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Reverse osmotic effect in active matter
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In nonequilibrium active matter systems, a spatial variation in activity can lead to a spatial variation in
concentration of active particles satisfying, at steady state, the condition nUU = const [Schnitzer, Phys. Rev. E 48,
2553 (1993); Tailleur and Cates, Phys. Rev. Lett. 100, 218103 (2008)], where 7 is the number density and U is
the active (swim) speed. We show that this condition holds even when the variation is abrupt and when thermal
Brownian motion is present provided that the Péclet number is large. This spatial variation in swim speed and
concentration produces a fluid pressure distribution that drives a reverse osmotic flow—fluid flows from regions

of high concentration to low.
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I. INTRODUCTION

Colloidal active matter systems such as motile bacteria and
catalytic Janus particles display interesting out-of-equilibrium
behaviors [1-13]. Moreover, these behaviors can be tuned
using external means such as light [14,15]. Spatial control of
activity can direct transport [16,17], which offers a number of
intriguing applications, e.g., bacteria can reproduce images by
projecting light patterns [18,19].

The concentration variation resulting from a spatial vari-
ation in activity was first explored by Schnitzer [20] and
later by Tailleur and Cates [21-23], who showed that for
slow spatial variations in one dimension the number density
n is inversely proportional to the speed of self-propulsion or
swimming U, i.e., nU = const. This relationship has recently
been demonstrated experimentally [24].

We generalize this finding and present results for an abrupt
change of activity in any dimension and include the effects of
thermal Brownian motion, allowing us to span the complete
range from thermal to active transport. We consider simple
planar geometries that permit analytical solutions and com-
pare the results to Brownian dynamics (BD) simulations. We
show that a spatial variation in activity can be utilized as a
novel pump: fluid moves from regions of high concentration
to low—a reverse osmotic flow.

II. MODELING OF MICROSWIMMERS

The microswimmers are modeled as active Brownian par-
ticles (ABPs) that swim at speed U in direction ¢ and undergo
translational and rotational Brownian motion. We limit our
analysis to dilute isothermal suspensions of spherical ABPs in
order to illustrate the basic physics. In addition to the swim
speed, the ABPs are characterized by translational Dy and
rotational Dy diffusivities; the latter gives the reorientation
time tg = 1/Dg. Dg can be independent from Dy = kgT /¢ so
that athermal sources of reorientation are allowed. Here, ¢ is
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the Stokes drag coefficient and kg7 is the thermal energy. All
three transport properties U, Dy, and Dg may vary spatially.
We note that since isothermal suspensions are considered, a
variation in Dy is equivalent to a spatially varying ¢, which
depends on the viscosity of the suspending fluid and the
hydrodynamics of the low Reynolds number motion of the
ABPs [25]. The behavior is governed by two intrinsic length
scales [26]: the microscopic length § = /D7 1g and the run
length £ = Uty.

The probability density P(x,q,t) for ABPs with ori-
entation g at position x and time ¢ is governed by
the Smoluchowski equation: dP/dt +V - j; + Vg - jpr =0,
where j; = UqP — Dy VP is the translational flux, jp =
—DpRrVRP is the rotational flux, and Vg = ¢q x d/9q is the
orientational gradient operator.

The physics is most clearly revealed by considering the
first few orientational moments of the probability density; the
number density n = [ P dq satisfies

z_?+v.jl1:0, Jn=Um—D;Vn. (1)

The polar order, m = [ Pq dgq, satisfies
i)_’:l+v.jm+(d—l)DRm=0, 2)
Jm=UQ+ éUnI — DrVm. (3)

In 3), Q = [ P(qq — I/d)dq is the nematic order tensor and
I is the isotropic tensor. Here, d is the spatial dimension for
reorientation.

III. EFFECTS OF ABRUPT VARIATIONS IN ACTIVITY

At high activity, the Péclet number Pe = U{¢/Dy =
¢4 /8)2 >> 1, and the number density balance (1) for no flux is
V - (Um) = 0, which, for a one-dimensional (1D) geometry,
requires m = 0. From (2) at steady state the polar order is

m~
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"~ d(d — 1)Dg
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FIG. 1. Number densities scaled with (n) when U,/U, = 2,
Dry = Dr,, and Dg; = Dg; vs x scaled with the run length ¢, =
U, /Dg,. Dr is systematically changed to show the effect of Brownian
motion. Markers are BD simulations and solid lines are the analytic
solutions of (1)—(3) with Q@ = 0. The inset shows the product of
the number density and swim speed scaled with the overall number
density and the harmonic mean of the swim speeds [U;, = Z(Ul_I +
szl )—l ]

which implies that nU = const, the condition first derived
for 1D reorientations [20,21]. (For motion that is strictly 1D,
0 = 0 because it is traceless [27].) For (4) to hold in general,
Q needs to be small («nl) even when there is an abrupt
change in properties. We show below that this is the case by a
comparison to the solution of the full Smoluchowski equation.
Thus, we close the hierarchy with Q = 0 [26].

To explore the validity of nU = const, when thermal Brow-
nian motion is present and there is a sharp discontinuity in ac-
tivity, we consider two cases. The first is an infinite suspension
of ABPs with a step change in transport properties at x = 0.
In regions 1 (x < 0) and 2 (x > 0), the ABPs have swim
speeds U;, translational diffusivities Dr;, and rotational dif-
fusivities Dg;, where i = 1 or 2. The boundary conditions are
a homogeneous random suspension far from the step change:
ny — n~* and m;, — 0 as x —> —oo, and np — n*t™ and
my — 0 as x — oo. At the discontinuity in properties, the
full Smoluchowski equation requires that the field variables,
n and m, etc., be continuous. Even though nU = const would
predict a discontinuity in n at x = 0, the problem is singular,
and thermal Brownian motion, no matter how small (no matter
how large Pe), will result in a boundary layer of thickness
O(Pe™! = Dy /U) where Brownian motion balances advec-
tion and the probability density is continuous. Thus, n, m,, and
the fluxes j, x and j,, xx are continuous at x = 0. We define (n)
as the scale for the number density: | _LL ndx — 2L(n)asL —
oo. The moment equations are easily solved at steady state,
and the full solution is provided in Appendix A. To verify the
analytical solution, BD simulations have been performed as
described in Appendix B.

Figure 1 shows that when activity dominates translational
diffusion (Pe > 1), the number density jumps sharply at
the boundary and nU becomes constant. In the absence of

translational Brownian motion, indicated by the black crosses
in Fig. 1, nU is constant for all x. Increasing the diffusivities
decreases Pe and smears out the sharpness of the density jump.
The analytic solution gives

np(400) _ GU + CU, + C1C22(U1 —U,)
ni(—o0)  GU, +CU, — CiG(U — Uy)’

where C; = 1/4/T+d(d — 1)/Pe;, showing that the num-
ber density difference is governed by the swim speed dif-
ference and modulated in amplitude by Pe; = U;¢;/Dry;.
This is in contrast to the study in [16], in which it was
found via simulations that a spatial variation in num-
ber density occurred when Dr varied even without ac-
tivity. We confirmed this behavior with BD simulations
and numerical solutions of the full Smoluchowski equation
(see Appendix A).

Next consider a finite suspension of ABPs. The transport
properties change abruptly at x = 0, but the suspension is
confined between two hard no-flux walls, n - j, =0, at x =
—L; and x = L,. Continuity of field variables and fluxes at
x = 0 still applies and the overall number density is (L; +
Ly)(n) = fle ndx. The steady-state analytical solution for
bounded suspensions is straightforward to obtain, but the
resulting formula is not particularly illuminating and it is
difficult to evaluate because of the sharp boundary layers at
both walls and at the point of discontinuity in properties.
Instead, a singular perturbation analysis with three boundary
layers of thickness O(¢Pe~! = D7 /U) is used along with the
overall conservation of number density to obtain solutions at
all positions between the walls. The steady-state analytical
solution and the singular perturbation solution are provided
in Appendix C.

A comparison of number densities obtained by the sin-
gular perturbation solution and BD simulations is shown in
Fig. 2(a). The slight discrepancy near the walls at high Pe
results from the Q = 0 closure losing accuracy [28], not the
invalidity of the singular analysis, which is valid as long as
the two regions are larger than the boundary-layer thickness:
Ly > Dr1 /Uy and Ly > D13 /Us.

The singular perturbation solution also accurately predicts
the polar order shown in Fig. 2(b). Since m ~ Vn from (1)
there is a peak in polar order at x = 0 directed toward the
slower region; net advective transport of particles into the
slower region is balanced by the diffusive transport due to the
number density jump. [Corresponding nematic order obtained
by BD simulations is coupled to the gradient of polar order
and is small (« n) when Pe < 100; cf. Fig. 8 in Appendix C.]

When active matter systems are confined, particles accu-
mulate at the no-flux boundaries in sharp boundary layers
[26]. The number density at a wall n” can be much higher
than in the bulk n™' [see Fig. 2(a)]. Since particles exert a
local osmotic pressure [1°™° = n¢ Dy = nkgT at each point
in space [29], the pressure exerted by active particles is higher
on the wall than far from it. This extra pressure can be
understood in the context of an enhanced diffusivity. Active
particles undergo long-time active random walks, in addition
to Brownian random walks, which increases the diffusivity of
the particles by the swim diffusivity D¥'™ = U£/[d(d — 1)]
[5]. Consequently, the concentration of active particles at a
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FIG. 2. (a) Number densities and (b) polar orders of confined
suspensions of ABPs scaled with the overall number density (n).
Markers are BD simulations and lines are analytic solutions obtained
by a singular perturbation analysis. In all cases, the two regions have
the same translational and rotational diffusivities and length (L/2),
but the swim speeds differ: Pe, /Pe, = (U, /U, )2. The coordinate x is
scaled with L, which is 10 times longer than the microscopic length

scale § = /Dr1x.

no-flux boundary is enhanced by n* = n®*(1 4+ D**I™ /D7),
and thus the pressure exerted on the wall is [1¥ = n"kgT =
nPkz (D 4+ DV™); the contribution n®"%¢ DSW™ is the swim
pressure [5,26]. Since n® U is nearly constant for highly
active particles (Pe &~ DVI™ /Dy >> 1), the pressure exerted
by particles on the walls [T* & nPk¢ DSWIm ~ ¢ (nUk{7 )¢ will
be different in the two regions if the run lengths are different
£y # 0.

To test this prediction, we directly measured the pressure
exerted by particles on the walls IT". From the analytical
solution, the pressure is computed from the number density
at the wall, while for BD simulations the force transmitted
when each APB collides with a wall is monitored. As shown
in Fig. 3, the ratio of pressures exerted by ABPs on the two
walls is predicted very accurately. At large Pe the pressure is
predicted to be linear in the run length, which is borne out
precisely as shown in Fig. 3.
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FIG. 3. The ratio of the particle pressures exerted by ABPs
on wall 1 (z=—L;) and wall 2 (z = L,) scaled by the ratio of
corresponding run lengths. Markers are BD simulations and lines
are the singular perturbation solutions. The two regions have the
same length and transport properties except for the swim speed
[Pe,/Pe, = (U, /U,)?]. The distance between the walls L = L, + L,
is 100 times longer than the microscopic length scale §, in region 2.
In the high activity limit (Pe — o0), the ratio of pressures exerted by
particles on the walls is £, /¢;.

IV. FLUID PRESSURE DISTRIBUTION AND REVERSE
OSMOTIC EFFECT

The difference in pressure exerted by ABPs on the walls
must be balanced by a difference in pressure in the suspending
fluid, otherwise there would be a net force exerted on the
container. Active motion is a force-free motion—particles
push off the suspending fluid and their motion is balanced
by the fluid drag. A container of active matter cannot exert
any net force on its boundary. This is clear for so-called
“wet” active matter—particles immersed in a fluid—but it
also applies to “dry” active matter such as crawling particles
that push off a substrate—the combination of particles and
substrate is force-free.

The force-free condition requires the total pressure in the
suspension to be constant (when there is no flow). The total
pressure P is the sum of the local osmotic pressure I[T%™° =
nkgT exerted by particles and the fluid pressure p;. Since P =
pyr + nkgT = const, the fluid pressure distribution is opposite
that of the number density. From (1), the gradient of the fluid
pressure is directly related to the polar order and the flux of
the active particles:

T3]

Vpy=—-¢Um+¢j,. (6)

Equation (6) is a momentum balance on the fluid. The
right-hand side is the net hydrodynamic force exerted by
active particles on the fluid [30]. The total hydrodynamic force
on an individual swimmer F?° = —¢(U, —u;) + ¢Ugq,
consists of the propulsive swim force F*™ = ¢Ugq, and the
fluid drag F&™¢ = —¢(U,, — u;). Here, « is the index of each
swimmer. Averaging over a continuum volume element with
number density n then gives n(F™9°) = —¢j + ¢Um. The
particle flux is j, = n(u, —uy), where u, = 1lv >, Uq is the
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average particle velocity. The drag force is proportional to the
velocity of a particle relative to the fluid, U, — uy, where uy is
the fluid velocity. Only relative motion produces a drag force,
a requirement of Galilean invariance.

The fluid momentum balance (6) shows that if there is
net polar order—a net swim force—in any region this can be
balanced by a net particle flux, j, = Um, with Vp, =0, or
if there is no particle flux, j, = 0, then there must be a fluid
pressure gradient, Vp, # 0.

How can we understand the origin of this fluid pressure
gradient? When an active particle moves, an equal volume of
fluid is displaced in the opposite direction—there is no net
mass (or volume) flux for force-free motion. (For “dry” active
matter, when one takes a step an equivalent amount of ground
“moves” in the opposite direction.) Out in the bulk where
particles are swimming randomly and there is no polar order,
there is no net flux of material across any plane. At a no-flux
boundary the active particle’s velocity normal to the boundary
is zero; the force from the boundary balances the swim force.
However, the particle has not stopped its “swim strokes” and
thus it is still displacing fluid away from the boundary. Since
the fluid does not exit (or enter) the boundary, there must be a
fluid pressure difference between the wall and the bulk to shut
off the flow generated by the active swimming.

This is easily seen from the solution for the con-
centration and polar order adjacent to a plane wall.
From [26], m, = —%nbuu‘ﬂ)\e’“, where the accumulation

boundary layer thickness A~! = §/,/2(1 4 Ds¥im/D7). From
(6), dps/dz=—tUm, =n""cUtlre**/6 and thus pY —
Pk = —nPke D™VIM, The drop in fluid pressure at the wall is
precisely equal to the swim pressure exerted by the active par-

ticles on the boundary. The total pressure P = p% + n"kgT =

pt}”]k + n®% k5T is constant at each location and there is no net
flux of particles or fluid in the system.

A fluid pressure jump occurs not just adjacent to no-
flux walls, but also at a point of discontinuity in the
swim speed. As seen in Fig. 2(b), there is net polar or-
der across the interface pointing into the slower region and
a jump in concentration and thus a jump in the osmotic
pressure. Since the overall pressure is constant, the jump
in fluid pressure Ap; = p?c”llk — P = (3 — kT =
(n?k 4 n3 K, T (Uy — Us)/(Uy + Us), where we have made
use of nU = const. A fluid pressure difference arises from a
difference in swim speeds.

Now suppose that instead of an impermeable wall, the
no-flux boundaries are semipermeable membranes allowing
passage of fluid but not particles. Active particles accumulated
at the membranes can act—via their swim strokes—as a pump
for the fluid. This pumping action is illustrated in Fig. 4.
Because the run length in the fast region is larger than in the
slow region, the concentration at the fast boundary exceeds
that at the slow boundary, n}’ > ny, even though the bulk
concentration is lower, n®* < n5"X. Thus, the fluid pressure
at the fast wall is less than at the slow wall, p¥, < p%,, and
fluid will be sucked into the container at the fast wall and
ejected at the slow wall. From the perspective of the bulk
concentration this appears to be a reverse osmotic effect—
fluid is sucked into the region with the lower concentra-
tion.
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FIG. 4. A schematic of the fluid pressure distribution and a novel
pumping device powered by the activity of suspended particles. Since
the pressure exerted on a wall by active particles is larger in the
region with the faster swim speed, the fluid pressure is smaller there.
Thus, when two regions with different swim speeds are connected
by a tube and the walls are semipermeable membranes, fluid will
flow from the slower to the faster region—from regions of high
concentration to low.

The speed of the pumped fluid can be estimated as fol-
lows (see Appendix D for details). A suspension of active
particles of 1 yum radius, reorientation time 10 s, and volume
fraction ¢ = 0.2, with swim speeds 5 and 10 um/s in two
regions, produces a flow in a cylindrical-shaped connecting
tube of radius 1 cm of approximately 0.1 um/s (when the
semipermeable membranes are 100 cm? wide with a resis-
tance of 10° m~!). Here, we assumed that the flow does
not significantly disturb the concentration or pressure distri-
butions within the bulk regions, which is true when Pey =
uL/ D™ « 1, where u, is the flow speed in the suspension
container (not the tube) and L is the size of the container.
If Pey is not small, one needs to solve the Smoluchowski
equation including the advective flux u P in the translational
flux j,.

We have considered dilute suspensions in this paper, but
the physical processes associated with a variation in trans-
port properties should be qualitatively the same even when
particle-particle interactions are significant. To determine
fluid pressure distributions in such systems, the mechanical
balance still applies with the inclusion of the collisional
pressure of particles [5].
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APPENDIX A: ANALYTICAL AND NUMERICAL
SOLUTIONS FOR AN INFINITE SUSPENSION OF ACTIVE
BROWNIAN PARTICLES

We present an analytic solution for the infinite suspension
of active Brownian particles (ABPs) with a step change in
transport properties obtained with the Q = 0 closure. In re-
gions 1 (x < 0) and 2 (x > 0) the ABPs have swim speeds
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U;, translational diffusivities D7;, and rotational diffusivities
Dg;, where i = 1 or 2. The overall number density is (n) =

limy _, o ffL ndx/(2L). By solving (1)-(3), we obtain

My = Mmye™, (A1)
i GU, - U .
SR 1] ) M O
n¥ (g + &) G — )
where
1
mo _ 77U =) A3)
(n) (%‘ + g—j) —3(U = U)(C) = Cy)
n¥>® (B +&) FGWU -
n (L + L) LU, —U)(C - C) (A9
(_1+c_2)_§(1_ W)(C —Gy)
= YAzl P (AS)
T} dd—1)
1
C = (A6)

Here, the subscript i indicates the two regions (1 or 2), §; =
/Dri/Dg; is the microscopic length scale related to the trans-
lational difoSiOI‘l, PC,’ = Uie,’/DT,' = Uiz/(DTiDR,') = (Ei/Si)z
is the Péclet number, which is a measure of the activity of the
ABPs, nT> is the number density far from the step change
in transport properties (x — F00), d is the spatial dimension
for reorientation, upper signs are for region 1 (x < 0), and
lower signs are for region 2 (x > 0). Note that the inverse
screening length A; is the characteristic length scale of the
decay of step changes in the field variables. A modified Péclet
number C; ranges from 0 when Pe; = 0 to 1 when Pe; — oo.
The overall number density is simply (n) = (n=> + n*>)/2
for an infinite suspension.

The analytical solution predicts that the number density
and polar order are governed by the swim speed and mod-
ulated in amplitude by the product of the translational and
rotational diffusivities Dy Dg. When there is no difference in
swim speeds (U; — U, = 0), the suspension is homogeneous;
the number density is uniform and the polar order is zero
everywhere. Also, the number density is always lower in the
region with higher swim speed, and the nonzero polar order
points toward the region with slower swim speed. A typical
distribution of number densities nT>°/n~> is presented in
Fig. 5.

The number density changes rapidly only near x = 0. Since
m ~ Vn, the polar order field is nearly zero everywhere
except near x = 0, where it has a peak as seen in Fig. 6(b).
The sharpness of the peak increases as the screening length
A~! decreases. In the singular athermal limit (D7 — 0), the
number density satisfies nU = const and the polar order be-
comes a §-function if swim speeds are different in the two
regions.

We have obtained numerical solutions of the full Smolu-
chowski equation with the finite-element method in order to
verify the predictions of the analytical solution (A1)-(A6)
obtained by the Q = 0 closure. Figure 6 shows that solutions
of the full Smoluchowski equation agree with the Q =0

1 ntoo
n—OO
08 !
:37 09
& 0.6 0.8
N
+ 0.7
Z 04 06
N
~ % 0.5
S Pey _ (1),
0.2 Pe, U, 0.4
03
0 02
0 0.5 1

Cy = (142/Pey)”2

FIG. 5. Contour plot of n*t>®/n~> for U,/U; = 5. The modified
Péclet numbers C; = 0 when Pe; = 0 and C; — 1 when Pe; — oo.
The black line represents the case when diffusivities are the same in
the two regions. When activities in both regions are high (Cy, G, =
1), n*t*/n~>° ~ U, /U, = 0.2, i.e., nU = const. If either of the two
regions is diffusion-dominated (C; = 0), the number density becomes
constant throughout the whole suspension: n*>® = n=>°,

closure and that the variation in the number density and the
peak of the polar order only occur when the swim speed is
different in the two regions.

If suspended particles are not active in one region, say
region 2 (i.e., U, = 0), the analytical solution is given by

my = mye*, (A7)
My, = mye’, (A8)
1
n ClPeE eMx
— =1+ -2 (A9)
n (é —C))Pe}, + 1
ny=n"®, (A10)
where
1
Lol
—Pe?
My _ Jd 1,? ’ (A1)
) (clI - %)Peli,z +1
(g —Ci)Pej,+1
(ny 1l Cl\pai ’ (Al2)
(a — 7')Pe1{2 +1
1
PR aPei, +1
ny (1 | Cl\pas ’ (AL3)
(c_l - 7‘)Pef2 +1
UZ
Pe; » 1 (Al14)

~d(d — )Dr2Dgy’

Here, Pe;, is the global Péclet number and it represents
the relative significance of advective transport in region 1
compared to diffusive transport in region 2.

By comparing (A1)-(A6) and (A7)—(A14), we observe an
interesting difference between passive-like ABPs (U > 0 and
Pe — 0) and passive Brownian particles (PBPs; U = 0 and
so Pe = 0), which show the identical diffusion-dominated
dynamics [31,32].
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FIG. 6. (a) Number densities and (b) polar orders scaled with
(n). Black dashed line represents the analytical solution obtained
by the @ = 0 closure [(A1)-(A6)] and the other lines are obtained
by solving the full Smoluchowski equation with the finite-element
method. The position x is scaled with the run length £, in region
2. In region 1 (x < 0), Pe =2 and in region 2 (x > 0), Pe = 1.
The number density changes only when there exists variation of
swim speed. Also, the assumption of Q = 0 does not compromise
the accuracy significantly when Pe < 100 for which the effect of a
nematic field is not prominent.

APPENDIX B: BROWNIAN DYNAMICS SIMULATIONS

The Brownian dynamics (BD) simulation is a numerical
solution of the overdamped Langevin equations, which de-
scribe the motion of an ABP:

0= —Cx+F™m 4 FB (B1)

0=—zzR+ L%, (B2)

where x is translational velocity of the particle, @ is its
angular velocity, ¢ is the translational drag coefficient, g
is the rotational drag coefficient, F swim i< the swim force
for self-propulsion, F? is random Brownian force, and LX is
torque for reorientation of the particle.

The swim force F*¥™ = ¢Uq is exerted toward the swim-
ming direction of a particle ¢ (¢ - ¢ = 1) with a magnitude
of ¢U, where U is the swim speed of an ABP. The random
Brownian force F? is defined with conventional white noise
properties: F2(r) = 0 and FB(0)F2(t) = 2kgT ¢5(1)I, where
~ is the ensemble average. Similarly, the reorientation torque
L® is defined as LR(t) = 0 and LRO)LR(t) = 2¢28(t)I/tx.
The swimming direction of a particle changes due to its
angular speed: dq/dt = @ x q.

The BD simulation is performed by integrating the
Langevin equations numerically in time. We have used the
explicit Euler method with intrinsic error from the numerical
method of O((At)?). However, errors of O(At) occur in
positions of particles whenever they pass the interface of
the two regions. Therefore, the overall magnitude of error of
simulations is O(At). Our choice of Ar ensures that errors in
positions of particles from each step are at most an order of
0.1% of the shortest length scale in the system.

For interactions between particles and walls, we use the
potential-free algorithm [33] to model the infinite force from
hard walls. For the 2D simulations presented, the pressure
exerted by particles on a wall is obtained by dividing the force
exerted by particles on the wall with the length of the wall.

APPENDIX C: ANALYTICAL SOLUTIONS TO FINITE
SUSPENSIONS OF ACTIVE BROWNIAN PARTICLES

We now consider a suspension of ABPs between two hard
walls when there is a step change in transport properties in

/ An active suspension with one wall
Yan and Brady (2015) ’

ANNNNRRN

-~

7 Ui, Dr1, Dra ' Uz, Dra, Dpo

1

m?lmt =0 I out

ng"" = const. f my = 0
i ng = const.

>
—I Region 1 0 Region 2 Ly 7T

1 Boundary layers

J— 77, alis

An infinite suspeﬁsion of ABPs with
a step change in transport properties

FIG. 7. A schematic of the singular perturbation analysis with
matched asymptotic expansions. Red and blue lines represent the
number density in boundary layers near walls. If the macroscopic
length scale is significantly larger than the thickness of the boundary
layers, we can approximate the suspension as if it is semi-infinite
with a wall. The leading order solution has been obtained by Yan
and Brady [26]. The green line represents the number density in
the boundary layer where transport properties change. Similarly,
a sufficiently large suspension can be approximated as an infinite
suspension with a step change in transport properties, which we dis-
cussed above. The number densities in boundary layers are matched
with number densities in bulk or outer regions where the number
density is constant to leading order.
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the region between the two walls as illustrated in Fig. 7. The
step change occurs at x = 0 and the two walls are located at
x = —Li(<0) and x = L,(>0), respectively. Again, in regions
1 (—L; £x<0)and 2 (0 < x < L,) the ABPs have swim

speeds U;, translational diffusivities Dr;, and rotational diffu-
sivities Dg;, where i = 1 or 2.

An analytical solution with the Q@ = 0 closure is obtained
by solving (1)-(3) as

J

Mix _ o cosh(A;x) + a; sinh(A;x), (C1)
no no

n; Myo .

— = ya;[cosh(A;x) — 1]+ y; sinh(A;x) + 1, (C2)
no no
where
Ny o A]Az(Ul - Uz)[COSh()\.lLl) - 1][COSh(A,2L2) - 1] + A]U] [COSh()\]Ll) - 1] — AzUz[COSh()\.sz) — 1] (CS)
no %A]U] 51nh(A1L1){1 + Az[COSh()\.sz) — 1]} + %AzUz s1nh(A2L2){1 + A][COSh()\.]Ll) — 1]}
A1 A>(Uy — Up) sinh(ALy)[cosh(AyL,) — 1]+ A U; sinh(A L) + %AZUZ sinh(A,L,) 4
a = ,
! %AlUl sinh(A1L){1 + As[cosh(hL,) — 1]} + %AZUZ sinh(A2L,){1 + A [cosh(AL;) — 1]} )
A]AZ(U2 — U] ) sinh(Asz)[cosh(lel) — 1] + %A]U} sinh()qu) + A2U2 sinh(ksz) (CS)
a = " : )
L AU sinh( L{1 4 Azlcosh(rala) — 11} + L AsUs sinh(RaLo){1 4 Ai[cosh(riLy) — 11}

d—1 Pe,-
A= 1 , Co6
8; + did—-1) (€6)

d
Yi= | (CT)
1
A= ———. (C8)
Pe;
1+ d(dil)

Here, np and m, are the number density and polar order at the step change in transport properties (x = 0). To determine the

value of ng, the particle conservation equation (n) = f _Lil ndx/(L; 4+ L) is used for given overall number density (n).

The analytic solution, however, is not enlightening nor easy to evaluate when the size of a domain is large. We instead have
performed a singular perturbation analysis on the moment equations to obtain a more intuitive and simple analytical solution.

In the singular perturbation, we recognize that there are boundary layers with rapid variation in number density and polar
order. They occur at the point of discontinuity in properties (x = 0) and at each wall. As long as the length L; is large
compared to the screening length A; !, we can construct the full solution by piecing together the boundary layers. The singular
perturbation solutions are valid when the dimension of the suspension is significantly larger than Dy /U: Ly > Dy, /U, and L, >
Dr2/Us.

The leading-order inner solutions within boundary layers near walls are given by Yan and Brady [26] as solutions for semi-
infinite suspensions with one wall. Also the solution we have presented in Appendix A for the infinite suspension is the leading-
order inner solution within the boundary layer between two regions with different transport properties. The outer solutions
far from boundary layers are homogeneous in the leading order: n = n?*(const) and m = 0. By matching inner and outer
asymptotic solutions, we obtain the complete solution

n; 1 CiU - Uy)

=1+ Peie—)»i(Liix) 4 i)L,»x7 9
bk dd—1) +(Z+2) - -y )
mj x 1 1 —Ai(Li£x) Ci(Ul - UZ) 4+
S = Pe;e Lt et |, (C10)
M G [ dd—1) (¢ +&)FGWU - o)
Ui U.
nbulk _ (C—] + C—Z) -G —Uy) C11)
S (g SN GN (RTS

where A; and C; are the same as in (A5) and (A6). Note that nlfulk and ngulk are the same if swim speeds in two regions are
bulk

identical regardless of the other parameters—the number density is governed by swim speed. The bulk number densities ]
and n3"¥ are determined by the conservation of particles:
0 L,
[ mdz [z = i+ Loy, 12)
—L; 0
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FIG. 8. The nematic order of ABPs (associated with Fig. 2) in
a suspension confined between two walls scaled with the average
number density (n). The swim speed of particles changes at x = 0
and the position is scaled with the distance between the two walls
L, which is 10 times longer than the microscopic length scale . In
all cases, the two regions have the same translational and rotational
diffusivities and length (L/2), but the swim speeds differ: Pe; /Pe, =
(U, /U)%.

With BD simulations, we observe that the nematic order
can become significant at very high activity. Figure 8 shows
that boundary layers of the nematic order develop near the
confining walls and near the step change in the swim speed of
the particles. While the simple closure of Q = 0 captures the
essential physics, it can lose accuracy in the boundary layers
for high activity.

Even though we do not present higher-order closures here,
the shapes of boundary layers in the nematic order can be
explained qualitatively. The nematic order drops sharply and
becomes negative near the walls because most of the particles
leave the walls orienting parallel to the walls. Near the step
change in swim speed, two sharp peaks with different signs
develop. The nematic order is coupled to the polar order by
Q ~ U/DrVm for high Pe. Since the polar order becomes a
sharp peak near the step change, the nematic order becomes a
derivative of the sharp peak, which resembles a shape of the
derivative of a §-function.

Once the number density of suspended particles at a wall
n” (n|_r, or n|r,) is obtained, the pressure exerted by particles
on the wall can be easily computed. The pressure exerted
by particles on a wall is equivalent to the force density,
or pressure, required to hold the wall at rest against the
particles colliding into the wall. This pressure is simply given
by MM* = n"kgT = n®®kgT (1 + D**™/Dy) for a flat wall,
where D™ = ¢2 /(213) is the energy scale of activity in two
dimensions [26,34,35].

APPENDIX D: ESTIMATION OF THE FLUID SPEED
PUMPED BY MICROSWIMMERS WITH SPATIAL
VARIATION IN SWIM SPEEDS

We present steps of the calculation of the speed of the
pumped fluid in a tube connecting two regions with dif-
ferent swim speeds, which is illustrated in Fig. 4. Since
the difference in fluid pressure balances the difference
in swim pressure, |Ap?| = |ATTY| =~ ¢ (n)U,|AL|/[d(d — 1)]
for Pe > 1, where Uy, = 2(U;' + U, ")~! is the harmonic
mean of the swim speeds in the two regions and AZ is
the difference in run lengths. For spherical active particles
of radii a and Stokes drag coefficient { = 6w na, |Aps| =
(3/4)nepUy,|AL)/a?, where ¢ is the averaged volume frac-
tion of suspended particles and 5 is the fluid viscosity.
The pressure drop |Ap,| across a semipermeable mem-
brane is estimated by Darcy’s law: |Ap,| = nOR,,, where
Q is the volume flow-rate, R,, = L,,/(xA,,) is the resistance
of the membrane, « is the permeability of the membrane,
A,, is the area, and L,, is the membrane thickness. As-
suming a cylindrical-shaped connecting tube and laminar
flow, the pressure drop across the tube is |Ap;| = nOR;,
where R, = 8L, /(nrf) is the resistance of the tube and
L, and r, are the length and radius of the tube. Finally, we
obtain the average flow speed in the tube u, from Q =
nrtzu, = 3¢U,|AL|/(8R,, + 4R,). If the tube is not too narrow
(« 1 cm) or long (> 1 m), the resistance of membranes—
L,./x ~ 10° m~! for Nuclepore membranes with a pore diam-
eter of 1 um and even larger for smaller pores [36]—usually
dominates, so we can approximate u; =~ 3¢Uy|AL|/ (Sanrlz).
For a suspension with volume fraction ¢ = 0.2 fora = 1 um
and reorientation time 10 s with two regions with swim
speeds 5 and 10 um/s with 100-cm?-wide membranes with
L/ ~ 10° m~!, the fluid speed in the tube of radius 1 cm
is 0.1 um/s.
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