (L) oy = dCSI (L)

_2om N\ fo(n) _Zm \7

di fOR(L) i
(C194d)

Just as before, n = 0 corresponds to a passive particle
diffusing within the confining potential and the coeffi-
cients are

A0 (3) = Nef @05, o (C20a)
B (%) = Nom,o, (C20D)
CO(z) = Ne™ fa- Lémﬁo, (C20c)

which is related to the Boltzmann distribution. For
n =1, we get

Agrll) (%) = ag1)6m,+(i+i) _ Agef(i+ﬂ)] S, (C21a)
BW(z) = b{Y sinh V236, 1, (C21b)
Cﬁ)(ﬂf) _ 0(11)€—m,+(5c—i) + Agfe—f(i—i)] St
) (C21c)
where
) b Niv2 (C22a)

T 2(\/57 K1,— tanh \@E)’

N‘]?Iil _
A LA _ C22b
! 2(\/§cosh V2L — K1,— sinh \/QL)’ ( )
and
1/~ ~
Fie =3 <f:|:\/f2+8m>. (C23)

For n = 2, we will focus on the m = 0 contribution since
we are only interested in the pressure, which only requires
knowing the density. We have the general solutions

e oD efGHD _ \rf F@+L)
P @ - NI+ De ot
+ Ky +a( ) e +(z+L)’
B () = bl + v\ v2 cosh V27, (C24b)
0(2 _ (2 —f@-L) +N Fra~ —f(@—L)
@) fla - Dy o0

b -
_,{1,+c§ )g=r14(E L)7

where we wish to determine a(()z),b((f),c((f). In addition

to continuity in density and current, we require that all
higher orders n > 0 do not change the number of particles
between the walls. This condition is

/:A((f)( )der/ B (z )d5;+/;o

ci?(@)dz =o.

(C25)
Thus, we find
82) o CE)Z)
N . 2f3L
=2+ 2+ v2f -
2(1+ fL) V2 - K1,— tanh V2L
(C26a)
3@ — ./\/~~ 1 fQI-@l,_tanh V2L ]
1+ fL 2(\/5—/{1’, tanh\/ﬁL)
(C26b)

Knowing the density, we can then compute the pressure,
say for the wall at x = L, to obtain
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212 fL
= TTV tanh

e Nf €?
P:/ fp(z)dr ~ — |1+ T
L 2(1+ %) 1+ L5

where we used the Einstein relation D,y = kpT. Note
that for a finite sized system, the pressure depends on
the confining potential (in this case, on f). This depen-
dence disappears if we take L. — oo, that is, when we
have a bulk where active particles are unaffected by the
boundary. In the limit of a solid boundary (f — o), this

pressure becomes
hv2L
1 + € (1 _ w>

PN—kT
B NGT7

15 oL (C28)

4. Exactly solvable model of 1D run-and-tumble
with passive diffusion

In the main text, we found that the pressure of active
particles on a solid boundary is approximately given by
P ~ pgankpT. We show here, using an exactly solvable
model of run-and-tumble particles, that this relation for
pressure is exact. The steady-state Fokker-Planck equa-
tions for 1D run-and-tumble particles with passive diffu-

sion are
d o Ppy
0=¢EK‘”+v>p4*J%awz—m”+aﬂﬂ
(C29a)

d U’ d%p_
0= . {<v+7) p_} + Dp——5 s + apy —ap_,
(C29Db)

where p,,p_ are the densities of left- and right-moving
particles, v is the swim speed, « is the tumble rate, and
U is a confining potential that is zero in a region —L <
x < L between the walls. To determine the pressure, we
manipulate Egs. (C29a) and (C29b) a bit. We start by
adding the two equations to get

d U’ d2p
0= |-v ~ | +D,%° €30
dz[ v(w)p+7p]+ b (C30)
where p = v(py — p—) and p = py + p—. In 1D, the

current in x must be zero, and so we have the relation

U’ dp
vp=—p+D,—.
P ’yp+ Pdx

(C31)
Multiplying Egs. (C29a) and (C29b) by —v and subtract-

ing, we have

d

) U/ d2
ozwngw—%wmwmﬂ@w

kT

_fir f2r fL
FeT + \/k?BT’Y + 4 + 2 tanh

(

Substituting in the relation (Eq. C31) for vp, we have
d U\ U dp
Y _Zpr
dx [ g < gl ) S pdm]

&2 (U dp U’ d
Dpd?( +Dd)+2a(’vp+Dpdﬂpf)
(C33)

Finally, integrating from deep inside a wall to a point
—L < xp < L between the walls, we find the mechanical
pressure on the left wall

xo
P= —/ U’ pdx

o 034
(o, P ) ey D0t
o P oq TP%o 200 dx?

This is valid in the limit of hard walls since it is indepen-
dent of U(x), and so what remains is determining p(z)
between two hard walls at * = +L with U = 0. The zero
current boundary conditions are

dps (£L
vps(£L) — Dp% =0 (C35a)
dp_(£L
—wp_(£L) — DP% =0 (C35b)
Defining q+ = 88%, Egs. (C29a) and (C29b) can be
rewritten as
P+ 0 0 1 0 P+
d _ 0 0 0 1 _
I p = a a v P (036)
dr | g4 b, ~Db, », U +
q- Dip Dip 0 _DLP q—

\/v2 +2aD,.

The general solutions obeying the symmetry pi(x) =
p—(—x) are therefore

The eigenvalues of the matrix are 0, 0, :I:

py () = co + cre> + cpe™ ¥, (C37a)
p_(x) = co + coe> + cre” ¥, (C37b)
D,

where A = ——=2—. Applying the zero current bound-
/v +2aD,

ary conditions at x = £+L and fixing the number of par-
ticles as IV, we find

N

xTr) =
px() 2L+%tanh§
' . . (C38)
1 n v2 cosh § v sinh %
>< p—
4aD), cosh % 4o\ cosh %



The density is thus

p(x) = p+(x) + p—(2)

_ N N v? cosh § (C39)
9L + % tanh % 2aD,, cosh % ’

which gives us the pressure

B ND,y ( N 02 )
2L + D* tanh £ 2aD,

«

= p(£L)Dpy = pwanDpy

Using Einstein’s relation D,y = kg7, we have P =
pwankpT.

(C40)

5. 2D right-angled corner

In this case, we write the density as

oo

~ ~ n n)(z\,.—n> ~ ~
p(F 1) =D €Y CEI(F)e™ Hy, (i) Hm, (ily)-
n=0 m
(C41)
The coeflicients satisfy
2ol arely ow,  Ow
—2 T C(n) =2 L
972 ENE (me +my)Cr” = 52+ 5
(C42)
where
wy = Ol L+ 2(me + )OO L (C43a)
wy = CY ) 4 2(my + 1)CST ) L (C43D)

The zero current boundary conditions for each wall are

aCH(0,7)

oF = w,(0,7), (C4d4a)
aci (z,0 i
a;) = wy(Z,0). (C44b)

Note that part of the solution will be the sum of dis-
tributions of each wall if it were by itself since the the
coefficient equation and boundary conditions are linear.
This observation will help us get started. There are how-
ever additional terms due to the walls meeting near the
origin, which we highlighted in Section IV B. For n = 0,
we have the usual constant density

Ot m, (&, 5) = N, 00m, 0,

Mg, My

(C45)

where for 2D the normalization is N' = ppun ZD;T. For
n=1,

o NV2 _ s
Cr(rg,my (Z, y) = - Te V2 5mm,15my,0 (C4G>
_ NT\/Ee—\/ﬁﬂ(;mmO(gmy’l.
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CD (i) =N (e*ﬁff n e*ﬁ@) S 06m, 0
(\/ﬁe*% _ eﬂ/ﬁ) S 20my 0
(

V2e % — 6_\/517) Omy,00m, 2

—V2% ,—/2§
€ € y(smz,lamy,l-

(Ca7)

Note that the (mg,m,) = (1,1) term does not result
from the sum of solutions for the individual walls. For
the next two orders, we only show the terms necessary
for obtaining the density Eq. (38). For n = 3, we have

O (E5) =N l(“f too ;ﬂ) v Qﬁeﬁ]

_ N\/ieﬂ/iiefﬁg

2
(C48)
c @5 =N K\f +2- g) eV _2\/2e7%0
_NV2 v
. :
(C49)

Finally, for n = 4,
Céf% (#,9) = 2N'V2 [6_25” + (Z - 1) e‘\/ﬁi:|

+ONV2 [62?7 + (Z - 1> e\/ﬂ (C50)

+ Ne V2E—V20,

Appendix D: Polar coordinates

For problems that require polar coordinates, we write
the distribution of active particles as

pF0,7) =D €S CON(F,0)e™ Hp, (i) Hom, (7ly)-
n=0 m

(D1)

The coefficient equation we want to solve in those cases
is of the form

10 [ o0 1 9205

10 (0Cm”\ 10°Cm’ (n)

7 OF (T or >+F2 062 2(my +my)Cyy )
1 8 ~ 1 811)9

BT



where
w, = {C,&?T__ll) m, +2(mg + 1)6’7(;1 +11) m, } cos 6
(D3a)
[ My, my—l + 2(my + 1)0,,(7“ 7n)y+li| Sine’
[ ,:”1,3”_1 +2(my + 1)6’7(;1 ,1,3 +1} cos 6.
(D3b)
The radial and tangential currents are given by
- _
- acyy
Jr(7,0,7) = €" Wy — —=
' PR (D4a)
— 72 ~ ~
xe " Hp, (nw>Hmy (771/>7
- > [ 1acl)
J9 f707ﬁ = €" W — =Z—F7,—
R N T

1. Solution for a circular boundary

The zero current boundary condition for a solid circu-
lar boundary with radius R is

807(772,7ny (Ra 9) r

= Wy ,0 . D
e wi(R,0) (D5)
For n = 0, we have
Cr(r(L)z my(~7 9) = N(Smm,oémwa (DG)

both inside and outside the circular boundary. Inside

the circular boundary, the normalization is N = X

TRZ
2Dy e is the number of particles. Outside, the

n = 1, we have for

normalization is N =

F<R
W (7 gy = NV2L(V2F)
Conzmy (7:0) Iy(V2R) + I(v2R)

X (COS 95',,%,167”1”0 + sin 95m1705my71),

(D7)
and for 7 > R7
C’S?B m (7:’ 0) = = N\@Kl(\/ﬁf) >
My Ko(V2R + K2(V2R))
X (cos 00, ,10m,,0 + SN 00y, 00m, 1)
(D8)

where I, K, are modified Bessel functions of the first
and second kinds, respectively. For n = 2, we focus on
(Mg, my) = (0,0) since we are only interested in the den-
sity. For 7 < R, we must make sure that the number of
particles remains fixed. This condition is

R 2
/ ) (7, 0)drdb = 0. (DY)
0 0
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Thus, we have

2N [B(VER) - To(VZR) + To(v/27)]

(2)
Coolr0) = Iy(V2R) + I,(v2R)

(D10)

2N Ko (v/2F)
Ko(V2R) + K2(V2R)

(D11)

2. Solution for a wedge-shaped region

The zero current boundary condition for each wall of
the wedge is Jp (7, £, 77) = 0. In terms of the coefficients,
we have the condition

19C5 1, (F, £0)

= 20 = wy (7, La). (D12)

For n = 0, we should have a uniform density of passive
particles or

CO L (7,0) = Ndm, 00m, 0

Mg My

(D13)
For higher orders, we have to make use of the

Kontorovich-Lebedev (KL) transform. The KL trans-
form of our coefficients is defined as (for mg +m, > 0)

émy,a):/ ) (5 0)K,,< 2(mx+my)f> ar.
0 T

(D14)
For n = 1, the coefficient equation is

10 (oo 19Cw
ror | or 7202
(D15)

Applying the KL transform, this coefficient equation be-
comes

2(my 4+ my)CLY = 0.

2A(1)
(9 Cm _ 1/26(1)

- (), (D16)

The zero current boundary condition at this order is

1) (=
100w (7, = .
jm = N(cos adm, 00m, 1 F Sin &by, 10m., 0)-
7 96 x5 ys ) Y

(D17)
Applying the KL transform and using Eq. (A23), the

boundary condition becomes

0% (v, +a) N7
00 2v/2 cosh v /2
X (cos adm, 00m,,1 F SIN A0, 10m,,0)-

(D18)

The solution is
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6%)(1/7 0) = N7v/2 cos asinh 10 o0 1 — wa/isina(':osh vl . (D19)
4v cosh 5F coshva T 4v cosh 5 sinhva ’ v
Taking the inverse KL transform, we have
Cr(rll)(fv 0) = NV2 cos a0m, ,00m, 1 /OO sinlzghsli/r;h v0 Ki,,(\@f)dl/
T 0 (D20)

N\/i sin Oé&mm)l(smwo

K, (V27)dv.

™

/ °® sinh % cosh v6
0

sinh va

For n = 2, we will focus on the (my, m,) = (0,0) solution. Using the n = 1 solution and the recursion relations Egs.

(A11), we have for the coefficient equation

10 GC(()Qg 1 320(()28 AN [ vr [ sino cos o
-— | F—== — == inh — ' iv — 1)0)|K;,_1(V27)d
7 OF <r or ) T o 7r /0 ST (sinh va ' cosh Va> cos{(iv — )6} K- (V27)dv
(D21)
N [ vr [ sina cos o
_— inh — — 1 v+ 1)0|K;, 27)dv,
* 0 /0 S (sinh va  'cosh l/Oé) cos{(iv + 1)6]Kiv.1 (V27)dv
and for the boundary condition
2) /- . . .
iaCé,g (7, £a) _ :|:2\/§N/ sinh v sm2.ozcosh va  cos?asinhva Kiy(ﬂf)du. (D22)
7 00 m 0 2 sinh va coshrva
The solution is
CSO(7,0) = / " a(s) cosh s %ds + / Tginh U (SO 0SNGy — 1)0] K1 (VIR
E R T Jo 2 \sinhva  coshva ot
s . (D23)
vr [ sina cos
— inh — —1 v+ 1)0|K;, 2r)dv,
N ™ /0 ST <sinhya Zcosh1/0¢> cos{(iv + 1)6) K (V27)dv
where a(s) satisfies
° ; NV2 [ vr (sin® acoshva  cos? asinhva d?
inhsa 7 " 1ds = inh — — K, (V2F)dv. D24
/700 a(s)ssinh sa 7 s = /) sinh — ( T p—— > g2 i (V27)dv (D24)

We can in principle determine a(s) using the Mellin
transform. This can be done with a change of
variables by defining z is + 1 and A(z)
2ma (251) 2L sinh (51a). The left-hand side integral

i %
14700
/177Loo

then becomes
which can be inverted using the Mellin transform to ob-

J

A()i— 2 (D25)

2mi’

(

tain A(z) and hence a(s).

In the main text (Section VB), we are interested in
the average propulsion (n)(r, §) within the wedge and the
correction to density A(r,d) near the tip of the wedge.
These can be determined from Cfo) ) C(()’ll) , and C’é?g after
restoring dimensions. We can obtain slightly more sim-
plified forms of these quantities if we consider angles of
the form 2a = 7/2!=1. To do that, we make use of the
following identities for [ > 2

. 2i72—1
sinh v /2 (271 —1 - 2k)m (271 —1-2k)m
——— coshvf = h h — D2
sinh /2! cosh v6 ,; {cos v [ 5 + 0| + coshv ol ol ¢, (D26a)
1—2
sinhvr/2 <. (21— 1—2k)r , (21— 1—2k)r
sinh o 20 sinhvf = Z {smh v [ 51 + 9} —sinhv { 51 — 0] } , (D26b)

k=0
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(21— 1—2k)r

ol—2_1
sihvm/2 k (21 —1-2k)7
coshn /2 M= 3 (-1 {coshy{ !

2[—271

+0] - cost | ~o|} o

9l

2k)m (271 -1 —2k)m

. -1 _ 9 _
sinhyr/2 cosh v = Z (—1)* {sinhl/ [(2 211

cosh v /2!
/ Pt

in addition to [47]

oo
/ cosh av K, (V2F)dv = ge_ﬂfcosa, (D27a)
0

/ vsinh av Ky, (V2F)dy = g\/ifsinae_‘/i’:wsa.
0

(D27Db)

Appendix E: Solution for a corrugated wall

We start with a boundary deformed around y = 0.
Suppose its shape is given by h(x), which has period
2L and characteristic amplitude §. This shape can be
decomposed into Fourier modes as

x) =20 Z hre' T,

(E1)
k=—o00
where we assume that hg = 0 and
he= = [ h(@)e 2 (E2)
F=ors ) MY

We can solve this particular case in Cartesian coordi-
nates. Just as before, we write the distribution as

P ) = €S O (#)e™ Hon, (1) Hin, (7
n=0 m

(E3)
except now we expand the coefficients C’,(:Z) as

CW(7) ~ a(§) + 6 Z b" = (E4)

k_—(XJ ‘
o7 zz[ o
n=0 m
=SS [ o
n=0 m

h) + 2(mg + 1), (8 h) —

Z,h) + 2(my + )OS L (3, h) — e

+ 9} + sinh v [ 5 - 9} } . (D264d)

(

where agfi) is the solution for a flat boundary, the first

two orders of which are

ag,)()) (7)) =N, (Eba)
NV2 s
ag(§) = — =5 eV, (E5b)
ag(§) = Nem V20, (E5c¢)
The coefficients b( 1(7) satisfy the ODE
a2, 72k ik d
m; (n) m Wy
pro — |2(my +my) + 73 bymik = iwx 7
(E6)
where
= bﬁ: ,13 iy T 2(mg + 1)b$;ﬂ,my;k’ (E7a)
wy, = bin,,ik +20my + DY e (ETD)

Finally, for the boundary condition, we require that the
normal component of the current at the boundary to be
zero. Assuming that the function describing the shape of
the boundary is single-valued, the normal to the bound-
ary is

(=h'(#),1) .
1+ h/(3)2

(E8)

’fL:

Therefore, the zero current boundary condition along the
wall, J(z, h(Z),7) - 7o = 0, is

.- dh -

—Jo(@ h(@)0) = + Jy (@ h(@),m) = 0. (E9)

To make progress, we assume that the amplitude of the
corrugation is small compared to the accumulation of ac-
tive particles or 6 = §/A < 1 so that we can linearize the
boundary condition Eq. (E9). The currents Jo(Z,h,7)
and J, (&, h, 1) are given by

- dei(a, ﬁ)] -
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Substituting these currents into the boundary condition Eq. (E9) and using the orthogonality of Hermite polynomials,

we obtain for each order n

Finally, inserting the expansion of ol (Z,h) in terms
of agz)(iz) and bx)k(ﬁ) (Eq. E4) and Taylor expanding
everything about & = 0, we can collect all terms of order &
and use the orthogonality of the Fourier modes to obtain
the boundary condition for the coefficients b( n) . (7) shown

in the main text (Eq. 62). Note that the zeroth order
boundary condition, which corresponds to that of a flat
wall, is already satisfied.

Solving for bEZ?k (9) is straightforward. We find

b (7) =0 (E12a)
kh _ 2K2 ~
b)) = ik kk 25T (E12b)
Ly/2+ =k
- Nhk\f oV
b((),i;k( ) = 2k2 * (E12¢)
k|h k] -
b(()?());k( Nﬂ o —— e_%y

2+ 71'2kz

\/» 2+7r2k2

2+ 7'r2k2

+ Nhy,

(‘b

(E12d)

For the asymmetric sawtooth in the main text, the
Fourier amplitudes are hy = 0 and

2 [e—iﬂ'k{ _ (_1)k]
T

by, = (E13)

The spacial currents described in the main text (Section
VI and Figure 8) can be written as

7 o~ ~ < [ - ink - ik &
J(Z,7) = €% Z 2bg());k(y) 7 bé?());k(y):| eL’,

k=—oc0 -

(El4a)

[ db® ()] a -
1 ~ 0,0;k ink g
J$y*71'€25 E béik()fdig el .

k=—o0

(E14b)

Since hg = 0 and there is no & = 0 contribution to the
currents, it is easy to see that averaging over a period 2L
gives zero net flux along the wall.

(n) (= 7
) (3 y 5y dCw)(3,h) | dh
— |G o, (@ )+ 2(me + DO L (3, By - =
(n) (= 7, (E11)
. -7y dCm’(Z,h
+ | Cotom, 2 @ B) 4+ 20my + DO (3, h)—déx’] o

As discussed in the main text, we can obtain the den-
sity at the tip of a wedge with angle close to 2o = .
Consider a symmetric sawtooth-shaped boundary (¢ = 0)
with a small amplitude (§ < \) and a long wavelength
(L > X). Writing the density as p(z,y) = poukl[l +
€2A(z,y)], we can compute the density at the tip A(0, )
up to order §. We find

/2+ 7'rzk2)\2 L /2+ 7'rzk2)\2

(E15)

For L > ), the summation weakly depends on L and can
be well approximated by an integral. We thus have

Amp~1+45/ [1 vzt

mL t V24182 V2482
~1-0442a — ),

(E16)

where we used 2« >~ 7 + %

Appendix F: Solution for a spherical absorber

For problems requiring spherical coordinates, we write
the density as

(7,0, 0,m

Z Zc<">re¢

X 6_"7 Hmz (nx)Hmy (ﬁy)Hmz (ﬁz)

(F1)

The coefficients C,(ﬁ) satisfy
10 <~2 oc)
T

72 OF or

) — 2(my + my, 4+ m,)CW

R S e/ W S .4
2sm0o0 \"" " o8 72sin?6 02

10 ) 1w,
=@ W)t T ae () T s a0
(F2)




where the components of w in spherical coordinates are

Wy = Wy sinf cos ¢ + wysinfsing + w, cosh, (F3a)

Wy = Wy cos 8 cos ¢ + w, cosfsing —w, sinfh, (F3b)

Wy = — Wy SN @ + wy, COS @, (F3c)
and

=0 e P 2me + 1)CUT L (Fla)

- O?S?I,im)yfl,m + 2(m + 1)C7(’:I,my+1 my) (F4b)

Wz = C?r’rLlT,rln)y,mz—l + 2(7’TLZ + 1)07(:T,7];L)y,mz+l' (F4C)

For the absorbing boundary condition, we have

C,(,TIL)(R, 0,¢) = 0. For n = 0, we have the usual density
profile for passive particles around an absorbing sphere
given by

R

C’Sr(i) (7:’ 9, (b) = N <1 - 7»;) 6mz,06my705mz,0a (F5)

where NV = ppu(2D,7/7)%/2. For n = 1, we have

n) - N | kB (V27  R?| .
C’E,o),o(r,@,éf’) =5 kl((\/ig) -z sin 6 cos @,
1
) ’ (F6a)
i N [k(2r) R .
C’((),ll),o(r,aaéf’) = °F kl((\/ig) -z sin 6 cos ¢,
1
) (F6b)
i N [ k(27 R?]
C[(),l(g,l(ra 03 ¢) = E kl((\/i;})) - 7:72 COS 9, (FGC)
1
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where k, is the modified spherical Bessel function of
the second kind. For m =2, we will only write the
(Mg, my,m;) = (0,0,0) term since we are only interested
in the density and current. We have

NV2ko(V2R)
2Rk (V2R)

ko(v/27)

@ -
OOOO( g (b) F ko(\/iR)

. (F7)

Integrating out 1, we have for the density

B(7,0,8) = 7/2CSY o (7,0, ) + E7%/2CF) o (7,0, 6)

= N7%/? R
7

3/2 oz
2 N/ { e (M%)} r
1 1+ 2R F
(F8)
The radial current is given by
. acy PYelc)
I (7,0, ¢) ~ _$ 732 4 2032 4, — 80~0’0 7
(F9)
where

W, = 201()1370 sin  cos ¢ + 208711)70 sin @ sin ¢ + 20671371 cosf.
(F10)

) . (F11)

Substituting everything in, we arrive at

V2R

- N73/2R
Jp(7,0,¢) = ———— [1 42—
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