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ABSTRACT

Active matter refers to a material that consists of individual particles or bodies
capable of propelling themselves; that is, they ‘swim’. Each active particle (or
swimmer) propels itself at some velocity Upq, where Uy is the swim velocity and
q is the swim direction, which is subject to random (Brownian) reorientation on a

time scale 7g.

Despite the complex phenomena in real systems, the minimal active Brownian par-
ticle model exhibits physical behavior. In this model, the particle’s self-propulsion
velocity Uy is usually assumed to be a given constant and q is subject to rotational
Brownian diffusivity Dg = 1/7g. Also, the interaction between active Brownian
particles is usually assumed to be collision only (pure repulsive) (Solon et al., )
or a pairwise additive potential (Redner et al., ). The behavior of this model
system can be successfully explained by thermodynamic-type models, with the in-
troduction of swim pressure as an equation of state (Takatori et al., ; Takatori

& Brady, ).

The swim pressure is analogous to the classic pressure in a gas, and more closely
analogous to the osmotic pressure of a molecular or colloidal solute, and is defined
through the swimming diffusivity D*""" and drag coefficient on each swimmer
l: o™ = —pf D™, Tt is the pressure required to confine the active particles
within a fixed volume, and is the sum of all particles’ collisional forces exerted
on the container walls. Therefore, the swim pressure is a well-defined mechanical

pressure.

In this thesis, we shall see that the applicability of swim pressure extends beyond
the description of a homogeneous, ‘thermodynamical equilibrium’ state. It can be
used in a continuum mechanics formulation to predict the deformation and motion

of general active matter.
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Continuum mechanics is built upon the notion that the conservation of momentum
arises from a balance between surface and body forces. For active matter, the surface
force takes the form of the swim pressure (or a swim stress), while the body forces
include an extra piece that is intrinsically due to activity — the average swim force.
It is shown that the average swim force acts like a body force — an internal body
force. With properly defined surface and body forces, a continuum description is
possible when variations occur on scales much larger than the run length of the
active particles. This is verified with simulations for an active Brownian particle

system under gravity.

Below the continuum mechanics scale, at the level of the individual active particles,
the microscopic origin of the swim pressure is analyzed. A general theory is pro-
posed, as an extension of the theory for passive Brownian colloids, for determining
the force (and torque) exerted on a boundary (or body) in active matter. The theory
shows that the swim pressure is associated with the swimmer-wall collisions and
the accumulation of swimmers close to a non-penetrating boundary. Further, the
accumulation boundary layer is impacted by the detailed shape of the boundary.
With a properly designed asymmetric shape, a passive body immersed in swimmers
can achieve a net force, and that force can be calculated from the active colloidal

perspective.

The notion of swim pressure (or stress) is extended to anisotropic situation. It is
shown that, by manipulating the orientation g, active Brownian particles with a
nematic orientation field exhibit a tensorial anisotropic swimming stress o*""* =
—ng’DSWim, i.e., the pressure on a flat wall can be written as MY = (o*"".n)-n. This
tensorial continuum mechanics view is shown to be consistent with the microscopic

theory, through the formation of the accumulation boundary layer.

The discussions for the minimal active Brownian particle model constitute the

foundation of a mechanical view for general active matter. In this work, chemically
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active particles are considered as an example. They may achieve self-propulsion
by self-diffusiophoresis in a concentration gradient of chemical solutes they create

themselves by patterned surface catalytic reactions.

The chemical solute concentration field provides both self-propulsion and particle-
particle interaction. To probe the system dynamics, the particles’ trajectories and
the solute concentration field must be simultaneous solved. A simulation algorithm
— Accelerated Laplacian Dynamics (ALD) — is developed to track the system dy-
namics. With simulation results, we first clarify the notion of chemical screening
(Morris & Brady, ), which means the perturbation caused by each particle is

screened to an exponentially screened short-ranged perturbation.

Simulations show that uniformly reactive particles, which do not self-propel, form
clusters but no dense-dilute coexistence is observed. Janus particles with self-
propulsion show coexistence of dense and dilute regions, in agreement with the
experiments by Theurkauft ez al., ( ) and Palacci et al., ( ). The steady state
structure of the dense-dilute coexistence can be explained with a continuum me-
chanics model based on a mean-field approach to swim pressure and force balance,

as established for the minimal active Brownian particles model.

The onset of the dense-dilute separation is explained by a stability theory with a
detailed solution of the Smoluchowski equation. When the particle-particle attrac-
tion is strong enough, clusters spontaneously appear from a homogeneous system
of chemically active particles. The instability threshold and spectrum are calculated
with both the detailed Smoluchowski equations and a coarse-grained continuum
approach; the two agree. Self-propulsion decreases the growth rate, but it has no
impact on the stability threshold because the effect of self-propulsion enters at a
higher order in wave number than the competition between attraction and transla-

tional Brownian motion.

Repulsive self-diffusiophoretic particles with homogeneous surface catalytic reac-
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tion are investigated with ALD simulations. By a mapping to the classic one compo-
nent plasma system, the system behavior can be described by a coupling parameter
I'., which compares the strength of diffusiophoretic repulsion and translational
Brownian motion. When confined in a constant-volume constraint, Body-Centered

Cubic crystals may form, and the ‘melting point’is found to be '3¢C ~ 140.



1.

viii

PUBLISHED CONTENT AND CONTRIBUTIONS

Takatori, S. C., Yan, W. & Brady, J. F. Swim Pressure: Stress Generation in
Active Matter. Phys. Rev. Lett. 113, 028103 (2014).

DOI: 10.1103/PhysRevLett.113.028103. W. Yan participated in the concep-
tion of the project and the analysis of data.

Yan, W. & Brady, J. F. The swim force as a body force. Soft Matter 11,
6235-6244 (2015).

DOI: 10.1039/C5SMO1318F. W. Yan participated in the conception of the
project, solved and analyzed the system dynamics, prepared the data, and
participated in the writing of the manuscript.

Yan, W. & Brady, J. F. The force on a boundary in active matter. J. Fluid
Mech. 785, R1 (2015).

DOI: 10.1017/jfm.2015.621. W. Yan participated in the conception of the
project, solved and analyzed the system dynamics, prepared the data, and
participated in the writing of the manuscript.



ix

TABLE OF CONTENTS
Acknowledgements . . . . . .. ... Lo iii
Abstract . . . . . . e iv
Published Content and Contributions . . . . . . . . ... ... ... ..... viii
Tableof Contents . . . . . . . . . . . . . ix
List of Illustrations . . . . . . . . . .. . xi
Chapter I: Introduction . . . . . . . .. .. .o 1
Chapter II: The swim force asabody force . . . . . ... .. ... ... ... 11
2.1 Introduction . . . . ... ... ... 12
22 Theswimforce . . . . . . .. .. ... ... Lo 15
2.3 The global forcebalance . . . . . ... ... ... ... ....... 18
2.4 Particle-phase momentum balance . . . . . . .. ... ... ... 20
2.5 The effect of internal and external body forces . . ... ... .. .. 21
2.6 Suspension momentum balance . . . . .. ... ... ... ... L. 28
2.7 Conclusions . . . . . . . ... L 29
Chapter III: The force on a boundary in active matter . . . . ... ... ... 32
3.1 Introduction . . . .. ... ... 33
32 Theory . . . . . . . e 34
33 Examples . . . . . . L 37
34 Discussion . . . . ... 42
Chapter I'V: The curved kinetic boundary layer of active matter . . . . . . . . 46
4.1 Problem formulation . . . . . .. ... ..o oL 50
4.2 Analytical solution . . . . . . ... ... L oL L 55
43 Results . . . .. . L 61
4.4 Discussion & Conclusions . . . . . .. ... ... .. ... ..., 69
Chapter V: Active matter with nematic orientation: enhanced anisotropy and
tensorial swimstress . . . ... ..o Lo oo 76
5.1 Introduction . . . . . ... ... .. 77
5.2 Nematic orientation order: anisotropic swim diffusivity . . . . . .. 78
5.3 Force on a boundary: the tensorial swim stress . . . . .. ... ... 87
5.4 Conclusions & Discussions . . . . .. ... ... .. ........ 94
Chapter VI: A method to determine the behavior of active diffusiophoretic
suspensions: Accelerated Laplacian Dynamics . . . . . . ... ... ... 98
6.1 Introduction . . . . . ... ... ... 99
6.2 Problem formulation . . . . . .. ... ... oL oL 102
6.3 Method for solution of Laplace’s equation . . . . . . ... ... ... 107
6.4 Results . . . . . . . . 118
6.5 Conclusions . . . . . .. ... e 147

Chapter VII: Clustering of chemically active particles: stability analysis with
the matrix perturbation method . . . . . . . ... ... ... L. 152



7.1 Problem formulation & methodology . . . . . ... ... ... ... 157
7.2 Thebasecase: P=0. ... ... ... ... ... .. ..., 168
7.3 The general case with propulsion: P#0 . . .. ... ... ..... 173
7.4 Active flux and continuum mechanics . . . .. ... ... L. 181
7.5 Discussion & Conclusions . . . . . . .. ... ... .o 188
Chapter VIII: Anti-swarming: structure and dynamics of repulsive chemically
active particles . . . . . . ... Lo 190
8.1 Introduction . . .. ... ... .. ... ... 191
8.2 Problem formulation . . . . ... ... ... L oL 192
8.3 The weak repulsion regime: fluctuating interaction . . . . . . . . .. 195
8.4 The strong repulsion regime: ‘liquid-crystal’ phase transition . . . . 198
8.5 Conclusions & Discussion . . . . . .. .. ... .. ... ..., 200
Chapter IX: Conclusions and outlook . . . . . . ... .. ... ........ 203
Appendix A: The swim force of active matter . . . . . . .. .. ... .... 209
Appendix B: Anisotropic stress under Hfield . ................ 214
Appendix C: Closure of the Smoluchowski equation . . . . . . ... .. ... 216
Appendix D: Principal curvatures . . . . . . ... ... oL L. 218
Appendix E: The notation for rotational flux in 3D space . . . . .. ... .. 220
Appendix F: Faxen Laws for a homogeneously reactive particle . . . . . . . . 222
Appendix G: Faxen Laws for a Janus reactive particle . . . .. ... ... .. 224
Appendix H: All contributions of & in the Ewaldsum . . . . . .. ... ... 226
Appendix I: Feedback factor F,. . . . . . .. ... . ... ... ... ... 228
Appendix J: Linear dynamic system . . . . . . .. ... ... ... ... .. 230
Appendix K: Perturbation of eigenvalues & eigenvectors of a complex matrix:
general theory. . . . . . . .. L 231
Appendix L: Perturbation series: full solution . . . . .. ... .. .. .. .. 236
Bibliography . . . . . . ... 239

Appendix M: Consentform . . . . . . ... ... ... ... 250



Number

2.1

22

LIST OF ILLUSTRATIONS

Active Brownian Particles (ABPs) in a container of height L in the z-
direction and periodic in the x- and y-directions. Each active particle
experiences a swim force F*"'" = (Uyq, with q(t) the direction
of swimming. An external gravitational (G) and polarization (H)
field may also be applied. The top and bottom boundaries do not
allow the particles to escape (no flux), but the flow of fluid u is
unimpeded — they are osmotic barriers. The horizontal plane S(z) is
the cross-section considered in global force balance (2.4). . . . . .
Active particles with gravity. The local area fraction ¢4 vs height
z/a in 2D. The symbols are simulation results and the solid lines
are solutions to the continuum description (2.7). The log plot shows
the same data as the linear plot. The dashed line corresponds to
Boltzmann distribution n oc exp (—Aprgz/(kBT + ksTs)), that is,
exp (=0.04z/a); here kT, = (Uitg/2. N = 1000 particles are
simulated in a square box of size 250a and ¢g = 0.05. The box is
periodic in the x-direction but confined by two no-flux walls located
at z = 0 and z = L. The inset compares the force on the bottom wall
from the particle-wall interactions in simulation with the buoyant

weight of the particles. . . . . . ... ... ... ... .......

Xi

Page



2.3

24

2.5

Orienting field to cancel gravity. The wall pressure vs simulation
time. Here, Peg = a/(Uptg) = 0.2, Dy = 0, yg = Q.7 = 1 and
ApVpgtr/(La) = 2.23 = (q,)Uptr/a. The insert shows the local
area fraction ¢4 as a function of height z, sampled by Voronoi cells.
N = 1668 particles are simulated in a square box of size 512a at
¢g = 0.02. The data are averaged over 16 realizations. The system is
periodic in the x-direction but confined by two no-flux walls located

at z = 0 and z = L. The theory for the dilute limit and can be found

inAppendixB. . . . ...

The anisotropic wall pressures compared with the dilute 2D theory
(Appendix B). The circles are ABP simulations for Peg = a/(Uptg) =
0.2, Dr = 0, ¢4 = 0.02 and N = 1668. (A) For &, the H field is
applied in the x-direction, whereas (B) for & the H is applied in
the z-direction and canceled by F¢*'. The square box of size 512a

is periodic in the x direction and confined by no-flux walls located at

z=0and z=L. . . . . . . e

No gravity but with an orienting field. The local area fraction ¢4 vs
height z/a with the H field applied downward and F¢*' = 0. The
symbols are simulation results and the solid line is the solution to the
the continuum description (2.7). The dashed line is a Boltzmann dis-
tribution ¢4 oc exp{—(FSWim)z/(kBT + ksTs0))} = exp(=0.04z/a),
where k15 = ¢ UOZTR /2. N = 1000 particles are simulated in a square
box of size 250a at ¢g = 0.05. The box is periodic in x but confined
by no-flux walls at z = 0, L. The inset compares the force on the

bottom wall from the particle-wall interactions in simulation with the

‘weight’ of the particles due to the swim force. . . .. ... ... ..

Xii



2.6

3.1

32
33

4.1

A depletion zone induced by polarization. The local area fraction ¢4
vs height z/a with the H field applied upward in the region z < L/4
and F**" = 0. The solid lines are simulation. N = 1668 particles
are simulated in a square box of size 512a at ¢g = 0.02. The box is

periodic in x but confined by no-flux walls at z = 0, L. Per = 0.2,

D7 = a?/tg. The inset checks the global force balance (2.3) and (2.4).

1" of ABPs confined between parallel walls in 2D. The inset shows
the area fraction distribution ¢(z). Here, £ = Uytg is the run length
and 6 = \/Dy7g is the microscopic length. The swimmer radius is a.
H is the width of the channel. . . . . . ... ... ... .......
1" of ABPs outside and inside a circle. Legends are as in Fig. 3.1.
Theoretical predictions of the force on an asymmetric body in 2D with
curvatures R and 2R compared to ABP simulations. The symbols are
simulation results and the solid lines were obtained by numerically
solving for the n, m fields. The force is calculated from (3.2) with
body normal n and is scaled by the bulk active pressure I1* =
n(kpT + ksTs). . . . o o
The formation of the boundary layer on the body surface. When a
swimmer comes to the surface, it transmits a force to the wall of
F = —{Up - n. The swimmers form an accumulation boundary
layer, with thickness on the order of 6 = \/Dytg. The inner solution
is solved in the local coordinate system ¢, g», depending on the local

curvature. The definition of the local curvature is shown in Fig. 4.2. .

Xiii

28

40

41

53



4.2

4.3

4.4

4.5

4.6

5.1

5.2

The local representation of an arbitrary curved surface. The two
principal curvature directions are located in the two perpendicular
planes. The local curvilinear coordinate system gy, g2, ¢, is build on
the surface, where locally it is orthogonal. g, aligns with the normal
vector n pointing toward the outside of the shape at that point. The

sign of principal curvatures k| and «, follows the convention shown

here. . . . . . .

The number density n/n> in two systems. In the left, A'6%/|R| =
ﬁ ~ (0.204, and the outer solution n,,; = const = n* still holds.
In the right, A'6%/|R| = %\/g ~ 0.612, and the outer solution n,,; =

const = n® is invalid. The left case is located at the O(5/|R]|)?

regime in Fig. 4.5, while the right case is located at the linear regime.

The scalar integration of pressure ¢ I1*"™ d[, on an asymmetric body
immersed in ABPs. The dashed line is equation (4.67). The sym-
bols are simulation results for N = 40000 particles equilibrated for

30007, and the solid lines are Finite Element solution for up to 10*75

to ensure a steady state isreached. . . . . ... ..o oL

The net force F*' on an asymmetric body immersed in ABPs. The
body shape is shown in (4.3). The data is collected from the same sim-

ulations and PDE solutions in Fig. 4.4. The O(8/IR))? and O(6/|R))

asymptotic lines are for ease of view. . . . . .. ... ... L.

The origin of a non zero flux j, ;. In the left, curvature is symmetric.

On the right, the curvature is asymmetric. . . . . . . . .. ... ...

The nematic order parameter Q = (qq) as a function of field strength

XR = E/kBT. ..............................

DS i the directions parallel and perpendicular to the field H in

3D space. The solid lines are analytic solutions (5.12). . . . . . . ..

Xiv

62

80

82



53

54

55

5.6

5.7

D#V™ in the directions parallel and perpendicular to the field Hin

a 2D layer. The solid lines are analytic solutions (5.26). . . . . . ..

H is the external field direction, and Upq is the swim velocity of each

ABP.q- 2 = cos 0, H - 2 = cos ¢. The normal vector of the bottom

Comparison between the colloidal perspective and the continuum
mechanics tensorial perspective. The solid lines are calculated an-
alytically from (5.39), the open symbols are calculated from (5.36),
solved by FEM solver with 6%/¢% = 0.2 and L = 20£. The cross sym-
bols are measured from particle-wall collisions in Brownian dynam-

ics simulations, with £ = 4a and 6 = 0, in abox with L = 128a = 32¢

and periodic in the horizontal direction. . . . . . ... ... ... ..

Comparison between the colloidal perspective and the continuum
mechanics tensorial perspective for the shear component, and the
corresponding flux along the wall. The solid lines are calculated

analytically from (5.39); the open symbols are data calculated from

the same FEM solution as in Fig. 5.5. . . . . . ... ... ... ...

The boundary layer structure for the case of yg = 1.6 (left column)
and yr = 0.4 (right column), taken from the same data as shown in
Fig. 5.5. Here n® is the number density in the bulk, corresponding to
the n in Fig. 5.5 and Fig. 5.6. z represents the height in this boundary
layer. m; = m - t is the tangential component of polar order m. For
the H in Fig. 5.4, m, is towards the left on the bottom wall. For

¢ =0, m; = 0 everywhere as estimated by (5.42) and Fig. 5.6.

XV

92

93



6.1

6.2

6.3

6.4

(A) The uniformly reactive sink particle and the Janus particle with

orientation vector £&. Both particles have radius a, interaction layer

thickness ¢ and surface normal vector n. A reactive surface is colored

green and a non-reactive surface is blue. Motion (A X)) of each Janus

particle in a system is governed by the over-damped Langevin equa-

tion (6.6). (B) The concentration field ¢ of reactive solute molecules

(shown by the red dots) is solved simultaneously with the motion of

the active particles. . . . . . . . . ... oL oo
Change of particle reactivity Ag; in the vicinity of the removed test
sink particle. Markers are simulation data and solid lines are the
theoretical predictions for Brinkman screening (6.45). Simulation
data are from a single configuration with N = 625, ¢ = 0.01 (cubic
periodic box = 64 x 64 x 64a>). Particles are randomly distributed.
Change of particle reactivity Ag; in the vicinity of the removed test
Janus particle. Markers are simulation data and solid lines are the
theoretical predictions for Brinkman screening (6.45). Simulation
data are from a single configuration with N = 625, ¢ = 0.01 (cubic
periodic box = 64 x 64 x 64a°). Particles are randomly distributed.
Reactivity (g)/qo of the sink system for different values of the fuel
strength: (A) Sp = 0.3, (B) Sp = 0.9, and (C) Sp = 6.0 for ¢ =
0.04, and Da = 2.0. There are N = 2503 particles in the cubic
periodic unit cell. All cases start from a randomly distributed particle
configuration. Particles are colored by reactivity (g)/qo. (A) is a
system snapshot at steady state. (B1) and (C1) are snapshots in

transient states and (B2) & (C2) are at the steady states, respectively.

Xvi

. 124

. 125

130



6.5

6.6

6.7

6.8

6.9

6.10

Probability distribution of local particle volume fraction ¢, at the
steady state. Here ¢ = 0.04, Da = 2.0, N = 2503 and the periodic
box = 64 x 64 x 64a>. The steady state configurations are A, B2 and
C2inFig.6.4. . . . . ..
Snapshot at steady state of a monolayer of Janus particles. Blue is
the non-reactive part and green is the reactive hemisphere. The Janus
particles are confined within the circular wall shown in the figure.
The wall has no effect on the solute concentration field. N = 2048,

Sp =30, Da =5, Rya1 = 128a. Only 1/4 of the simulated system is

The area fraction ¢4 measured from simulation (black symbols), ¢4
predicted by the model (red curve), and the average osmotic force
(F?5™2) (blue symbols) as defined in (6.30). Since the orientation
distribution is still isotropic, the osmotic force is dominated by the
diffusiophoretic force: (F?*"?) ~ (F Vey A negative diffusiophoretic
force means a force directed towards the center r = 0; the solid
blue line is the reference for n(FV¢) = 0. N = 2048, Sp = 60.0,
Da = 5.0, ryan = 256a. Data is collected from a steady state period
of 1 =5000a%/D. . . ...
Reactant concentration ¢ and velocity Pe, = Ua/D along the radial
direction. The boundary condition is ¢/c™ = 1 as r — co. Data is
collected from the same simulation as in Fig. 6.7. . . . ... ...
The collision pressure IT17 and swim pressure IT*"*, Data is collected
from the same simulation of Fig. 6.8. . . . . ... ... ... ...
The product ¢p4c/c™ as a function of r. Data is collected from the
same simulation as Fig. 6.8. Itis clear that in the dilute region ¢ 4c/c™
is approximately a constant. The fluctuation is due to the noise in the

c(r)/c® measurement in Fig. 6.8. . . . .. .. ... .. ......

Xvii



7.1

7.2

7.3

7.4

7.5

Motion functions of a Janus particle P, M, A and a uniformly reactive
particle M. . . . . . .
The instability dispersion relation o (g) for uniformly reactive par-
ticles P = A = 0 at Da = 2. The theory is given by (7.28), and
the simulation is extracted from an ensemble of 1200 systems with
N = 1668 particles in a periodic box size L = 512a. ¢ = 0.02 and
Mco/Dr =2. .
The instability dispersion relation o-(g) for Da = 5 Janus particles.
The theory is (7.28) with the first correction of O(P?), and the sim-
ulations are averaged over an ensemble of 1200 systems. N = 1668
particles are simulated with periodic box size L = 512a. ¢ = 0.02.
Mc = (M + A/2)co/Dr = 12 > M. = 1 to ensure that instability
is significant for quantitative measurement, but not too large to go
beyond the linear instability regime. . . . . ... ... ... ...
The parameter space (Mc, Da) and the instability threshold M/, = 1.
The threshold is the same for arbitrary D,,; and arbitrary number
density as long as it is dilute P9 — 0. The colormap is for a single
particle’s non-dimensionalized swim velocity coP/(Dr/a). Faster
chemical reaction (larger Da) and more ‘fuel’ (higher cp) gives higher
swim velocity. . . . . ... Lo
The instability dispersion relation o (g) for Da = 0.02 and Da = 5
Janus particles. The symbols are numerical results for M7 truncated
at 15 x 15. The solid lines 0 (g) and the o, are calculated with the

O(P?) full solution in Appendix (L). a’D,,; = Dy and ¢o = 0.02 is

XVviii



7.6

7.7

8.1

8.2

8.3

8.4

Comparison between the coarse-grained monolayer solution o¢4(g)
with the exact solution. The symbols are calculated from the coarse-
grained model and the solid lines are the analytical solutions up

to O(P?) solved in §7.3, corresponding to different value of D,;.

Da=5 Mc=10,¢4 =na’n=0.02arefixed. . ...........

Comparison between the ¢ « 1/Uj theory and the simulation mea-
surement. VU is applied in the y direction. N = 1000 ABPs are
simulated in a periodic box L, = L, = 250a. qﬁg = 0.02. Local ¢4

is extracted by building Voronoi cells of each particle and is averaged

for 500 snapshots of the steady state. D7 =0. . . . . ... ... ...

The distribution of particle reaction ¢ and local volume fraction ¢,
and their correlation. A: The snapshot of the equilibrium structure
of system in a periodic box of 42a X 42a X 42a, with ¢ = 4.88%,
Da =2.0, N =864, Sp = —15.0,1'; = 20. Each particle is colored by

q/qo. B: The same system, but equilibrated with stronger repulsion

Sp=-60.0,T.=80. .. ... ... . ... ..

The measurement of structural change of BCC and FCC crystals,

both for Da = 2.0. ¢ = 3.88% for BCC system and ¢ = 4.88% for

FCCsystem. . . . . . . . . . . . e

The measurement Qg of BCC. For each combination of ¢ (shape) and

Da (color), simulations of different Sp are conducted so that a range

of 100 < I, < 250 is covered. The melting point T3¢C ~ 140. . . . .

The measurement Q¢ of FCC. For each combination of ¢ (shape) and

Da (color), simulations of different Sp are conducted so that a range

of 100 < I, < 250 is covered. The melting point T¥¢C ~ 140. . . . .

Xix

184



Chapter 1

INTRODUCTION
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Active matter refers to a material that consists of individual paricles or bodies capable
of propelling themselves, that is, they ‘swim’. The concept of activity comes from
swimming micro-organisms such as E. Coli, and is extended to synthetic chemical
swimmers (Paxton et al., : Ebbens et al., ). The artificial structures are

based on various different mechanisms, including electrophoresis (Paxton et al.,

), bubble-generation (Manjare et al., ), thermophoresis (Baraban et al.,
), de-mixing (Wiirger, ; Samin & van Roij, ), surface tension (Kitahata
et al., ), self-diffusiophoresis (Theurkauft et al., ), biochemical reactions
(Sengupta et al., ) and so on. The size of swimmers can be as large as cm-sized
‘camphor boats’ (Kitahata et al., ;: Soh et al., ) moving at cm s~! and can
be as small as A-sized biomolecules (Dey et al., ). In most cases, they are

um-sized synthetic structures or micro-organisms, moving at a velocity on the order
of ums~!. Almost all mechanisms rely on the creation of some asymmetric field by

the objects, which then push themselves through the fluid.

Each active particle propels itself at some velocity Uypq, where q is the propulsion
direction, and is subject to random (Brownian) reorientation on a time scale 7.
For cm-sized ‘camphor boats’ (Kitahata et al., ), the rotational re-orientation
is almost absent and therefore the swimmers show directed motion. For A-sized
biomolecules, the rotational reorientation is so fast that the swimmers are purely dif-
fusive. Theoretically, there is a transition from directed motion below the timescale
of 7 to diffusive motion at timescale longer than 7g. Howse et al., ( ) showed
that the translational diffusion of a single active particle is enhanced by the swim
diffusivity D" = UgTR/6 on timescales longer than 7, due to the fluctuation
of q. The fluctuation of g can be either Brownian (thermal) for synthetic Janus
particles, or non-Brownian for micro-organisms that ‘choose’ to swim in a different

direction.

Collectively, active matter shows a lot of interesting behaviors, roughly due to three

reasons. First, they can push themselves so they keep moving even in a very crowded
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environment, which can push the glass transition to the random close packing limit
(Berthier & Kurchan, ;Nietal., ). Second, they swim with some direction

q, and that can be manipulated with either the flow field or an external force field

to induce phenomena like shear-trapping (Rusconi et al., ), rheotaxis (Uspal
et al., ; Kaya & Koser, ) and gyrotaxis!(Durham et al., ; ten Hagen
et al., ). Last, but very importantly, they interact with each other through the

fluid medium, the field that causes self propulsion, and/or simply geometric from
non-overlapping collisions. Due to the interactions, active matter displays very
interesting phenomena, such as enhanced diffusion (Dey et al., ; Mifo et al.,
), autonomous pattern-generation (Cohen & Golestanian, ; Delmotte et al.,
; Saintillan & Shelley, ; Wioland et al., ), Casimir effect (Ray et al.,
), and meso-scale turbulence (Wensink et al., : Dunkel et al., ). Also,
the interaction of active matter with passive objects can be very interesting. For
example, a passive tracer body shows abnormal diffusion behavior in active matter

(Patteson et al., ; Peng et al., ).

Alongside scientific interests, some potential applications of active matter have been
investigated. They can be used for microscopic ‘cargo transportation’? (Baraban
etal., ; Burdick et al., ; Felderhof, ; Popescu et al., ; Sasaki et al.,

), especially for drug delivery (Gao & Wang, ). When fixed in space, they
keep pushing the surrounding fluid and therefore can be used as pumps (Michelin ef
al., ), ranging from A-sized enzyme pumps (Sengupta e al., ), to cm-sized
ones (Zhang et al., ) that are able to generate finite-Reynolds-number laminar
flow. Also, their intriguing interaction with passive objects can be harnessed to
generate net motion in active matter. For example, bacteria close to a no-slip wall
may show rheotaxis due to the hydrodynamic interactions between the bacteria and

the wall (Kaiser et al., ).

IThe directed motion due to gravitational and viscous torques in a flow.
>The movement of small objects.
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One of the most notable phenomena of active matter is that they may show coexis-
tence of dilute and dense regions in a single system at steady state. In the experiment
by Theurkauftf et al., ( ), Janus particles in a solute reservoir and were kept in
evolution to a steady state under a tilted gravity acting as a sedimentation force. At
steady state the system separated into dense and dilute regions. Similar phenom-
ena is also observed in another experiment system by Palacci et al., ( ), where
the dense part forms a ‘moving-crystal’. Particles with repulsive interaction show

transition between uncorrelated motion and an ordered lattice (Soh et al., ).

To understand the intriguing phenomena of active matter, different models have been
proposed. The traditional approach is to track each swimmer with the probability
P(x, q,t) of finding it at location x, orientation g, at time . P(x, q,t) can tracked
with Smoluchowski or Fokker-Planck equations (Saintillan & Shelley, ). This
approach is powerful in giving very detailed information of the system with the
entire trajectory in the phase-space (x, g). However, this approach is limited to a
‘mean-field’ description, since solving P(x, q,t) with particle-particle interaction

is highly challenging beyond the two-body level.

Recently, the minimum Active Brownian Particle (ABP) model exhibits profound
physical implications despite its simplicity. In ABPs, the particle’s self-propulsion
velocity Uy = Upq, where U is usually assumed to be a given constant and q is
subject to rotational Brownian diffusivity Dg = 1/7g. Also, the interaction between
ABPs is usually assumed to be collision only (pure repulsive) (Solon ef al., )
or a pairwise additive potential (Redner et al., ). Under these conditions,
the interaction between ABPs are short-ranged and additive, and therefore can be
successfully explained by thermodynamic-type models, such as the ¢ field theory
(Wittkowski et al., ), density functional theory (Menzel & Lowen, ),
and motility-induced-phase-separation (Stenhammar et al., ; Cates & Tailleur,

). For example, the dilute-dense coexistence of active matter can be explained

as a first-order gas-liquid phase transition, with the introduction of swim pressure



as the Equation of State (Takatori et al., ; Takatori & Brady, ).

The swim pressure is an analogy to the classical gas pressure, and is defined through
the swimming diffusivity D*""" and drag coefficient on each swimmer ¢: o =
—n¢ D™ The swim pressure is the pressure required to confine the active particles
within a fixed volume, and is the sum of all particles’ collisional force on the container
wall. It is in essence the counterpart to the osmotic pressure o = —n{D = —nkpT
in passive Brownian particles. Therefore, swim pressure is a well posed mechanical
pressure, and is therefore fully compatible with classic continuum mechanics. From
a thermodynamic perspective, the swim pressure can be written as """ = —nk,T,
where kT corresponds to kgT. For swimmers subject to translational Brownian
motion, swim pressure and osmotic pressure are additive, and the total pressure

(stress) is o = —n(kgT + k,T5).

The classical ideal gas pressure is defined on the macroscopic scale, i.e., the length
scale larger than the molecules’ mean free path, and the time scale longer than
molecules’ collisions. It is also true for swim pressure, but the length and time
scales are different because swimmers’ direction g may change due to Brownian
motion instead of particle-particle collisions, and g keeps changing on the reorient
time 7g. On time scales longer than 7z, the motion of swimmers become diffusive
with run-length ¢ = Uytg. Therefore, swim pressure is only meaningful on length

scales longer than the run-length ¢ and time scales longer than 7.

In this thesis, we shall see that the applicability of swim pressure is beyond the
description of a homogeneous, ‘thermodynamical equilibrium’ state. It can be used
in a continuum mechanics formulation to predict the deformation and motion of
general active matter. Continuum mechanics for general active matter is further
discussed in the following chapters. In Chapter 2, the net (as opposed to random)
motion of active matter resulting from an average swim (or propulsive) force is

discussed, as the introduction of ‘swim force’. It is shown that the average swim
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force acts like a body force — an internal body force. As a result, the particle-
pressure exerted on a container wall is the sum of the swim pressure (Takatori et al.,

) and the ‘weight’ of the active particles. A continuum description is possible
when variations occur on scales larger than the run length of the active particles and
gives a Boltzmann-like distribution from a balance of the swim force and the swim
pressure. Active particles may also display ‘action at a distance’ and accumulate

adjacent to (or be depleted from) a boundary without any external forces.

In Chapter 3, the microscopic origin of the swim pressure at the sub-continuum scale
is analyzed. A general theory is proposed for determining the force (and torque)
exerted on a boundary (or body) in active matter. The theory extends the description
of passive Brownian colloids to self-propelled active particles and applies for all
ratios of the thermal energy kpT to the swimmer’s activity k75 = ¢ U(%TR /6, where
{ is the Stokes drag coeflicient, Uy is the swim speed and 7y is the reorientation
time of the active particles. The theory, which is valid on all length and time scales,
has a natural microscopic length scale over which concentration and orientation
distributions are confined near boundaries, but the microscopic length does not
appear in the force. The swim pressure emerges naturally and dominates the behavior
when the boundary size is large compared to the swimmer’s run length £ = Uptg.
The theory is also used to predict the motion of bodies of all sizes immersed in

active matter.

In Chapter 4, the results from Chapter 3 are extended to boundaries of arbitrary
shape. In the absence of translational Brownian motion, a swimmer is trapped for a
time 7z on the wall until it reorients. When D7 > 0, the swimmer is able to leave
the wall with a Brownian hop on a microscopic length scale 6 = v Dr1g within 7.
On the thickness of ¢ near the wall, swimmers accumulate and form a concentration
boundary layer. The boundary layer strucutre is solved to calculate the swim pressure
distribution and the total force (torque) on an arbitrarily shaped body immersed in

swimmers, with a general scaling of the curvature effect IT*""* ~ 16%/L, where



A= 2(1+6f—(;)/5.

In Chapter 5 Active Brownian Particles (ABPs) with a nematic orientation field
are shown to exhibit greatly enhanced anisotropic swimming diffusivity D*""
More importantly, the anisotropic ID*"" leads to a tensorial anisotropic swimming
stress oW = —pf DV i.e., the pressure on a flat wall can be written as TV =

swim . n) - n. Further, this tensorial continuum mechanics view is consistent with

(o
the microscopic view of IT" = n"/! Dy, through the formation of a boundary layer
discussed in Chapter 3 and 4. This work extends the notion of swim pressure to a

tensorial swim stress.

The discussions in these chapters are for a simple ABP model with excluded volume
interactions only, but that constitutes the foundation of a mechanical view for general
active matter. The mechanical view is a powerful tool to understand chemically

active particles driven by diffusiophoresis.

Diffusiophoresis refers to the motion of small particles resulting from a concentration
gradient of a chemical solute. It is a fundamental process that occurs in both
natural and engineering settings (Anderson, ). Traditionally, the concentration
gradient of a chemical solute is imposed externally in diffusiophoretic problems. In
the context of active particles driven by self-diffusiophoresis, the particles create the
concentration gradient themselves through surface catalytic reactions. Particles are
usually synthesized with patterned asymmetry, i.e., patterned particle shape (Wei
& Jan, ) and/or patterned particle surface reactivity (Ebbens & Howse, ).
Usually they are synthesized to be reactive on one half while non-reactive on the

other, and therefore are named Janus particles (Theurkauff et al., : Howse et al.,

).

On the single particle level, Coérdova-Figueroa & Brady, ( ) and Brady, ( )
showed that a particle’s motion can be determined by solving the solute concentra-

tion field c(7) around the particle. To leading order, the swim velocity Uy « ¢. They
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swim faster with more ‘fuel’ concentration c. In the presence of many particles, the
disturbance on c¢(7) caused by each particle propagates, and causes not only changes
of swim velocity, but also particle-particle attraction or repulsion due to diffusio-
phoresis « Vc. In fact, in a many-body system, the interaction is more complicated
than a simple sum of all 1/r perturbations. As directed by the boundary condition
of solute on the particle’s surface (1.3), the particles may adjust their perturbations
to the field and can therefore compensate for the fluctuations in perturbation, as
described with the chemical screening theory (Morris & Brady, ). This com-
plicated ‘field-driven’ nature results in fundamentally different system behaviors

from the ABPs.

In fact, such ‘field-driven’ systems are common in active matter. The swimmers

may interact with each other through some fields, including the Stokes flow field u

(hydrodynamics) (Berke et al., ), chemical solutes concentration field ¢ (diffu-
siophoresis) (Theurkauff et al., ; Derjaguin & Golovanov, ), temperature
field T (thermophoresis) (Baraban et al., ), electrostatic field @, an so on. Al-

most every field ¢ is governed by a transport-type equation (Bonnecaze & Brady,

):

—Z 4+ V-4, =0, 1.1
5 TV J (1.1)

J¢ = ugp—DV¢, (1.2)

where D can be diffusivity of ¢, conductivity of 7T, electrical conductivity of @,
and so on. And it is well known that the disturbance caused by one swimmer
in that field ¢ propagates as 1/r; for example, the potential of a point charge is
® = e/(4mepr). More importantly, the above field is subject to the boundary
condition on each swimmers’ surface, and is dependent on the local value of ¢ and

the surface property:

J¢(T on swimmer) ~ ¢. (1.3)
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This means, in general, that the swimmers’ disturbances cannot be treated as a
prescribed ‘fixed charge’ e, but should be found as a solution to the transport
equation. Therefore, the interactions between swimmers is neither short-ranged
nor pairwise-additive. Instead, the entire field ¢ must be solved, following the

swimmers’ motion.

In this thesis, diffusiophoresis in a chemical solute concentration field is chosen as
an example, because self-diffusiophoresis is one of the most common experimental
realizations of self-propulsion mechanisms, and because a thorough understanding
of the diffusion field is portable to other physical settings. In diffusiophoresis,
the field ¢ is the concentration field ¢, D is the diffusivity of the solutes, and the
boundary condition (1.3) is assumed to be a first order reaction j. oc c¢. To solve
that field, we improve the method by Bonnecaze & Brady, ( , ,b), with a
matrix-free formulation as the Accelerated Stokesian Dynamics (Sierou & Brady,

). The method is implemented with GPU and is highly efficient.

The efficient simulation method allows us to investigate the most fundamental ques-
tions for active matter: the coexistence (separation, clustering) of dense and dilute
regions at steady state. When does the separation start from a homogeneous state?
When does the coexistence reach a steady state? What is the role of the solute

concentration field ¢? Is the theory applicable to generalized active matter?

To answer these questions, in Chapter 6, the simulation algorithm is introduced. It
allows tracking of thousands of chemically active particles, with simultaneous solu-
tion of the chemical solute field ¢ in a multipole expansion method. With simulation
results, we first clarify the notion of chemical screening (Morris & Brady, ).
It fundamentally changes the particle-particle interactions in chemically active sus-
pensions. Then, the dynamics of both uniformly reactive and Janus particles are
discussed. Simulations show that uniformly reactive particles, which do not self-

propel, form clusters but no coexistence is observed. It indicates that an instability
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threshold of the clustering process may exist. Janus particles show coexistence, and

a continuum mechanics model is proposed to explain the ‘equilibrium’ condition.

In Chapter 7, the question of when chemically active particles separate into dense
and dilute parts is answered with an analytic solution of a linear instability analysis.
The instability threshold and the orientation order in the development are calculated
for geometries of both monolayer and 3D periodic systems. We found a universal
instability threshold M. = 1 independent of geometry, self-propulsion, and particle
number density in the dilute limit. The effect of self-propulsion is found to be
on the order of O(—¢>), a higher order of wavenumber ¢ than the translational
diffusion and down-gradient diffusiophroesis at O(g?). Coarse-grained models are
also discussed, and their connections to the continuum mechanics of active matter

are clarified. Theories are verified by detailed particle-tracking simulations.

In Chapter 8, the analysis is extended from attractive chemically active particles to
repulsive ones. Repulsive self-diffusiophoretic particles with homogeneous surface
catalytic reaction are investigated with simulations. By a mapping to the classical
one component plasma (OCP) system, the system behavior can be described by a
coupling parameter I'., which compares the strength of diffusiophoretic repulsion
and translational Brownian motion. When confined in a constant-volume constraint,
Body-Centered Cubic crystals may form, and the ‘melting point’ of the ‘liquid-
crystal transition” is [5C ~ 140. The Face-Centered Cubic lattice is also stable

above I'FCC ~ 140.

The thesis concludes with a brief summary of the key results and a discussion of

future directions of this work.
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Chapter 2

THE SWIM FORCE AS A BODY FORCE

1. Yan, W. & Brady, J. F. The swim force as a body force. Soft Matter 11,
6235-6244 (2015).
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2.1 Introduction
The soft matter community has proposed several theoretical approaches to inves-

tigate the behavior of active matter systems. Thermodynamic-type models, such

as the ¢* field theory (Wittkowski et al., ), motility-induced-phase-separation
(MIPS) (Stenhammar et al., ; Cates & Tailleur, ), and density functional
theory (Menzel & Lowen, ), treat active matter as a single substance and try to

fit it into the classical framework of the states of matter. For example, the dilute-
dense coexistence of active matter can be formulated as a first-order gas-liquid phase

transition (Takatori e al., ; Takatori & Brady, ).

Despite their success in explaining some states of active soft matter, thermodynamic
models are not sufficient when the detailed dynamics, structure and deformation are
of interest, especially when external perturbations are applied. In these situations,
Fokker-Planck or Smoluchowski equations are often used as they directly relate the
individual swimmer’s Langevin equation to the position-orientation (x, q) phase
space probability density P(x,q,t), which gives all the detailed information of
interest. Active matter under an external force (Hennes et al., ), polarization
(Takatori & Brady, ), and rectification (Tailleur & Cates, ) have been
investigated with this approach. When the detailed chemical propulsion mechanism
or hydrodynamic interaction are considered, P(x, q,t) can be solved together with
the conservation equation for chemical species concentration c(x, ¢) or the flow field
u(x, 1), allowing detailed knowledge of the dynamics, such as the system’s stability

(Lushi et al., ).

The Smoluchowski approach, however, is not able to treat concentrated systems
where particle-particle interactions are important, even for the simplest excluded
volume interactions. For dense active matter, simulation is the standard approach.
Active Brownian dynamics simulations of as many as 107 particles have been

reported in order to investigate phase behavior (Stenhammar et al., ). A few
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simulations of active matter with hydrodynamic interactions have also been reported

(Lefauve & Saintillan, ;Lietal, ).

Even with a wealth of simulation data, some fundamental questions remain. For
example, how does one predict the force exerted on a boundary by (dense) active
matter? Simulations give an a posterior determination of the force (Yang et al.,

; Mallory et al., ), while the Smoluchowski approach can be used but only

for dilute systems when particle-particle interactions are ignored (Fily et al., ).

For conventional atomic or molecular matter, at the particle level there are Newton’s
laws of motion and their phase-space equivalent the Liouville equation. For active
colloids, the corresponding particle-level equations are the Langevin equation and
the Smoluchowski equation. Thermodynamics, whether for conventional or active
matter, does not permit any spatial or temporal variation in properties and thus,
while powerful, has its limitations. To bridge the gap between the detailed particle
and the thermodynamic levels, conventional matter employs continuum mechanics
which applies out of equilibrium for slow spatial and temporal variations. The
purpose of this work is to investigate and develop an analogous continuum mechanics

description for active matter.

In conventional matter, forces at the particle level do not manifest themselves in the
continuum momentum balance unless they are external body forces. Interparticle
forces contribute to the continuum stress, but do not act as net forces at the continuum
level. For active matter the situation is more complex and more interesting. As we
show, the propulsive swim force acting at the particle level that causes particles to
move is part of the hydrodynamic force the particles exert on the fluid, and thus when
considering the momentum balance for the suspension — the mixture of particles
plus fluid — there is no net hydrodynamic force and thus no net swim force acting
on the mixture; only external body forces appear. However, the suspension is a

two-phase mixture of active particles and fluid and in the continuum momentum
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balance for the particle phase we show that a net swim force appears directly and
acts as an internal body force. This net swim force is crucial for describing the

dynamics of active matter and for computing forces exerted on boundaries.

The swim force plays a pivotal role in the swim pressure (Takatori et al., ), the
introduction of which provided a new approach to understanding the behavior of
active matter. Active Brownian Particles (ABPs) that separate into dilute and dense
regions are now understood as a ‘gas-liquid’ coexistence. The decrease in the swim
pressure with concentration destabilizes the system resulting in phase separation
(Takatori et al., ; Takatori & Brady, ). The swim pressure is analogous
to the osmotic pressure of a chemical solute or of passive Brownian particles and
is the pressure needed to confine the active particles. In the dilute limit the “ideal
gas” swim pressure is [T = n¢ U&TR /6 (in 3D), where n is the number density
of active particles, ¢ is their drag coeflicient, Uy is the swim speed, and 7z is their

reorientation time (Takatori et al., ).

While the swim pressure can be understood solely in terms of this entropic con-
finement pressure and is independent of the size of the swimmers (Takatori et al.,

), micromechanically, the swim stress is given by the moment of the swim force
(VMY = —p(xFV™my, where F*"'"™ = {Uyq, with q the orientation vector of the
swimmer and @ its position. The position is simply x(¢) = f ! Uopq(t')dt’, and thus,
oM = —n{UO2 ft(q(t)q(t’))a’t’ = —n{UOZTR/6I (for times ¢ > T1p), arising from
the random reorientation of the swimmer: (q(t)q(t")) = (I/3) exp{-2(t —t")/7r}.

The ‘moment arm’ for the swim stress is the swimmer’s run length, £ = Uytp.

The micromechanical definition of the swim stress thus involves the swim force,
which leads to questions about the ‘force-free’ nature of low-Reynolds number
swimming. Furthermore, the swim stress sparked some recent discussion (Solon
et al., ) about whether it is a true stress — is it equal to the force per unit area

on the bounding walls? — especially when the dynamics give rise to polar order: a
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non-zero average orientation of the particles, (q) # 0.

In this chapter we first show the origin and definition of the swim force that is
consistent with the notion of ‘force-free’ motion. We then establish the global force
(or momentum) balance for active matter, focusing on the case when there is net
polar order (q), which corresponds to an average swim force (F"my  We show
that in the momentum balance for the active particles the average swim force acts
just like a body force, with the result that the force/area exerted by active matter on a
bounding wall is the sum of the swim pressure and the ‘weight’ of the active particles.
Thus, the questions raised in Solon et al (Solon et al., ) are straightforwardly
resolved and in a manner completely consistent with one’s intuition about forces and

pressures.

Further, we show that a sedimentation-like system is achieved for (F'"i™)y = 0
without any external body force and a continuum Boltzmann distribution holds just
as for passive Brownian particles in a gravitational field. Active particles may also
accumulate adjacent to (or be depleted from) a boundary, for example in response
to an external stimulus (chemical, light, etc.). The interesting aspect is that this
accumulation (depletion) occurs without there being any external force acting on

the particles; it is a true ‘action at a distance’.

Although an average swim force acting like a body force arises naturally from the
particle-level dynamics, it is nevertheless surprising since, as mentioned before, it
does not appear in the macroscopic momentum balance for the entire suspension,

or mixture, of particles plus fluid.

2.2 The swim force
In self-propulsion at low Reynolds number by ‘force-free’ one means that there is no
external force causing the body to move. The ‘internal’ forces that cause it to move

arise from deformation of the body surface and are part of the total hydrodynamic
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force (and torque), which, from the linearity of Stokes flow, can be written as

TH —Rg-'ru'qxl—Rg—'ElEs—RgrB@Bs—---

— 7_~drag + 7:swim , (2 1)

where we have grouped the force/torque together as a single vector, 7 1 = (Ff, L),
and similarly for the translational/rotational velocities: U = (U, £2). The hydro-
dynamic tensors R¢q;, Rsp, etc. are functions of the body geometry only and
couple the force to the velocity, to the ‘squirming set’ E°(t), B°(t), etc., which
characterize the ‘slip’ velocity at the body surface. A derivation of (2.1) can be

found in Appendix A.

In (2.1) the hydrodynamic force/torque is written as a sum of two terms: (i) the
hydrodynamic drag %% and (ii) the propulsive or ‘swim’ force F**". Equa-
tion (2.1) provides the definition of the swim force. That it is a real measurable force
can be appreciated by recognizing that if one wanted to keep the swimmer from
moving, say by trapping it with optical tweezers, the force/torque the trap would

exert is precisely F """,

In addition to the hydrodynamic drag and swim force, active particles can also be
subject to thermal Brownian motion (¥ 2 = 2kzT R#¢;(t)), external forces such
as buoyancy (F '), and interparticle forces, for example repulsive interactions to

prevent overlap at finite concentrations (F'F)!.

In the simplest model of active particles the hydrodynamic resistance tensor is an
isotropic drag tensor Rry = £I and the swim force is F**'" = [Uyq. This is the

‘Active Brownian Particle’ (ABP) model:
0=—U+ F"" 4+ FB 4+ F¥' 4 FP. (2.2)

The orientation vector q is subject to run-and-tumble or rotational Brownian dif-

fusion (Dr = 1/7g), which are equivalent (Cates & Tailleur, ), and follows

"Hydrodynamic shear forces can also be present, but are not considered here; they enter in
Eq. (2.1).
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Figure 2.1:  Active Brownian Particles (ABPs) in a container of height L in the
z-direction and periodic in the x- and y-directions. Each active particle experiences
a swim force F*"" = [Uyq, with q(t) the direction of swimming. An external
gravitational (G) and polarization (H) field may also be applied. The top and
bottom boundaries do not allow the particles to escape (no flux), but the flow of
fluid u ¢ is unimpeded — they are osmotic barriers. The horizontal plane S(z) is the
cross-section considered in global force balance (2.4).

directly from the torque balance. For a spherical swimmer, { = 6nna, where a is
the particle size and n the viscosity of the suspending Newtonian fluid. A more

detailed derivation of (2.2) can be found in Appendix B.

In this chapter we focus on the ABP (Active Brownian Particle) model (Eq. (2.2)),
with both translational and rotational diffusion: Dy, Di. The reorientation time is
7g = 1/Dg. The relative importance of advection by swimming to translational
swim diffusion is given by the reorientation Péclet number (Takatori et al.,, 2014)
Peg = Uya/(6D*¥'™) = a/Uytg, and is also the ratio of the particle size to the

swimmer’s run length.
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2.3 The global force balance
Consider a very simple geometry where N swimmers are placed between two
parallel walls separated by a distance L whose normals are along the z-direction
as illustrated in Fig. 2.1. The walls are of large extent (infinite) and system can
be taken to be periodic in the x- and y-directions. The walls are non-penetrating
to swimmers but allow the solvent to pass through unimpeded — they are osmotic
barriers. Each swimmer i experiences a wall force FiW when it “collides” with a
wall. The separation L between the walls is sufficiently large so that the swimmers
are able to execute their random swim motion before colliding with the walls — the

swimmer’s size a and run length £ are both small compared to L.

The global force balance is the sum over all swimmers of each individual Langevin

equation (2.2). At steady state )}; U; = 0 and

0= N{Ux(q) + N(F) + Fy) + Fp,, (2.3)

where (q) = % >iqi, (Fy = % i FY, and FT‘ZP = Yier F is the force on
the top wall and involves only those particles interacting with that wall; a similar
expression applies to the bottom wall. The Brownian and interparticle forces in
(2.2) make no contribution to the global balance. Brownian forces, by definition,

have zero average, while the interpaticle forces are equal and opposite when two

particles interact.

The net force on the walls is balanced by the total external body force acting on the
particles within the volume plus the total average swim force. As far as the particles
are concerned, an average swim force, (F'*"'"™) = fUy(q), acts like just like a body

force — an internal body force.

Now consider a control volume composed of the bottom wall and a horizontal plane

at an arbitrary location z above the wall (cf. Fig. 2.1). The global force balance is

0= / (F™™ + FNYdV + Fp + / o' . nds, (2.4)
V(2) $(z)



19
where S(z) is the horizontal surface at z and o® is the force per unit area or stress
exerted on the material (i.e. particles) within the control volume. (There is no
contribution from the surfaces in the x- and y-directions because of the assumed

periodicity.)

The surface S(z) is of large horizontal extent and therefore forms an average. If
the variation in properties in the z-direction is slow on the scale of the particle size
and/or run length, we may replace the surface stress with the particle-phase stress

(at z) found by standard averaging of the microscale dynamics (2.2) viz:
(0P)y = —nkpTI — n(x(F™"™Y') - n(xF"), (2.5)

where the first term on the RHS is the ideal gas Brownian osmotic pressure and the
last term is the collisional pressure from the interactive forces. For the swim stress,
the average swim force must be removed when computing the stress: (F*")" =

stim _ <stim>.

The z-component of the force balance in (2.4) is
Z .
My, =107 (z) - / (n(FE™y + n(F2"™y)dz, (2.6)
0

where Hg’o = F ZW /A is the pressure on the bottom wall of area A, T is the pressure
of the active suspension at z, and the averages under the integral sign are number
averages in the horizontal plane. The force balance (2.6) requires no knowledge of
the distribution of active particles n(z), nor how or why there may be an average
swim force. The pressure on the wall differs from the pressure of the active particles
if there is a body force — external or internal — acting on the particles. Indeed, in
general, if the pressure differs between two horizontal planes, then either (i) the
material between the planes must be accelerating, or (ii) the pressure difference
must be balanced by shear stresses at the boundaries as in flow in a tube, or (iii)

there must be body forces acting throughout the volume.
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The effect of an external body force is well-known, and our derivation shows that
an average swim force has the same effect. An average swim force could exist
throughout the volume if the swimmers had a biased swimming, say due to a
gradient in a stimulant (chemical, light, etc.), or it can arise from the boundary if

the boundary were to promote a local orientational order.

Recently, Solon et al., ( ) derived the dilute limit expression for the wall
pressure when an external torque is applied to each ABP that collides with the
wall and found that IT" depends on the form of the torque and therefore concluded
that the swim pressure was ill-defined because, according to them, it depended on
the nature of the wall and therefore was not a ‘true’ pressure. A nonzero torque
induces a local (g) and therefore a nonzero swim force that must be included in the

momentum balance.

When this internal body force is included the global force balance (2.6) is satisfied

and the swim pressure is indeed well-defined and independent of the boundaries?.

2.4 Particle-phase momentum balance
Straightforward averaging of the microscale dynamics (2.2) results in the momentum

balance for the particle phase:
0= 2™y + n(F™™y + n(F*'y + V - (")) . 2.7)

In (2.7) (") = n({u,) — (u)) is the particle flux relative to the suspension average
velocity. Here, (u,) = % 2.i Ui, and (u) = ¢{up) + (1 — ¢){(uys), with ¢ the volume
fraction of particles and (uy) the average fluid velocity. Equation (2.7) should
apply locally at each ‘continuum point,” provided, as is standard in any continuum
description, that there is a separation in scales with the macroscopic variations
occurring on scales large compared to the microstructural length scales, importantly

the run length ¢ = Uytp.

2The body force contribution is identical to the second term in Eq. (7) of Solon et al., ( ).
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The momentum balance is used with the conservation of particle number density:

(Z—?+V~(u>n+V~(j’el):O, (2.8)

to determine the spatial distribution of active particles. In general, an equation for the
orientation distribution {q) is needed, which can be found from the Smoluchowski
equation equivalent to the microscale dynamics (2.2). In the problems discussed

here it is not needed.

The global force balance, (2.3) or (2.4), applies quite generally. In contrast, the con-
tinuum mechanics description, (2.7)-(2.8), requires a separation of scales between
the microscale and the macroscale. While this separation is almost always true for
passive Brownian particles, it requires careful examination for active matter, and is

discussed in a future work.

This completes the general discussion of the balance laws for active particles. We
now demonstrate by a few illustrative examples that the average swim force acts as
an internal body force and that the particle-phase momentum balance can accurately

predict the concentration distributions and the forces on the walls.

2.5 The effect of internal and external body forces

Passive particles with gravity

We first consider a suspension of passive Brownian particles in a container as
illustrated in Fig. 2.1. The swim force is zero, Fsvim = 0, and, when dilute, the
particle phase stress is simply the Brownian osmotic pressure (o?)) = —nkpT1T,;
the collisional stress is O(n*). In the absence of gravity, the number density
is uniform with height n(z) = ng and the pressure on walls from (2.6) is the
osmotic pressure Hg’ol = H‘;; p = nokpT. With gravity, F**' = ApV,g; the buoyant
force is given by the density difference Ap = p, — py times the volume of a

particle Vp and the acceleration of gravity g. The passive Brownian particles

behave like an isothermal ideal gas in an external potential. At steady state there



22

0.6 T T 10° T T T T
< 20 , , O Pegr=2,Drrg/a* =1
> o Pep= 1, Dyg/a® =1
0.5 - 1.5 | — T & O Per=05 Dprg/a® =1
1.0 e © — —0— m»OOO > Per=02, Dyrg/a* =1
04 | 05 L ] 4 10t E > [BOQ > Per=02,D;=0 .
o ) — Force balance &
S I 1 br
S S 0‘000 10 20 > g ?
So03 L \ : : : . B o2,
s = S " : % o
02| SR 102 |
S s ~ . > >[> O0p O
B o > OO o
01} By : S T 0.0
SN ~ P> 0g 1
s S
0‘0 1073 1 1 L i 1 D o
0 10 20 30 40 50 0 30 60 90 120 150
z/a z/a
Figure 2.2: Active particles with gravity. The local area fraction ¢4 Vs

height z/a in 2D. The symbols are simulation results and the solid lines are
solutions to the continuum description (2.7). The log plot shows the same
data as the linear plot. The dashed line corresponds to Boltzmann distribution
n o exp (—ApV,gz/(ksT + k,Ty)), that is, exp (—0.04z/a); here k,T, = (U3Tg/2.
N = 1000 particles are simulated in a square box of size 250a and gbg = 0.05. The
box is periodic in the x-direction but confined by two no-flux walls located at z = 0
and z = L. The inset compares the force on the bottom wall from the particle-wall
interactions in simulation with the buoyant weight of the particles.

is no suspension velocity, (u) = 0, and the particles cannot escape the container,
(j’ez > = 0. From (2.7) in the dilute limit, n(z) has a Boltzmann distribution:
n(z) = no(L/Lg) exp(=z/Lg)/(1 —exp(=L/Lg)), where Lg = kgT/ApV,g is the
sedimentation length. The pressures at the walls are Hg’m = n(z = 0)kpT and

HW

Top = n(z = L)kgT, and their difference, ITY -1V = noApV,gL, is the total

Bot Top
buoyant weight of the particles in the container, in agreement with the global force

balance (2.6).

Active particles with gravity

We now examine a similar system of swimmers (ABPs) under gravity. Provided
the gravitational forcing is not too strong no polar order will be induced by the
no flux boundary at the bottom (Hennes et al., ; Tailleur & Cates, ;
Enculescu & Stark, ). In 2D for a dilute system the swim stress (gsWimy =

—n{UgTR/ZI, and the total particle-phase stress is (eP)y = —n(kpT + kT,
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where we define the swimmer ‘activity’ k,Ty = ¢ U(%TR/ 2. We perform active
Brownian dynamics simulations in 2D with periodic boundary conditions in x and
with a hard-particle potential when particles collide with each other or with either
the top or bottom walls. Equation (2.7) predicts a Boltzmann distribution: n(z) «
exp (—A pVygz/(kpT + k STS)) in the dilute limit, which is verified by simulation over

2 reorientation Péclet numbers

a wide range of (dilute) area fractions ¢9‘ = noma
Per = a/(Uptg) € (0.2,5.0), with or without translational diffusion, Dy, and not
too large gravity (ApV,g/({Uy) < 0.2) as shown in Fig. 2.2. The global force
balance (2.3) (and (2.6)) is verified by measurement of the force on the bottom wall

in the simulations.

Orienting field to cancel gravity

From the global force balance (2.3), if (F'¢*") and (F'**'") cancel each other, then
Hg’o = H;Vo » and the continuum theory (2.7) predicts a uniform distribution of active
particles. To test this, a non-zero (g) can be induced by an external polarization
field as discussed by Takatori & Brady, ( ). An external field H applies a
torque Q.q X H to each swimmer and therefore the orientation vector g aligns in
the field direction and diffuses around it through Dr = 1/7g. The strength of the
applied field is governed by the nondimensional field strength yr = Q.7g. When
Xr — O the structure is isotropic, whereas when yg — oo all particles align and
move in the direction H. Each swimmer has a net average velocity Uyp(q)( xr) due
to the field, which can be canceled by F¢*'/¢. With an orienting field the swim

stress is anisotropic and given in the work of Takatori & Brady, ( ) in 3D and in

Appendix B for 2D.

Simulations were conducted in the same bounded geometry with H and gravity
both perpendicular to the walls for a wide range of yz and F'**'. The systems are
homogeneous at steady state when gravity cancels the field (Fig. 2.3), and the wall

pressures are equal as the global force balance (2.3) requires.
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Figure 2.3: Orienting field to cancel gravity. The wall pressure vs simulation time.
Here, Peg = a/(Uptg) = 0.2, Dr = 0, yg = Qctg = 1 and ApVpgtr/(la) =
2.23 = {q,;)Uyptr/a. The insert shows the local area fraction ¢4 as a function of
height z, sampled by Voronoi cells. N = 1668 particles are simulated in a square
box of size 512a at qﬂ = 0.02. The data are averaged over 16 realizations. The
system is periodic in the x-direction but confined by two no-flux walls located at
z=0and z = L. The theory for the dilute limit and can be found in Appendix B.

Theory (Takatori & Brady, ) predicts anisotropic stresses, and simulations were
conducted at low area fraction (¢4 = 0.02) without translational Brownian motion
so that (o)) = nk,T (6" HH + 0*""(I - HH)), where 6™ and o-*"
are nondimensional functions of yg. To measure 63", the H field is applied
parallel to the walls (Case A in Fig. 2.4); and for &iTWim, H and the gravity field are
perpendicular to the walls and cancel each other (Case B in Fig. 2.4). Figure 2.4

shows that the pressures on the walls determined in simulation agree with the theory.
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Figure 2.4: The anisotropic wall pressures compared with the dilute 2D theory
(Appendix B). The circles are ABP simulations for Peg = a/(Uptg) = 0.2, Dy = 0,
¢9‘ = 0.02 and N = 1668. (A) For ¢, the H field is applied in the x-direction,
whereas (B) for & the H is applied in the z-direction and canceled by F¢*. The
square box of size 512a is periodic in the x direction and confined by no-flux walls
located at z =0 and z = L.

No gravity but with an orienting field

The resemblance of a swim force to an external body force is further illustrated by
a system under a polarization field but no gravity. A constant downward H field
gives a ‘sedimentation-like’ system with swimmers accumulating near the bottom
wall as shown in Fig. 2.5. The measured bottom wall pressure is equal to the total
‘weight” of the particles (divided by length L, in 2D): N(F*""}/L,, as the global
force balance (2.3) requires. Solving (2.7) with (Fvimy = rUx(q)(xR) gives a
Boltzmann distribution where the concentration is dilute with the ‘sedimentation
length’ Ly = (kgT + kT50) wimy [(Fswimy The only difference compared to normal

gravity is the anisotropic swim stress manifested by é'ﬁWim. As shown in Fig. 2.5 the



26

10° ¢ T T T T :
; O Per=10, Dytp/a* =0.5, yp =04 ]
0 Peg=10,Drp/a* =1, yp =09 ]
O Per=10,Dr1p/a* =2, yp =29
D> Per =120, Dytp/a* =1, yp =29
107! 3 =
(\lQ B g
S 20 ,
Il 3 u _ N
s e S
10‘2_—50'5_._’_-._q O -
F ~ "~ | — Force balance | ON ]
23 0.0 | | N K
=~ 00 1.0 20 3.0 c
D,t,/a* )
1073 | | | |
0 30 60 90 120 150

z/a

Figure 2.5: No gravity but with an orienting field. The local area fraction ¢4 vs
height z/a with the H field applied downward and F'¢*' = 0. The symbols are simu-
lation results and the solid line is the solution to the the continuum description (2.7).
The dashed line is a Boltzmann distribution ¢ 4 o exp{—(F*""™)z/(kpT+ kTs0))} =
exp(—0.04z/a), where k;Ty = ¢ U&TR/Z N = 1000 particles are simulated in a
square box of size 250a at ¢9‘ = 0.05. The box is periodic in x but confined by
no-flux walls at z = 0, L. The inset compares the force on the bottom wall from the
particle-wall interactions in simulation with the ‘weight’ of the particles due to the

swim force.
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calculated Boltzmann distribution n o« exp(—z/L);) agrees with the simulations. In
the simulations shown in Fig. 2.5, yy is adjusted according to (B.7), covering the
range yr € (0,3).

w

Comparing the n(z) distributions and the IT,

of passive Brownian particles
(Fig. 2.2) with swimmers under gravity (Fig. 2.5), one sees clearly that with a
non-zero (q) swimmers behave as if acted upon by a body force. An internal body

force F" = [Uy(q) = (F*""™) acts on each particle.

Depletion zone

Up to now we have considered the simplest cases in which polar order was induced by
an orienting field homogeneously throughout the region between the two bounding
walls. But this is not necessary. Suppose that the orienting field only acts only over
alength A < L. The effect of this field will lead to a depletion (or an accumulation)
of active particles near the boundary depending on whether the field causes the
particles to swim away from or towards the boundary. If the swimming is strong
enough, there will be no particles contacting the wall and thus Hl‘;vm in (2.6) will be
zero. For z > A there is no field and (FZSWi’") = 0, while for z < A, n = 0, and since
the swim pressure far from the wall is n» =n¢ U(%TR /6, the global force balance
(2.6) shows that there must be a transition region of thickness O(¢ = Uytg) of high
concentration of active particles near A. A particle swimming into the exclusion
region z < A will, for a reorientation time, be unaware of the field and continue
traveling at the swim speed. Fig. 2.6 demonstrates this behavior where a polarization
field H is applied only in the region z < L/4. If the field is strong enough, yr > 1,

there are no particles adjacent to the wall.

This is a very interesting result in that there are no external forces acting on the
particles, yet they move away from from the wall. Passive particles cannot do this.
By sensing their environment (light, chemical, etc. stimuli) active particles can

adjust their internal swimming mechanisms and behave as if they experienced an
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Figure 2.6: A depletion zone induced by polarization. The local area fraction ¢4
vs height z/a with the H field applied upward in the region z < L/4 and F¢* = 0.
The solid lines are simulation. N = 1668 particles are simulated in a square box of
size 512a at ¢OA = 0.02. The box is periodic in x but confined by no-flux walls at

z=0,L. Peg = 0.2, Dr = a*/tg. The inset checks the global force balance (2.3)
and (2.4).

actual repulsive (or attractive) force. Note that we modeled the orientation process
as resulting from an external torque due to the field, but this is not necessary. All
that is necessary is that the active particles adjust their swimming in response to
their environment and they can do this completely internally by simply ‘choosing’
to swim towards or away from the stimulus. No external torque (or force) is needed.

It is truly an ‘action at a distance.’

2.6 Suspension momentum balance
We have discussed the global force balance for the particle phase, but have not yet
addressed the macroscopic momentum balance for the entire suspension, or mixture,

— the particles plus the fluid. For the mixture it must be appreciated that F'% ¢ and
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FsWim at the particle level are both parts of the hydrodynamic force F'¥ exerted by
the fluid on the particles (Eq. (2.1)). The particles in turn exert the same force on the
fluid, and thus only the external body force appears in the macroscopic momentum

balance for the suspension:
0=nm(F*Y+V (o). (2.9)
The average suspension stress is given by
(@) = ~(pp)I +2n(e) + (o), (2.10)

where (e) = 1/2(V{(u) + (V(u))") is the average rate of strain tensor and (pys) is
the average pressure in the fluid3>. The fluid pressure distribution does whatever
is necessary to ensure the incompressibility of the suspension average velocity,
V - (u) = 0. For example, when polar order exactly balances gravity (Fig. 2.3),
(oY is spatially constant, there is no flux of suspension ((u) = 0) or particles
(37" = 0) and the fluid pressure gradient is equal to the external body force,

Vipys) = n(F*).

In the case where the orienting field gave rise to a depletion zone adjacent to the
bottom wall, the suspension momentum balance shows that there will be a jump in
the fluid pressure across the transition region from no particles to bulk behavior of

magnitude Ap ) = — [©© n(Fsvimydz,

Computational continuum-scale studies of active suspensions (Lushi et al., )

employ the momentum balance (2.9).

2.7 Conclusions
Interpreting an average swim force as a body force was done at two levels of
description: (i) the global force balance (2.3), and (ii) the continuum description

(2.7). The global force balance looks trivial because it involves only a simple sum

3There may also be a hydrodynamic stresslet contribution that takes the form: n(S¥) o
n{Upalqq).
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of each swimmer’s translational Langevin equation (2.2). The sum is performed
without any knowledge of how swimmers interact with the boundary, how they orient
in g-space, or how they are distributed in physical space. Also, no assumption of a

‘continuum’ is necessary and therefore (2.3) is quite general.

With the continuum approach, however, the difficult problem of determining the
deformation and stress of active matter is greatly simplified to solving (2.7) along
with the conservation equation for the particle number density (2.8). Further, the
constitutive equation for the active stress, (a(l’))(¢, Pep, . ..), is determined from
homogeneous active matter systems (Takatori & Brady, ) and can then be used to
predict the behavior in inhomogeneous situations, just as is done, for example, for the
Navier-Stokes equations — the viscosity is measured in a uniform simple shear flow
and then used in any flow geometry no matter how complex. When (F"im), (et
are specified, the continuum equations are closed and the concentration and stress,
¢(x,t) and (o) (x, 1), can be determined everywhere. The force on a boundary

then follows from the standard continuum expression [((o'”) - nds.

The continuum description, which predicted the Boltzmann distributions for dilute
systems, requires a separation of scales between the variation in macroscopic prop-
erties, such as n(z), etc., and the microscale, which for active matter is set by the
swimmer’s run length, £ = Uytg (and/or particle size a). In very dilute systems the
run length can become large and if significant polar order is induced at a boundary,

a continuum description may not be possible.

As a final remark, we have considered average swim forces that are the result of
polar order, (g) # 0, as this is the most obvious case. However, what is important
is that there is average swim force, (F$"imy % 0, not that there is polar order.
Recently it was shown (Takatori & Brady, ) that if there is a spatial variation
in the intrinsic swim speed Up(x) or reorientation time 7g(x), as might happen if

the local fuel concentration varies, to leading order there is an average swim force:



31
n(FSWimy = —(g*"imy . VIn(Uytg). This average swim force must then appear in

the global force balance (2.3) or (2.6) and in the continuum description (2.7).
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Chapter 3

THE FORCE ON A BOUNDARY IN ACTIVE MATTER

1. Yan, W. & Brady, J. F. The force on a boundary in active matter. J. Fluid
Mech. 785, R1 (2015).
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3.1 Introduction
The behavior of self-propelled objects such as bacteria, algae, and synthetic Janus
particles has become a dynamic field of research, both for the ‘swimming’ of
individual particles (Lauga & Powers, ), and for the collective behavior of
active suspensions (Toner et al., ). Owing to the particles’ self motion, active

matter can spontaneously phase separate into dense and dilute regions (Takatori

et al., ; Takatori & Brady, ; Palacci et al., ; Stenhammar et al., ,
; Cates et al., ; Bialké et al., ; Buttinoni et al., ; Wysocki et al.,
; Fily & Marchetti, ; Fily et al., ) and can move collectively under

an orienting field (Takatori & Brady, ).

Recently, the swim pressure (Takatori et al., ; Fily et al., ) was introduced
as a new perspective on the behavior of active matter. The swim pressure is the
pressure needed to confine active particles and is analogous to the osmotic pressure
of Brownian colloids. The dilute limit ‘ideal gas’ swim pressure [TV = n/ U(%TR /6
(in 3D), where n is the number density of active particles, { is their drag coefficient,
Uy is the swim speed, and 7y is their reorientation time. The swim pressure, or
stress, is defined as the moment of the swim force (*"") = —n(xF*"™), where
Fsvim = rUyq, with q the orientation vector of the swimmer and x its position.

The ‘moment arm’ for the swim stress is the swimmer’s run length, £ = Uytg.

The swim pressure is an average over the reorientation time 7z, which implies an
average over the run length €. The swim pressure is only defined on, and applies for,
lengths greater than the run length. And its use to compute forces on boundaries
necessitates that the boundary or macroscopic length scale, L, be much larger than
the run length (Yan & Brady, ). What happens when the length scale of
interest is not large compared to the run length? Can we extend the notion of the
swim pressure to such situations? Or more generally, how does the swim pressure

emerge from a more microscopic description?
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In this paper we provide such a microscopic theory and show how the swim pres-
sure arises naturally as the characteristic macroscopic length scale becomes large
compared to the run length. The theory is an extension of the well-known dynamics
of passive colloidal particles to active colloidal particles, and will allow us to com-
pute forces and torques on bodies and thus predict their motion in response to the

swimmers’ activity.

3.2 Theory

For active colloidal particles there are three characteristic lengths: (i) the macro-
scopic length scale L, (ii) the run length ¢ = Uyptg and (iii) a microscopic length
8 = \/Drtg, where Dr is the translational diffusivity of the active particles. Al-
though in a typical application we expect L > ¢ > ¢, the theory we present is valid

for any ratio of length scales.

Active Brownian particles (ABP) are governed by the Smoluchowski equation for

the probability density for finding a swimmer of radius a at  with orientation q:

0P(x,q,t)

+V-3T +Vep- 4R =0. 3.1
5 J R*J (3.1)

The translational and rotational fluxes are: jT = (Upg + F?/ {—D7rViInP)P, and
jR = —DgVRP , where Vg = q X V4 is the orientational gradient operator. For a

spherical swimmer of radius a in a Newtonian solvent of viscosity n, { = 6nna,

DT = kBT/{ = kBT/67r77a, DR(Z 1/TR) = kBT/8m7a3 and 6 = VDT/DR = 4/3(1.

At a boundary surface the normal component of the translational flux must vanish,
n - j7 = 0. If there were no translational Brownian motion or boundary force
(FF = 0), then Uy(n - q)P = 0, which means that either (i) Uy = 0 or (ii) n- ¢ = 0
or (iii) P = 0 at the surface; none of which is true in general. It is essential
to have a strong enough boundary force or translational Brownian diffusion (or
both, or hydrodynamics) to prevent particle crossing. As is well known in colloidal

dynamics, a hard-particle repulsive force is infinite and nonzero only at the boundary
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surface and the no flux condition is satisfied via the Brownian flux.

Rather than having a finite range and amplitude boundary force or hydrodynamic
lubrication interactions to prevent particle flux, we choose to use Dy as this is the
simplest to implement theoretically and most easily reveals the underlying physics.
It is important to note that whatever means are used to prevent active particles from
crossing a boundary it will introduce a microscopic length scale 6. As we shall see,
for pressures and forces, 6 will not appear in the final results. Any of the mechanisms

would produce the same behavior.

Indeed, (Ezhilan er al., ) recently examined active particles in 2D confined
between two walls without translational Brownian motion (D7 = 0) and showed that
the problem could be modeled with two regions: freely swimming bulk behavior
connected to a singular surface layer of particles in contact with the walls. The
action of translational Brownian motion is to spread this singular surface layer over
the microscopic thickness ¢ adjacent to the walls, as is standard in boundary-layer

theory. Our planar 2D results are in agreement with their findings.

Although we speak in terms of translational Brownian motion and forces propor-
tional to kg7, this is not necessary. One can simply replace kT with { Dr and the
results are unchanged; the translational diffusion, like the rotary diffusion Dg, need
not be thermal in origin. The Smoluchowski equation only requires that the random
‘Brownian’ displacements be small compared to any other length scale (e.g. the

swimmer size).

The Smoluchowski equation applies for all length and time scales but its solution
in any but the simplest situations is challenging. We need a simplified description
that captures the essential physics, and, more importantly, provides insight into the

general behavior and can explain phenomena without detailed calculations.

Consider a body immersed in a dilute suspension of ABPs. With F'¥' = 0, the force

the active colloidal particles exert on the body is given exactly by (Brady, ;
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Squires & Brady, )F = —kgT fSB P(zx, q,t)ndS, where n is the outer normal
to the body surface as shown in Fig. 3.3. The force averaged over the orientation of

the active particles is

(F>q = —kBT/ n(x, t)ndsS, (3.2)
Sp

where n(x,t) = f P(x, q,t)dq is the number density of swimmers.

The conservation equations for the zeroth and first moments of the Smoluchowski

equation are (Saintillan & Shelley, ):
on . .
E+V~]n =0 , g.=Uym—-DrVn, 3.3)
om . . 1
W+V-3m+2DRm:O s Jm=00Q +3UonI - DrVm, (3.4)

where m(x,t) = fqP(a:, g,t)dq is the polar order field, and Q(x,t) = f(qq -
%I )P(x, q,t)dq is the nematic order field. Since the force on a body only involves
the number density at the surface, we can use the simplest closure of the hierarchy
Q = 0. We show below (and discuss in Appendix C) that this closure is sufficient

to achieve good accuracy and reveals the essential physics.

Two remarks will help understand the structure of the moment equations. First,
when departures from uniformity vary slowly, the m-field equation has a balance
between the ‘sink’ term and the gradient in the concentration, 2Dgm = —%UoVn,
which gives a diffusive flux in the concentration field that incorporates the swim
diffusivity: 3, =~ —(Dr + %USTR)VI’I. Second, at the other extreme when variations
are rapid, the m-field has a natural screening length where diffusion balances the
sink: DrV>m ~ 2Dgm. This screening length is proportional to the microscopic
length § = v/D7/Dg. The screening length plays a fundamental, but unusual, role
in active matter—it is essential in order to have a well-posed problem and there will
be rapid variations in properties on the scale of ¢, but in the limit where 6 < ¢, L,
the microscopic length does not appear in the active pressure or in the forces and

torques on boundaries. The athermal limit (D7 — 0) is singular and D7 (or kgT)



37
can only be set to zero after the limit is taken; the force from (3.2) will then be

independent of kpT'.

3.3 Examples

First, we consider an infinite flat plate with normal along the z-direction; there is
no macroscopic length scale. The n- and m-fields are subject to no flux at z = 0:
N - Ju.m = 0 and a uniform concentration and no polar order as z — oo: n ~ n* and
m ~ (. The concentration and polar order fields are simple exponentials decaying

on the screening length

n=n"(1+3/6)% ), m; = -n t(A0)e (3.5)

where A = \/2(1 + %(f /6)?)/6 is the inverse screening length.

The concentration at the wall, n(0) = n®™(1+ é(f /8)?), is independent of the closure
(which follows directly from (3.1) in 1D), always exceeds that far away, and can
become very large as (£/0) — oo. This ‘infinite’ concentration applies for a dilute
suspension. It is not a build-up associated with a finite concentration of active
particles. Rather, it is the singularity alluded to earlier that results if translational

Brownian motion (or a microscopic length) is not considered.!

Even though the concentration can become arbitrarily large, the force per unit area
or pressure on the wall from the microscopic force definition (3.2) is finite and
independent of §: TIV = n(0)kgT = n™(kgT + k,T), where we have defined the
swimmer’s ‘activity’ k Ty = {U;r/6 = kpT (£/5)*/6. We recognize the pressure
on the wall as the active pressure—the sum of the osmotic pressure of Brownian
particles plus the swim pressure. And note that this is true regardless of the relative
magnitudes of kgT and kT (including the singular athermal limit kg7 = 0).2 Also,
the ratio (£/6)? = 6D*"" | Dy = Uyt Dy = Pey is a Péclet number based on the run

length measuring the relative importance of swimming to Brownian diffusion.

I'The active particle size ¢ must be taken into account in defining the no flux surface z = 0.
2This same independence of kT occurs in the analogous hard-sphere rheology problem at high
Péclet numbers (Squires & Brady, ; Brady & Morris, ).
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The second problem is active Brownian particles confined between two parallel

plates separated by a distance H. The concentration distribution is

2 . .
n(z) _ 1 ({) sinh(Az) + sinh(A(H - 7)) 3.6)

1+ - ,
no 6\0 sinh(A1H)

where the constant ny is related to the average number density of ABPs in the channel
(n) = fOH n(z)dz/H. The concentration is identical at both walls and is the same as
for a single wall with ng replacing n*. In the limit of large AH, corresponding to
0 < H,and when 6 < ¢, np ~ (n)[1 + (é’/H)/\/g]‘1 and the pressure at the walls

becomes
ksTs
1+ (/H)N3)

As for a single wall the pressure is independent of the microscopic length scale ¢ but

0% = (n) | kpT + (3.7)

now depends on the ratio of the run length to the macroscopic scale £/ H. We shall
see that the this behavior is generic—the influence of the run length enters as £/L.
In a simulation study by Ray et al., ( ) observed that the pressure in a channel

depends on the gap spacing as predicted by (3.7). (In 2D the coefficient is 1/V2.)

Figure 3.1 compares the concentration profile and pressure for a channel from
the theory with results from ABP dynamic simulations. When a swimmer hits a
boundary, it experiences a hard-particle force F'* to prevent it from penetrating the
boundary. (Following Foss & Brady, ( ) a potential-free hard particle force is
implemented.) Also shown are the theoretical predictions from closing the hierarchy
at the next level including the nematic order field @ as described in Appendix C.

The m-field closure is sufficient, both qualitatively and quantitatively.

The next problems are the concentration and pressure distribution in 3D outside
and inside a sphere, and in 2D outside and inside a circle, of radius R. Symmetry
dictates that n(x) = n™ f(r) and m(x) = n“xg(r), where f(r) and g(r) are scalar

functions of r. The exterior solution in 3D has the form of an exponentially screened
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Figure 3.1: IT" of ABPs confined between parallel walls in 2D. The inset shows the
area fraction distribution ¢(z). Here, £ = Uty is the run length and 6 = VDr7p is
the microscopic length. The swimmer radius is a. H is the width of the channel.

concentration reminiscent of Debye screening

2
g1 (f) 1 Reaon, (3.8)
n® 6\ 1+ + /lR)(é/R)2 r

and similarly for the m-field. In 2D Bessel functions replace the exponential:

nr _ 2(6/8)*Ko(A'r)

+ , (3.9)
A Ko(UR)[2 = (€/8)*] + Ko(VR)[2 + (€/6)%]

n

where the 2D inverse screening length A’ = ,/ 1+ %(f /6)%/6, Ko are the modified
Bessel functions and n is the area number density at infinity. For large A'r the

concentration disturbance decays as ~ e /+/r.

The pressure at the sphere surface in the dual limits 6 < ¢ and 6 < R, but for
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Figure 3.2: TV of ABPs outside and inside a circle. Legends are as in Fig. 3.1.

arbitrary ¢/R, is

kT,
" (R) = n® (kBT + —) , (3.10)
1+ (¢/R)/V3
while for the circle
[I¢Y(R) = n% (kBT + ks—T;) (3.11)
2b 4 1+ (/R)N2)’

where kT, = { UgTR /2 is the activity in 2D. We again see the effect of the finite run

length entering as ¢/R.

For the spherical interior problem the concentration field is given by

nr) _ . £(£/6)*(sinh(Ar)/(Ar) = 1) G12)
n(0) " L/6)2 + (1 + (§/R)?)sinh(AR)/(AR) — (§/R)? cosh(AR)
while for the interior problem in 2D
2 1N
n(r) _, 2(£/6)*(o(A'r) — 1) (3.13)

=1+ ,
na(0) 2(0/6)2 + (2= (£/6)?) Ip(A'R) + (2 + (£/6)?) L,(A'R)
with Ip» modified Bessel functions. In the dual limits 6 < ¢, 6 < R, the interior

pressure in 2D is identical to (3.11) with (n4) replacing n; .

Fig. 3.2 compares the predicted results in 2D for the exterior and interior problems

with ABP simulations and the next level Q theory. (By symmetry Q = h(r)I +
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Figure 3.3: Theoretical predictions of the force on an asymmetric body in 2D with
curvatures R and 2R compared to ABP simulations. The symbols are simulation
results and the solid lines were obtained by numerically solving for the n, m fields.
The force is calculated from (3.2) with body normal n and is scaled by the bulk
active pressure I1* = n(kpT + kT).

s(r)xx.) Again, the m-level theory is quantitatively accurate unless R/6 < 3,

which is not unexpected.

By symmetry there is no net force on a sphere or a circle in an active suspension.
The Brownian osmotic pressure is independent of both ¢ and ¢ (as it must be) and
thus the integral of the constant Brownian osmotic pressure over the surface of any

body will be zero.

From the examples the swim pressure has a correction due to the finite run length,
mvim ~ kT,/[1 + @(£/R)], where « is a constant and R is the curvature of the
body. Thus, in the limit {/R < 1 the swim pressure is a constant at each point on
the body surface and there will again be no force no matter what its shape. This is
as one would expect from the pressure for a macroscopic object. Only when the run
length is comparable to the local radius of curvature of a body is it possible to have

a net force from the swimmers’ activity.

Equation (3.2) for the force applies to any body shape and for any size body. Fig. 3.3

compares the force on an axisymmetric body in 2D determined by solving the



42
n, m fields numerically? with ABP simulations. The agreement is excellent. If the
body were free to move, its speed would result from the balance of its Stokes drag,
—Rpy - U, with the active force, where Rry is the hydrodynamic resistance tensor
for the body. A body may also rotate if the active pressure exerts a net torque on
the body, which is given by (L)q = —kpgT 5553 (x — xg) X nndS, where x is the
point about which the torque is taken. The angular velocity then follows from the

hydrodynamic resistance tensor coupling torque and rotation, —Rq - Q.

3.4 Discussion

From the structure of the concentration distribution and its dependence on the ratios
{/6 and ¢/L we can readily predict if a given body will experience a net force.
For example, a long thin rectangle will experience no net force or torque as the
active pressures are equal on both faces. If, however, we add a side arm to create
a ‘T’-shaped particle, there will be a force in the direction to the top of the “T’.
To a first approximation at each point of the surface there will be a concentration
boundary layer as in (3.5) for a flat wall and thus the active pressure will be the same
at all points on the body surface. However, where the top meets the side arm, the
two solutions will superimpose giving an increased concentration in the ‘corners’
and thus a net force (and torque if the side arm is not at the midpoint). Similarly,
a wedge-shaped particle will experience a force towards the point of the wedge
from the overlapping of the concentration boundary layers on the inside corners.
This reasoning can be continued for bodies composed of straight segments joined at
angles (Fily et al., ). The precise magnitude of the force, of course, requires a
solution of (3.3)-(3.4) for the given body geometry as done in Fig. 3.3, but the fact

that there should be a force can be simply reasoned.

We can also reason about the interaction between two bodies through their dis-

3The unsteady equations (3.3)-(3.4) were solved numerically with a standard Galerkin P2-FEM
method with adaptive mesh refinement. Implicit time-stepping was used to ensure solution stability,
and the solution is tracked long enough (~ 1507g) to reach a steady state.
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turbance to the concentration and polar-order fields. Two bodies will experience
a depletion-like attraction due to the exclusion of active particles between them.*
When bodies are far apart the attractive force is very weak and decays exponentially
with separation according to (3.8); this exponential dependence was seen in the
simulations of (Ray et al., ). Outside the screening length the concentration
is undisturbed and the depletion interaction will be the same as for passive col-
loidal particles where the exclusion zone is geometric (Asakura & Ooswa, );
the Brownian osmotic pressure on the exposed surfaces is replaced by the active
pressure that includes the run length (3.10). Note that the exclusion occurs on the
microscopic scale ¢ (or swimmer size a), not on the scale of the run length. Even
when the gap between two particles is less than £ the active particles can still access

this space and exert their swim pressure.

In the examples we have considered there was no polar order far from the boundary,
nor a gradient in the concentration of swimmers, and thus force or motion can only
arise if the run length is on the order of the body size, {/L ~ O(1), and if the
symmetry is broken by the body shape. With macroscopic polar order, which can
result from an orienting field applied to the swimmers (Takatori & Brady, ),
even a spherical particle will experience a net force and move due to the imbalanced
active pressure. We also used the simplest no-flux boundary condition on the polar
order field at the body surface, but this condition can be modified. For example, a
portion of the body surface may be treated such that the active particles achieve a
preferred orientation or experience a localized orienting field. Such a ‘Janus’ particle

may have a net force due to a spatially varying polar order boundary condition.

Indeed, a localized boundary orienting field was used by (Solon et al., ) to
argue that the pressure of active matter is not a ‘state’ function, as the force per unit

area on a wall is no longer equal to the swim pressure far from the surface. As our

4The force can be estimated from (3.8): F ~ —kgTVVn, where V is the volume of particle i and
the concentration gradient due to particle j is evaluated at the center of i.
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microscopic theory shows, this is to be expected in general: boundary curvature,
the detailed flux conditions at the surface, etc. can all affect the value of the
concentration at the surface and thus the force on the boundary. We showed recently
(Yan & Brady, ) that the polar order induced by an orienting field acts like a
body force on the active material, and when this ‘internal’ body force is included in
the momentum balance, the force per unit area on the wall plus the integral of the
internal body force is equal to the active pressure far from the surface, thus restoring

the active pressure as a state function.

With an external field that tends to align the swimmers and biases their motion,
for example, an external torque or hydrodynamic shearing flows, the conservation
equation for m now has an additional ‘sink’ term, which can be written as 2D g[1m —
m™] where m* is the polar order far from the boundary induced by the field. The
equation for Q will have a similar Q term. One now writes conservation equations
for the departures of the polar order and nematic fields from their undisturbed values,
m’' =m-m® and Q' = Q — Q, and then closes the disturbance equations along
the lines done here. It is not known if this simple closure proves as accurate when

there is net bulk polar order.

Since the behavior is dominated by the rapid variations that occur on the screen-
ing length adjacent to the body surface, the situation has features in common with
phoretic-like problems where a thin layer near the surface dominates the motion
and hydrodynamic fluid motion can be incorporated in a manner similar to diffusio-

phoresis (Anderson, ; Brady, ; Shklyaev et al., ).

The theory we have developed and applied for dilute active matter can be extended
to higher concentrations of swimmers. The N-particle Smoluchowski equation
for passive Brownian particles including excluded volume and full hydrodynamic
interactions is well known, as is the form of the many-body hydrodynamic swim

force (Yan & Brady, ). Reduction to the lowest moments, # and m, is certain
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to give rise to new phenomena since the swim diffusivity, which enters the flux
expressions, can be a decreasing function of the swimmer concentration (Takatori

etal., ).



Chapter 4

THE CURVED KINETIC BOUNDARY LAYER OF ACTIVE
MATTER

46
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Swimming micro-organisms may accumulate near a non-penetrating boundary due
to hydrodynamic interactions (Berke et al., ). The accumulation may also arise
from ‘kinematic’ origins, e.g., elongated bacteria cannot freely swim on a surface
due to a geometric constraint with the wall (Li & Tang, ; Lietal, ). The
accumulation due to wall-swimmer interaction gives rise to interesting behaviors;
e.g., theotaxis (Uspal et al., ; Kaya & Koser, ) and circular motion (Lauga
et al., ). Also, an asymmetric macroscopic body can harvest energy from the
bacteria solution and achieve net motion simply due to its shape (Kaiser ez al., ).
In fact, the swimmers need not be elongated to exhibit the kinetic accumulation (Yan
& Brady, ; Bzhilan et al., ). It may be simply due to the fact that when a
swimmer hits a wall, it may persist with its swim orientation g for a finite reorient
time 7g. In this case, the interaction with a non-penetrating boundary can be
modeled by an Active Brownian Particle (ABP). Each ABP propels itself at a fixed
swim velocity Upq, where q is subject to rotational Brownian diffusivity Dg = 1/7x.
ABPs may also be subject to translational Brownian motion Dy, with { = kgT /Dt

the (isotropic) drag coefficient.

When an ABP is stuck on the wall, it transmits to the wall a force —{Uyq - n
because it cannot cross the wall, where n is the wall surface normal vector. That
force accumulates over time and space, and the net effect constitutes a pressure
on the wall higher than the ‘passive’ osmotic pressure n*{Dr = n*kpT. That
simple process is exactly the microscopic origin of the ‘swim pressure’ (Takatori
et al., ). In the absence of hydrodynamic interactions, Yan & Brady, ( )
showed that the pressure of ABPs follow a natural extension of the Passive Brownian
Particles (PBP): el = pwall (D = nvl kT where n"?! is the number density of
particles on the wall, and it decreases to the bulk »*° on the microscopic length scale
§ = VDrtg. n"" for various geometries can be simply calculated with the moment
expansion method (Saintillan & Shelley, ), and including high order moments

is usually not necessary (Yan & Brady, ). The general result naturally extends
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to the singular limit &6 — 0 in the absence of translational Brownian motion Dr — 0

(Fily et al., ; Ezhilan et al., ).

It has been shown (Fily et al., ; Yan & Brady, ; Smallenburg & Lowen,

) that the accumulation at the boundary is significantly impacted by the bound-
ary curvature. Therefore, an asymmetric macroscopic body immersed in ABPs can
achieve a net force (Yan & Brady, ), simply due to its asymmetric shape. In

wall js higher in dent regions on a shape and the higher IT"*! = p*4! 7 Dy

general, n
in this region pushes the shape. Since ABPs are assumed to convey no friction on
a boundary, the net force due to asymmetric shape can be calculated by an integra-

tion of the pressure distribution II" = n" /Dy around the shape, and n" can be

numerically solved with Smoluchowski equations.

Although the above numerical approach works well case by case, an analytical
prediction of the net force is missing. In general, three length scales appear in this
problem: the macroscopic length scale of the body L, the microscopic length scale
0, and the particles’ run-length ¢ = Uytg. Usually 6 is on the order of the ABP’s
size, and 6 < L, but £ can be arbitrary, and it leads to various scenarios. Therefore,

a general analytical theory covering all scenarios is favorable.

When ¢ < ¢, the particles are simply passive Brownian particles and the net
force should varnish. When 6 <« ¢ < L, the particles show significant activity,
and numerical results (Yan & Brady, ) show significant net forces, but the
swimmer number density is only perturbed in a small region close to the body.
When the run-length ¢ is further increased to be comparable with L, the net force is
greatly increased and the perturbation on swimmer number density propagates far

away from the body (Yan & Brady, ).

Physically, when £ < L, the particles may spend many 7g without leaving a local
region on the shape, and therefore they may establish a ‘local equilibrium’ of

number density distribution governed by the local curvature. Therefore, following
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the moment expansion approach (Yan & Brady, ), the local solution of n*"¢/
may be solved everywhere around the arbitrarily shaped body, and all local solutions
can be matched to the global Smoluchowski equation of ABPs. This constitutes a
standard boundary-layer approach, where the inner (local) and outer (global) solution
should be matched to give the distribution of IT1"*/ everywhere, and the net force
can be calculated with a surface integral. Since the moment expansion approach is
general for arbitrary ¢ and ¢, the solution is expected to cover both the limits 6 <« ¢

and 6 > ¢ with a universal scaling. The scaling will be shown to be related to the

inverse screening length of the number density 4 = \/2 (l + % ¢/ 5)2) /6.

When ¢ is comparable to L, the ABPs ‘sample’ the shape of the entire shape in a

single run-length Uytg. In this case n"

is no longer determined only by the local
curvature — the variation of the curvature must be considered. Therefore the above
local boundary layer solution for £ < L is no longer true. However, we shall see

that the universal scaling based upon A is still valid.

In this chapter, we shall start from the Smoluchowski equation for ABPs with
its moment-hierarchy expansion. Then we discuss the separation of scales in the
governing equation. That is, the emergence of the boundary layer of accumulation
and its connection to the outer solution. By building a local curvilinear coordinate
system with the principal curvature, we seek a leading order analytical solution to
the boundary layer equation. Further, we match the local boundary-layer equation
to the outer solution to calculate the net force on an arbitrarily shaped body. The
analytical solutions are then compared to simulations. Finally, we discuss the effect
of different length scales, the connection to a continuum mechanics point of view
(Yan & Brady, ) in an analogy to rarefied gas dynamics, and the formulation

to include full hydrodynamics into this pure kinetic boundary layer analysis.
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4.1 Problem formulation
From a kinetic point of view, there are three characteristic lengths for ABPs: (i)
the macroscopic length scale L for the body, (ii) the run length £ = Uytg and (iii)
a microscopic length 6 = /Drtg, where Dr is the translational diffusivity of the
active particles. For a typical swimming micro-organism or a synthesized Janus

particle, 7g ~1s,0 ~ luym,and € ~ 1 — 10 um.

ABPs are governed by the Smoluchowski equation for the probability density for

finding a swimmer at & with orientation g, at time ¢:

0P(x,q,t)

- +V-5T +Vg-jR=0. 4.1)

Consider a single particle without particle-particle collisions in the dilute limit. The

translational and rotational fluxes are:

3" = (Uog - DrVInP)P, 4.2)
3% = —DrVgP, 4.3)
where Vg = g XV is the orientational gradient operator (Brenner & Condiff, ).

For a spherical swimmer of radius a in a Newtonian solvent of viscosity n, { = 67na,
DT = kBT/é' = kBT/67U]Cl, DR = I/TR = kBT/87l'I7613 and 6 = 'VDT/DR = 4/3a.

In this chapter we develop a general theory for arbitrary Dy and Dg.

At a boundary, the normal component of the translational flux must vanish:
n-jl =0. (4.4)

At infinity, we assume the swimmers are unperturbed at n®, with an unbiased

orientation distribution. The conservation equations for the zeroth and first moments

of the Smoluchowski equation are (Saintillan & Shelley, ):
on . .
E +V- In = 0, In = Uym — DrVn, (45)
om . . 1
W +V- Im T ZDRm =0, Im = U()Q + gU()I’l I- DTVm, (46)
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where m(x,1) = [ qP(x,q,t)dq is the polar order field, and Q(x,7) = [(qq —
%I )P(x, q,t)dq is the (zero-traced) nematic order field. The hierarchy can be
continued to include an extra equation for jo, allowing the variation of the nematic
order @ in space. It has been shown (Yan & Brady, ) that including a nematic
order does not significantly improve the accuracy of the boundary-layer solution,
assuming no nematic order appears. One can appreciate that truncation by thinking
about the asymmetry induced by a wall on the ABPs’ motion. The wall introduces an
asymmetry that is either towards the wall or directed away from the wall. Therefore,
the polar order is naturally the most effective one. Including higher moments only

slightly improves the solution in the limit of £ > ¢ and £ ~ L.

We then non-dimensionalize the equations with length scale L and timescale 7g.

Consider the steady state only:

V-4, =0, 4.7)
V. jm +2m =0, (4.8)
with flux:
! 52 .
Jn=7m- EV”’ (4.9)
. 4 52 4
Jm = inI - EVm. (4.10)

The truncation @ = 0 allows a simple mathematical manipulation of the equations.

Set f = V - m. Take the divergence of (4.8) and eliminate V2n with (4.7). We have

(V*-a2L%) f =0, 4.11)
. Lt
Vin = = 1, (4.12)
where
A= 2(1+ 5 6)?) /6 4.13)

is the inverse screening length (Yan & Brady, ).
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Equation (4.11) is a homogeneous Helmholtz equation, which has a ‘screened’
solution. Since we know in free space n = n® = const and m =0, f* =0 and f

must decay exponentially on the length scale AL away from the boundary.

Equation (4.12) is an inhomogeneous Laplace equation, and the solution can be de-
composed into a homogeneous general solution ng and an inhomogeneous particular

solution np:

n=ny+np, (4.14)

A A Lg
Vg =0, Vnp = = f. (4.15)

Therefore, we know that ny decays as 1/r governed by the Laplace’s equation, and

np decays at the same rate as f = V-m.

Once we know n = ny + np, we can put it back into the equation to solve for m:

6% oy l
T Vim - 2m = V. (4.16)

Again, due to the structure of this inhomogeneous Helmholtz equation, m can be de-
composed into a homogeneous general solution and a particular solution depending

onVn: m = my + mp.

62 4, I .

EV mp —2mp = —3LVn, 4.17)
5—2©2m —2mpy =0 4.18
12 H—2mpg =0. (4.18)

With some mathematical construction, we can explicitly calculate the particular

solutions np and mp:

t &
np = 62/1—2LV -m, (419)
PN [ .
mp = AZLZV(V “m) — 6—LVnH, (4.20)

where mp contains the long-ranged, or unscreened part proportional to V.

In sum:
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Figure 4.1: The formation of the boundary layer on the body surface. When a
swimmer comes to the surface, it transmits a force to the wall of F' = —Uj - n.
The swimmers form an accumulation boundary layer, with thickness on the order

of 8 = VDrtg. The inner solution is solved in the local coordinate system q, ¢,
depending on the local curvature. The definition of the local curvature is shown in

Fig. 4.2.
 f =V . m exponentially decays as exp (—AL?).
* ny is long ranged as n® + O(1/7).
* np ~ f exponentially decays as exp (—AL7).

* mpy exponentially decays as exp (—=L7/6).

» mp contains both an exponential exp (~AL#) and a long ranged O(1/#?)

component.

Physically, the exponetially decaying components will be ‘screened’ to the body
surface. When 6 < L, the solutions can be split in the (exponential) inner region

and the O(1/7) outer region. The boundary layer is illustrated in Fig. 4.1. Only
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Figure 4.2: The local representation of an arbitrary curved surface. The two
principal curvature directions are located in the two perpendicular planes. The local
curvilinear coordinate system ¢, ¢2, g, is build on the surface, where locally it is
orthogonal. ¢, aligns with the normal vector n pointing toward the outside of the
shape at that point. The sign of principal curvatures «; and «; follows the convention
shown here.

ny and the corresponding component in mp extend to the outer region, and are
governed by a simple Laplace’s equation (4.12). Inside the boundary layer, due to
the separation of scales, the outer solution ny can be considered as linear or even
a constant. Therefore, in this case we can split the problem into an inner region
and an outer region. The inner region is attached to the body surface and can be
considered as a 1D (curved) boundary layer. After the boundary layer is solved, the
solution can be used as the boundary condition for the Laplace equation in the outer
region. The final solution can be determined by matching the flux j,, 7,, between

these two regions, which is a standard boundary-layer approach.

Recall that A = /2 (1 + 1 (¢/6)%)/5. When € ~ 8, A ~ 1/6, and np and my deca
6 y

at comparable rate. When € > 6, 4 ~ €/ 62 > 1/6, and np decays much faster than
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mpy. In this case, the inner region of thickness ¢ further splits into two regions of
different scales, and form ‘a boundary layer inside a boundary layer’. Our analysis
in the following section, however, is a general approach and applies to both cases.
In sum, we shall solve the boundary layer structure with the assumption that 6 < L,

¢ < L, but we do not specify the relation between ¢ and £.

4.2 Analytical solution

Inside the boundary layer, the solution is exponential and depends on the local
geometry only. We can split the solution into the inner region n;,, m;, and outer
Routs Moy We shall scale all lengths with the macroscopic length scale L. As

discussed in the last section, the outer region is governed by a Laplace’s equation:

A

V21 = 0, (4.21)

while in the inner region we shall solve the full equations, starting with (4.11). In the
simplest case for a flat plate k; = K> = 0, the boundary layer has been solved (Yan
& Brady, ). Inside the boundary layer, we rescale Z = g,/ (6/L) = q. /€,
where € = 6/L — 0O:

fo _L68+C 45

i 4.22
n® 52 1862 ( Y
no e 167
m_ 0 4.22b
= et (4220
€A
m:o = LWL =0, (4.22c¢)
n 6

where the subscript 0 means zero curvature of the wall. For a flat wall geometry,
above that boundary layer the outside solution is simply n,,; = n® = const. Now we
consider an arbitrary shaped macroscopic body. To zeroth order, the flat boundary
layer solution gives the pressure on the wall:
vl = pvallypp = (1 + 5—2) n®¢Dr
662 '

= (n™ (Dr + D™ = 0™ (kT + k,T;) . (4.23)
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Therefore to zeroth order of curvature, the pressure on a macroscopic body is the
same everywhere on the surface regardless of the body shape. The net force on
any shape given by this homogeneous pressure is zero, just as a macroscopic body
submersed in the atmosphere does not get any net force from the homogeneous
isotropic atmospheric pressure. For a classical ideal gas, the pressure on a boundary
would deviate from the ideal gas limit when the mean free path is comparable to
the macroscopic body length. For ABPs, the pressure is applied to the body surface
through the formation of the kinetic boundary layer, so the pressure may deviate from
the isotropic swim pressure n® (kT + k;T) when the boundary layer thickness is

comparable to the body’s lengthscale.

The boundary-layer thickness is governed by the microscopic length § = VDr7g;
therefore we shall improve the zero-curvature solution to the leading order curvature.
We locally build a curvilinear coordinate system as shown in (4.2). The local
arbitrary curved surface is represented by a second order curvature (mathematically,
the second fundamental form). Coordinate axes g1, ¢ are attached to the curvature
surface and ¢, is perpendicular to it. ¢, g> are along the two principal curvature
directions. g, is aligned with the normal vector n. Mathematically, we can assume

that locally ¢, g2, ¢, are orthogonal.

In the curvilinear coordinate system, the Cartesian nabla operator Vin (4.11) should
be replaced by the curvilinear operator V.. The details can be found in Appendix D,
and to the leading order of O(6/|R|) we need only consider a constant Jg = 2H,
where H = %(/? | + K2) is the mean curvature. Also, the first order effects give only
a correction to the normal direction. The tangential direction solution appears at

second order.

Here we consider a smooth body, and we assume the curvature radii R= 1/k ~ O(1),
also non-dimensionalized by L everywhere. If there is a sharp corner on the body, the

curvature radii |R.orner| < L, and the boundary-layer assumption might no longer
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be valid there, so a leading order curvature solution is not sufficient. Physically,
swimmers with orientation g # —n have a tangential swim velocity and are about to
leave that sharp corner easily. This is also true for a passive particle with significant
translational diffusivity Dr. Therefore, the kinetic accumulation on a sharp corner
or tip is very weak, and the pressure there significantly decreases with increasing

¢/|R| and 6/|R| (Yan & Brady, ).

Inner solution
In the boundary layer, we shall use n,,, to denote the number density at the top
of the boundary layer, and n,,, is a local value of the outer solution, which is not

necessarily a constant as n:

(VZ-a2L%) f =0, (4.24)

9 92 55
—Jg— + ~ L2 F=0, 4.25
( SaQJ. 9q,? ) / ( )

where Jg ~ O(1/(R/L)) ~ O(1). Inside the boundary layer we rescale Z = ¢, /€.
Here e ~ 6/L < 1 and Z ~ O(1):

o 0 e
-Jse—+—-2|1+— =0. 4.2
( JSGaZ + 572 ( + 662))f 0 (4.26)

The leading order effects of the curvature are captured by this asymptotic expansion:

f=fotefi+.., 4.27)
n=ng+en +..., (4.28)
m; =myo+emyq+..., (4.29)

where the leading order f, no, m o are just the flat surface solution (4.22).

If £/6 ~ O(1), then fo/nsp ~ L/, no/niop ~ O(1), myg/nop ~ O(1). If € > 6,
then fo/niop ~ €3L/S6*, no/nyop ~ €2/6%, and m o/nsop ~ €%/6% are not on the same
order, due to the different prefactors in (4.22). So we should be very careful when

going to the next order without losing the scalings. Also, due to geometry (D.3),
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the divergence operator at the first order includes a contribution from the curvature

Jsi
L amJ_()
N = 4.30
fo 5 527 (4.30a)
L om
fi=7 (—JSmL,O + a;)' (4.30b)
Therefore we can solve at first order:
0 fi 0 fo
(622 _/1252) fi =952, 4.31)
The solution is:
S = 17 4 Czeé/l(—Z)
Ntop
1 EJ AL
+ —CJgAPLZON D) 4 52 p04(=2) (4.32)

12 246 ’

where C; and C; are constants to be determined. As discussed in the last section, f
is screened so all components of f] are exponential. We can determine that C; = 0
because in the final step the solution, the limit Z — oo will be applied to attach the

inner and the outer solution.

Then we can solve the first curvature correction »; in the normal direction:

?ny € onp
= —f1+ Js—, 4.33
572 Lfl 557 (4.33)
giving:
CiLe9Z  Coted1-2)
o_ e + 2¢ + C3 + C4Z

Nop  62A2L 52A2L
2O 2 ] 700(-2)

+ 4.34
24632 1262 (4.34)

The last step is to solve for m :

amJ_() asz_l £ Lanl
_ g L omy = =2 435
Sz T Tazz  T™M'T3L50z (4.35)
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The solution is:

mil _ Cyeo1? B Cre®1 (-2 3 if] 1 Ze5A=7)
Nop AL AL 2"
tJse® 2 ¢
+ 2 4.36
246 66 (4.36)

By definition f = V, - m, and the solution m 1.1 is compatible with (4.30).

The structure of f1,n1,m, 1 follows exactly the separation of scales as discussed
in the last section. Particularly, the C3 + C4Z part in n; represents the long-range
solution ny. The —€C4/(60) part in m, 1 is also the long-ranged part —f@nH /(66)
in mp. Inside the very thin boundary layer, the variation of ny is very slow, and is

simplified to a linear function of Z in the first order solution n;.

Matching the boundary condition & the flux
First, the exponentially growing part C; must be zero. On the surface Z = 0, the

boundary condition is simply non-penetrating:

Jn-nz=~4{m; - f—ég—g =0, 4.37)
Jm Mz = g{’ - (Sz—éaam; - 0. (4.38)
Part 1, j,:
: ) 2L 9 )
Jn-nz=1» (”ﬁ,o + Z”M,l) - ZE[)_Z (”O + an) )
- _C4T52n,op, (4.39)

It is a constant, and to satisfy the boundary condition 3, - nz = 0, C4 must be
zero. So the perpendicular component of flux j, , = 7, - nz = 0 throughout the
boundary layer. Therefore by the continuity of flux from the outer solution to the
inner solution, this zero-flux boundary condition is also the boundary condition for

the outer solution @2%1” =0.
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Part 2, j,,:

By setting 7, - nz = 0 at Z = 0 in (4.36), we can find:

(L (662 + 52) eJsL (9(52 + 252) £+6

G =C , 4.40

2= G5 T (4.40)
where C3 should be matched by the outer solution: as Z — oo,
o 1)

— no(Z - o0) + an(z —o0)=1+ ZCg. 4.41)

Ntop
Part3,V . j,:

V- 3, does not work as a boundary condition, but we demonstrate that at steady state

it is zero, as required by the governing equation (4.5). The two leading orders to the

flux 3, are:
= O
i (—JSmL,o + ag”;‘) -5 (?:znzl -J %), (4.42)
and we know that m o = Ec’i_’?; therefore,
V.jn:f(agg’l)—a(‘zzz’g). (4.43)

So by the solution (4.34) and (4.36), V - 3, = 0 everywhere inside the boundary

layer, as required by the governing equations.

From inner to outer: continuity of j, |
Remember that, as discussed in the last section, the solution to n can be decomposed
to a homogeneous solution ny and a particular solution np. From an inner-outer
boundary layer point of view, ny satisfies the Laplace’s equation and is just the outer
solution n,,,. In the outer region,
V1o, = 0, (4.44)
Nout (F — 00) = n™, (4.45)

boundary condition (4.39): j,, =3, -n = 0. (4.46)
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According to (4.9) and (4.19), in the outer region m = —¢ Vn u/(6L), therefore:

. Ce _ Lty 6% o
In = Zmp - E Nour = _26_14 Nour — ﬁ Nout,
~ = (D™ + D) Vg = 0. (4.47)

Then on the boundary of the outer region Vi, -n = 0. Therefore, by the uniqueness
theorem of the Laplace’s equation subject to Neumann boundary condition, the

unique solution to n,,; is simply:
Nour = const = n°. (4.48)

It gives a very simple boundary-layer solution structure. The outer solution n,,; is
simply a constant everywhere, and so at the top of the boundary layer everywhere,
Ntop is a universal constant: n;,, = n*. The inner solutions are given as (4.34)

and (4.36), which decay exponentially from the surface and scale as n®.

As shown in Fig. 4.3, when V8%/|R| = ﬁ — 0, the swimmers form an accumu-

lation boundary layer, and the solution n® = const is valid. When ¢ is increased
so that 1’6%/|R| = 2%/6 ~ 1, the boundary layer still exists but the solution 7,,; is no
longer a constant.

4.3 Results

Analytical results

With the solution n;,, = n* and (4.34) & (4.36), we can calculate the swim pressure
exerted by the kinetic boundary layer everywhere on an arbitrary shaped body with

Hwall = KDanall:

wa 6
Dwall _ no(Z = 0) + Zni(Z = 0),
2 22
L 4.4
e T’ (4.49)
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Figure 4.3: The number density n/n™ in two systems. In the left, 1’6?/|R| =
ﬁ ~ 0.204, and the outer solution n,,, = const = n™ still holds. In the right,

A'6%/|R| = %\/g ~ 0.612, and the outer solution n,,; = const = n* is invalid. The

left case is located at the O(5/|R|)? regime in Fig. 4.5, while the right case is located
at the linear regime.

So to the first order of curvature Js:

(=] 00 SWim /152
Hwall:n {Dr+n {D 1+Z]S s

. . 162
= n®kgT + nk,T, 1+ZJS . (4.50)

Obviously, for passive Brownian particles D" = 0 and IT"“/ is not impacted by
the curvature Jg. For swimmers, the swim pressure is impacted by the curvature

scaled as Jg162/(2L).

In the limit of very fast swimmers € > 6, 1 — L.

V362"
{2 1 [¢ ¢
Sl — 1+ —|—+ =], 4.51
ol 652( 2\/§[R1 Rz]) @0
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and the pressure:

0 o 1 | ¢ 4
Hwall —n kBT +n kSTS (1 + ﬁ [R—l + R—2]) . (452)

For swimmers outside a sphere with radius |R|, the signed curvature radii R; =
R, = —|R| following the sign convention in Fig. 4.2, therefore the pressure on
the wall decreases as the sphere decreases in size. This is consistent with the
exact solution for the swim pressure inside and outside a spherical & cylindrical
container, presented in a Padé form (Yan & Brady, ) 1/ [1 + (¢/|R])/ \/§] It
is also consistent with the results for the singular limit of no translational Brownian
motion Dy — 0 (Fily et al., ; Smallenburg & Lowen, ), where the result
depends only on the ratio of run length to curvature radii /| R|. The above analytical
solutions are for the first order where the microscopic length ¢ and the run length £
are both much smaller than the macroscopic body length L, and therefore they are
accurate only to the O(¢/L) and O(6/L). The derivation gave us a universal scaling

A6%/L:
{~6: A5%/|R| ~ S/L, (4.53a)
> 6: 16%/IR| ~ ¢/L, (4.53b)

therefore our theory works in the limit where 16%/|R| = 0. In the following, we

shall use this universal scaling.

Equation (4.50) gives the pressure distribution everywhere on an arbitrary shaped
body. With surface integration, we can get the net force and torque applied on a
body. Trivially, the integration of the constant part of pressure n®kgT + n*k T

does not give a net force. To leading order:
swim o0 2 /162 R
I1 dsS = n"k,T,L 1+ ZJS ds, (4543)
net 00 2 /152 G
F =n ksTSL —stndS, (454b)

167 A
Lnet = nooksTSLz % —XJS"' X ndS. (4540)



64
Here, ¢ 15" S is a scalar ‘total’ integration of the swim pressure on the body. It
is of no dynamic importance, but can be easily measured from a particle-tracking
Brownian dynamics simulation to verify the boundary-layer solution. F"¢' and L"¢
are the first order net force and torque applied on a macroscopic body solely due to

its asymmetric shape.

Equation (4.54) involves the pure geometric integral of Jsm on the surface. By

definition:
Js=2H = (R + &) =V - n. (4.55)
It is well-known that for a smooth closed simply-connected surface:
f(V -n)ndS = 0. (4.56)
Therefore, we conclude that to first order O(162/L):
F" =, (4.57)

for a smoothed body of arbitrary shape. A net force would appear to the second

order O(16%/L)>.

Physically, to first order, F"¢’ = () also means that the L"¢ is actually a force couple,
which does not depend on the choice of the center of the torque. In fact, if we shift

the torque moment center by rg in (4.54¢):

net 00 2 /152 R
Ly" =n"kTsL —Z.Is('r‘ + 1) X ndS,
=rox F™ + " = L. (4.58)
The equality holds at leading order O(A62/L). In fact due to the special form of

the geometric integral f JsrxXnd S, there is some mathematical evidence (Sullivan,

) that L™ = 0 to leading order, too.
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Verification
To verify our analytical solution, especially the surprising result that to leading order
the net force is zero, we perform Brownian dynamics simulations with ABPs and
numerically solve the equations (4.7) and (4.8) with a Finite Element solver. The
simulations require as many as 40, 000 particles and as long as 30007 to capture
the very weak signal of F"* in the tremendous amount of Brownian noise. Also
the Finite Element solver is expansive to solve due to the very thin boundary layer
on the small scale 6. Limited by computing resources, we perform simulations and

numerical solutions on a 2D geometry, for ABPs with 2D in-plane rotations.

In this case, we can repeat the solution and find the same result:
2D

Myall ’

— =1+ —=+—J 4.59

n® 262 LS (459)
where Jg = & is simply the (non-dimensionalized) curvature of the 2D curved
boundary. For a curved boundary in 2D, there is only one curvature and there is no

need to define a ‘mean curvature’ H. The inverse screening length in 2D (Yan &

Brady, ) A= ,/(1 + % (5/6)2)/6. So to leading order O(A6%/L):

2D _ oo [ swim /1152 /
IT n>{Dr+n>{D 1+ LJS’

wall —

. oy s,
=n"kpT +n" kT, |1+ 7 J5], (4.60)
where kT, = ¢ Ug/ (2Dg). Also in the limit of £ > ¢, similar to (4.52) the

perturbation on swim pressure scales as €/L:

{
Hvzvgll - I’lookBT + l’looksTs/ (1 + EJ&) . (461)

Again we take the surface integrals to get the net force:

swim 00 ’ /1,62 ’ 2
mdL, = n®k, 7L ¢ 1+ =—J;|dL, (4.62a)
L
62 R
Fnet = nwksT;Lf—TjéndL, (462b)

62
L™ = n®k,T'L f{ -
2L

Jer X ndL. (4.62¢)
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Similarly, we get F"¢ = 0 and L"¢ is a force couple in the first order.

In this case, we can further simplify (4.62a), with a special case of Gauss-Bonnet

theorem for a smooth 2D simple curve:
f «dl = -2n. (4.63)

Here the negative sign appears due to our convention of sign as illustrated in Fig. 4.2.
Mathematically speaking, the ‘total curvature’ is —2x for a closed immersed plane

curve. As aresult:

’rs2
4o ), (4.64)

]{ " dL = n®k,T.C (1 -2
where C is the circumference of that 2D shape, on the scale of the macroscopic

length L. Remember that 4’6 has dimension 1, so the factor A’6%/L is on the order

O(X'6%/L), not a second order correction.

The 2D Brownian dynamics simulation is done with the discretized Langevin equa-

tion of ABPs, with its orientation g = (cos 6, sin 6):

AX = UygAt + AXB + FC/¢ s, (4.65)

AG = NGB, (4.66)

(AXBY = 0, (AXBAXB) = 2DrAt, and (A6B) = 0, (AGBAOPB) = 2DgAt. Particle-
particle collision is ignored as that effect is not included in the kinetic boundary
layer solution. The ABPs have radius a, and the swimmer-body collision force F'¢
is applied through the excluded volume interaction which occurs at the contact line
calculated with the potential-free algorithm (Foss & Brady, ; Yan & Brady,

). Due to the finite ABP radius a, the effective body shape is the original body
shape plus a excluded volume layer of distance a. We use the effective body shape

in all data we present.

The body shape is shown in Fig. 4.3. We purposely constructed the body shape with

four circular arcs, to simplify the algorithm and to minimize the numerical error in
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Figure 4.4: The scalar integration of pressure ¢ [1¥"™dL on an asymmetric body
immersed in ABPs. The dashed line is equation (4.67). The symbols are simulation
results for N = 40000 particles equilibrated for 30007, and the solid lines are Finite
Element solution for up to 10*7% to ensure a steady state is reached.

the contact detection process in simulations. For each combination of ¢ and |R|, we

vary £/6 € (1,10) to cover both cases 6 ~ £ and § < ¢.

Here we choose the inner radius |R| of the shape as the macroscopic length scale
L, and for the shape we used the circumference C = 3x|R|. So (4.64) becomes a

simple straight line for this particular shape:

$IvmdL 2,
——— =1--1'6°/IR|. 4.67
PSkTIC S VIR (4.67)

Fig. 4.4 compares (4.67) with simulation results and PDE solutions. The dashed line

is calculated with (4.67). The theoretical solution applies for 6 < |R| and ¢ < |R]|,

and it works well in the limit 2’6%/|R| — 0 as illustrated by Fig. 4.4.

Next, we compare the theoretical estimation of net force with the simulation results
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Figure 4.5: The net force F"* on an asymmetric body immersed in ABPs. The
body shape is shown in (4.3). The data is collected from the same simulations and
PDE solutions in Fig. 4.4. The O(6/ |R|)? and O(5/|R]) asymptotic lines are for
ease of view.

in Fig. 4.5. As shown in (4.60) and the definition of curvature sign in Fig. 4.2, a dent
in the body means positive curvature J¢ > 0 and increases the swim pressure on the
wall by n®k,T/(A'6%/L)J - Therefore the shape shown in Fig. 4.3 experience a net
force towards the right. Also, because F”¢ = 0 to the order A’6%/|R|, asymptoticly

Fet ~ O(A’6%/|R|)?, which is verified by the results shown in Fig. 4.5.

The simulations and numerical solutions in Fig. 4.5 show that all data and theoretic

predictions of F"¢ collapse on a single line, for a wide range of §, |R|, and ¢ :

Fnel /162
_ , 4.68
n®kTs|R| f( IR ) (469

where f(x) is a function determined by the shape, satisfying f(x — 0) — x2,

because we have shown with the analytic solution that for small 162/|R|, asymp-

toticly F"" ~ O(X'8%/|R])?. Also, when 162%/|R] is large, f(x) transits to a linear
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function. We have shown in (4.53) that our boundary solution is no longer valid in

the limit where 162/|R| ~ 1, this may happen when ¢ ~ |R].

In Fig. 4.3, the different cases where A’6%/|R| — 0and A’6%/|R| — 1 are compared.
It is clear that in the limit of 2’6%/|R| ~ O(1), our boundary layer solution is valid.
Meanwhile in the other limit, the number density # still shows a boundary layer at
the microscopic length ¢ close to the boundary, but the outer solution n,,; = const
is no longer valid. There is a clear wake (low density region) close to the concave

portion of the body.

In the limit of 2’6%/|R| — 1, one can still take the surface integral of Il,,,; =
nywai1{ Dr over the surface to get the net force, but it is no longer correct to use
the constant outer solution n,,; = const = n®. In that case, the global transport
equations (4.5) must be solved to get the correct number density field to calculate the
net force, as we did in Fig. 4.4 and Fig. 4.5 with the PDE solver. Physically, when
{ ~ |R|, in a single run-length a swimmer does not only sample a local geometry,
but actually experiences the global shape. Therefore, our solution of a completely

localized boundary layer is invalid.

4.4 Discussion & Conclusions

In this chapter, we solved for the general case where ¢/L and ¢/ L are both small, but
the relation between ¢ and £ can be arbitrary. With the solution, we found a universal
scaling emerges as 162/L, and our analytical solution for the boundary layer is valid
for 16%/L < 1. When 162/L is not small, we showed by simulations and PDE
solutions that the scaling and the boundary layer structure still holds, but the outer
solution n,,, is no longer a constant n*°. Also, in analytical and PDE solutions
the moment expansion is truncated at 1m level with an assumption of isotropic @,
and the solution matches the Brownian simulations well. It has been discussed
and quantitatively compared by Yan & Brady, ( ), and we shall not repeat the

discussion here. The details can be found in Chapter 3.
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Figure 4.6: The origin of a non zero flux j, ;. In the left, curvature is symmetric.
On the right, the curvature is asymmetric.

Our solution is not limited to an exterior problem, it is also applicable to an interior
problem where swimmers are confined in an arbitrarily shaped container and form

a boundary layer on the walls.

Practically, 6 <« L is almost always satisfied in experiments, and most interest in
swimmers concerns the fast swimming case where € > ¢. In the following, we shall

discuss ¢ relative to the macroscopic length L.

Casel,{ < L: F™ ~ O(16%/L)*.

In this case, the disappearance of a net force at first order in 162/L is due to the
fact that the outer solution is constant: n = n® = const. Since the outer solution
is governed by the Laplace equation, the constant solution is determined by the no
flux boundary condition: j,, = 0. This is due to the continuity of the flux across

the boundary layer.

The leading order expansion in the body shape is the curvature constant Jg. We
expanded the boundary-layer solution on the surface with a geometric constant Jg,
but J is only the mean curvature, and it does not take into consideration any variation
of that curvature. That means, physically, in the leading order we approximated the

surface with a curvature with constant curvature, which means the local solution
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is the same at that point, and at its neighbor points. As a result, it includes no
tangential flux of the swimmers. Then by the continuity of flux across the boundary

layer, there is no flux coming or leaving this boundary-layer region, and 3, = 0.

When we allow the curvature to vary, a non-zero tangential flux is allowed. By
continuity, a normal flux of outer solution can come into the boundary layer and
flow tangentially somewhere. A non-zero normal flux j, , therefore gives a non-
constant outer solution n,,;. However, when the boundary layer assumption holds,
the variation of curvature appears at second order in the expansion of the curvilinear
operator V., as discussed in Appendix D. That is, the deviation of n from a constant
outer solution n* occurs at the second order O(16%/L)%. Therefore, we observe a
second order net force as shown in (4.68) and Fig. (4.5). An analytical theory for
the second order boundary condition would require all 21 geometric constants for
curvature and curvature variations to be included, and is unnecessarily complicated

(Panaras, ).

When 6 < £, we have 162/L ~ €/L, as shown in (4.53), (4.52) and (4.61). This
corresponds to the singular limit of no translational Brownian diffusion Dz, and it
explains the appearance of the ¢/|R| scaling in literature (Fily et al., ; Smallen-
burg & Lowen, ). However, it is important that in this case the boundary-layer
thickness goes to zero, and one should not simply put the Smoluchowski equation
into a PDE solver with a finite minimum mesh size /,,,. In fact, in this case the num-
ber density n behaves as a d4;-4. function on the wall, and it cannot be appropriately
captured by any finite mesh size. The proper solution for zero ¢ between a parallel
wall configuration (Ezhilan et al., ) must mathematically split the particles ‘on
the wall’ from the bulk to appropriately capture the number density » solution. If
one blindly chooses some /,, it is equivalent to specifying a finite microscopic length
0, and may lead to a mysterious constant in front of the scaling /L. Also, it is
not legitimate to attach a numerically fitted high order inner solution with a leading

order constant outer solution to calculate the net force. The inner and the outer
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solutions must be resolved to the same order.

Case2,( ~ L: F" ~ 0(16%/L) ~ O({/L)

In this case, since we assumed 6 < L, effectively we have F" ~ O(¢/L). As
shown in Fig. 4.3, there is also a boundary layer governed by the microscopic length
0, but on large scales the outer solution shows a clear convection-like wake structure.
The physics is very similar to the £ < L limit. When { < L, swimmers explore the
local curvature variations to induce a second order perturbation to n,,,. However,
when ¢ ~ L, the swimmers experience the variation of curvature over the entire
body within a single run-length and cause the deviation of n,,, from a constant n.
More specifically, in this case only a few swimmers with preferred orientation g
can enter the concave portion of the macroscopic body, and therefore a long range
orientation field m,,; = —é@nom appears together with a non constant n,,,. In this
case, the swimmers still show an accumulation boundary layer as shown in Fig. 4.3,
and simulations with full PDE solutions all collapse on a universal scaling (4.68)

F!] (n®k,Ts|R|) = £ (16%/|RI), and the function f (x) is determined by the shape.

Also in this limit, for a regular shaped circle or sphere the exact full solution (Yan

& Brady, ) shows that the Padé form:

1

Hwall - nookBT + nookSTs ] 7 IBE
-5 %+ %]

(4.69)

is the exact analytic solution and it works well even when ¢/L ~ 5. The linear ex-
pansion of this Padé form is the first order boundary layer solution (4.52). However,
we cannot write (4.50) into this Padé form and attach it to the constant outer solution
nour = 1 to calculate the force, because it inherently requires a second order outer

solution.

The difference between the limits £ < L and £ ~ L can also be appreciated from
a continuum mechanics point of view. We have shown that, for swimmers with no

orientation bias or body force, on large scales where L > ¢ continuum mechanics
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describes the number density flux very well (Yan & Brady, ):
. 1 tot
'
where if the swimmer-swimmer interaction is ignored (the dilute limit):
o' =n{ (Dr + D™ I 4.71)

In this formulation, any non-continuum effects are only important on a very thin
layer attached to the body surface. The thin layer is the boundary layer we analyzed
in this chapter. The continuum mechanics flux (4.70) is exactly the outer flux (4.47).
Also, the non-dimensionalized parameter 162/L is the counterpart to the Knudsen
number mean free path to body size ratio Kn = Ay pp/L in rarefied gas dynamics.
When Kn < 0.1 the Navier-Stokes equation is still applicable in the bulk, with its
boundary condition modified by the Knudsen layer close to the wall. In our solution,
Fig. 4.4 and Fig. 4.5, we also observed that the first order boundary layer solution is

valid when 162%/L < 0.2.

However when ¢ ~ L, the continuum mechanics transport equation can only be
used in regions very far away from the body, and we need to solve for the detailed
Smoluchowski equations in the vicinity. It is similar to the transition regime Kn ~ 1

in rarefied gas dynamics, where detailed dynamics must be solved.

General solution: spherical harmonics

The decoupled structure (4.11) allows us to construct the general solution for f =
V - m, first by spherical harmonics (similar in 2D), and then by matching the
boundary conditions to get the general solution without going to the details of the
curvature expansion. However, in the case where 16%/L < 1, numerically the series
constants are highly sensitive to numerical errors, and for a body of complex shape
the general solution is effectively useless. Here we just present the general structure

for an axisymmetric body to complete our mathematical discussion.
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For a general body in 3D axisymmetric about the z-axis:

. - 2
V.m = Z BiA /mKlJr%(/lLr)Pl(cosH), (4.72)

=0

n=nyg-+np

(4.73)

0 - - 5 &
=n + Z qir (l+1)Pl(COS 0) + mv -m,
=0

m=mpyg+mp

X 2
= > CilO =Ky (ar) (4.74)

where K, 1 (z) are the cylindrical modified Bessel functions. For interior problems,
K, ! (z) should be replaced by [;(z). P;(x) is the Legendre polynomial. By, g;, C;

should be matched by the no-flux boundary condition.

For a general shape in 2D, similarly we can just replace the Legendre polynomials
by a Fourier mode cos n6 + sinné, and replace the K, 1 (z) with its integer order
version K;(z), to construct the general solution. The constants should also be

adjusted accordingly.

Formula for hydrodynamics

In this chapter we discussed the kinetic limit, where the boundary layer emerges
solely due to the run length £ = Uytg and the microscopic length 6 = v/Dr7g. In this
case, we showed that the interaction is completely determined by the distribution of

swimmers around the body: the distribution function P(x, g, t).

It is also true for swimmers with full hydrodynamics in Stokes flow. As shown by
the equation (4.19) in Brady, ( ), the hydrodynamic force applied on the body is
completely determined by the distribution function p;;(r) of a swimmer j relative
to a macroscopic body 7, and the full mobility matrix M;;(r). In Brady, ( ), i

is termed as the ‘particle’ and j is termed as the ‘solute’.
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In the limit where the excluded volume interaction is effective on a range much
longer than hydrodynamic interactions, the hydrodynamic mobility is simplified to
the isotropic Stokes drag, and the interaction is simplified to the sum of individual

Brownian collisions discussed in this chapter.

When hydrodynamic interaction is effective, the distribution function p;; () must be
solved case by case to find the correct interaction and boundary layer form. Due to
the complicated general form of M;;(7), we do not know whether a simple general

solution for the boundary layer structure exists. We shall leave it for future studies.

Wen Yan thanks Eric W. Burkholder for the mathematical construction (4.11). This

work is supported by NSF-CBET 1437570.
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Chapter 5

ACTIVE MATTER WITH NEMATIC ORIENTATION:
ENHANCED ANISOTROPY AND TENSORIAL SWIM STRESS
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5.1 Introduction
Each individual particle in active matter propels itself with some orientation q, and
therefore by manipulating q interesting phenomena happen, such as shear trapping
(Rusconi et al., ), theotaxis (Kaya & Koser, ), action-at-distance (Yan &
Brady, ), and so on. Those phenomena can mostly be explained by solving
the Smoluchowski equations for the Active Brownian Particles (ABPs) model, and
continuum mechanics naturally arises as a large-scale limit of the detailed Smolu-

chowski mechanics.

From a continuum perspective, the continuum mechanics relies on the balance
of surface and body forces. The surface force of active matter has been defined
as the swim pressure (Takatori et al., ), which is the pressure required to
confine the swimmers within some fixed volume, and is therefore dependent on
the swim diffusivity o™ = —nZ D™ where n is the number density and
is the drag. If the orientation g is governed by unbiased rotational Brownian
diffusivity Dg = 1/7g, D*'™ = Ugtg/61 and remains isotropic. With polar-
ization in some particular direction H, the stress is in general anisotropic as
oMM = —nfUZTR/6 (0™ HH + 6™ H H ), where o™ and &-3"™ are
both functions of the field strength, and are equal to 1 without the field (Takatori &

Brady, ).

An anisotropic swim stress is unusual, but one must think of active matter in an
external field. With polarization, itis clear that the ‘equilibrium’ stress is anisotropic.
In this work, we consider a fundamental problem, that is, the force on a flat wall
applied by anisotropic swimmers. We show that the anisotropic swim stress on a
wall may actually be a real tensorial stress, based on a microscopic understanding of

how the swim pressure in the bulk is transmitted to the wall (Yan & Brady, ).

We would first discuss the anisotropic swim stress o/ for ABPs with a nematic

order, showing that the anisotropy é'i‘lw"m &M can be greatly enhanced by the
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orientation field. Then, we examine the force on a wall, with its normal vector
n in an arbitrary angle to the field direction H. With that model, we show that

swim

the (normal) pressure on the wall can be calculated simply as (o ‘m) - n, in

agreement with classical continuum mechanics. That is, the swim stress is tensorial.

5.2 Nematic orientation order: anisotropic swim diffusivity

We consider ABPs with a bi-stable orientational potential energy:
A2
V(g)=-€(q-H)", (5.1)

where € is an energy scale, q is the orientation vector and H is the direction of
the field. Energy is minimized for both ¢ = +H. Such a potential is often seen
in magnetic nanoparticles (Coffey & Kalmykov, ). With V(q), the swimmers
tend to swim in the directions of +H and show different swim diffusivity in H and
H 1 directions. The swim diffusivity comes from the fluctuations in orientation q,
propagated to the translational space a through the self-propulsion Uyq on a time

scale longer than the reorientation time 7z = 1/Dg.

€ in (5.1) controls the strength of the field. When € <« kpT, the orientation field
is weak in comparison to the Brownian reorient, and the equilibrium distribution
of q just slightly deviates from the isotropic distribution. When € > kpT, the
orientation field significantly deviates the equilibrium distribution of gq. However,
the potential (5.1) is a bi-stable potential, and during the Brownian reorient events the
particles occasionally get enough energy to climb over the energy barrier between
the two directions with lowest energy. This behavior will later be analyzed by
Kramers’ hopping theory, and we shall see that it is the hopping that induces the

greatly enhanced diffusivity in the direction of H.

This enhancement of diffusivity is different from the polarization discussed by
Takatori & Brady, ( ), where the orientation potential energy shows a single

minimum. In that case, under a strong polarization field all partilces align with the
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field, and net motion of particles at the velocity of (q)Uj is induced, and (qg) is in
the same direction of the field. The particles still show some diffusivity superposed
to the average directed motion, but the diffusivity is greatly decreased because the

fluctuation in q is limited to only the vicinity of H.

Case 1. Swimmers in 3D space

The orientation is analyzed in the spherical coordinate system (r, 6, ¢), assuming the
6 = 0 axis is aligned with H. q is confined in the angles (0 < 6 < 1,0 < ¢ < 27).
The orientational distribution of q obeys the Boltzmann distribution, no matter the

location « of the swimmer:
Py (dQ(6, ¢)) < exp (=V(q)/kpT)dQ, (5.2)

where d(Q is the solid angle. Therefore the equilibrium distribution is:

o WRe™

Py = exp (—xrsin® 9). (5.3)
O 2 Erh (\/)(R) ( )
Here Erfi is the ‘imaginary error function’, and y g = kLT is the dimensionless field
B
strength. When y g = 0, the orientational potential V disappears and P° = %.

The effect of the polarization can be quantified by the nematic order parameter
Q = (qq), as shown in Fig. 5.1. When yg =0, 0, = Q) = 1/3. When yg — oo,

all particles with ¢ = + H, and therefore O = 1 and 0, = 0:

exp(xr) 1

= - , 5.4

(quq) V= XRErﬁ( XR) T r (5.4a)
1

(qLq.) = 5 (I =Aquqp) - (5.4b)

Here by definition Tr Q = 1. By definition, the zero-traced nematic order parameter

Q=Q-3iI.and 0 =(qyq)) - 1/3, 01 ={q.q.) - 1/3.

For ABPs with nematic order, their motion is governed by the translational velocity

Uog, related by the orientational order of g. The orientational fluctuation around the
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Figure 5.1: The nematic order parameter Q = (gq) as a function of field strength
XR — € / k BT.

equilibrium P leads to the diffusivity D*"i™ in translational space. To calculate
this, we can either use Brenner’s B-field theory (Frankel & Brenner, ) or
Brady’s k-field theory (Takatori & Brady, ). The detailed calculation procedure
has been reported before (Yan & Brady, ) and the process is briefly derived

here.

With the notation introduced in the Appendix B, the steady state Smoluchowski

equation can be written as

V-j+Vr-jr=0, (5.5)
J =UoqP — DrVP, jgr=w(q)P — DrVRP. (5.6)
1 € .
w = — (=VRV) = ——e4 sin26. 5.7
¢R (R

Here Dg = 1/t = kT /{R.
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Following the B-field route, we have:

cos6 1 _ eXR_XRkZ
B(0) = ————— dk, 5.8a
1) /o 2xr (k> = 1) 5

B, (8) = cos ¢ sin g(cos 0), (5.8b)
where the function g(x) is the solution of the ODE:
(x2 - 1) g"(x) +2x ()(R (x2 - 1) + 2) g (%)
+2 (xrx? + 1) g(x) =1 =0, (5.9)

g(x) = g(cos@) satisfies (i) no singularities at x = cosd — =1, and (ii) well-
defined as yg — 0. Here the B-field is quantitatively the orientational fluctuation
of g around the equilibrium P°. The fluctuation in q induces the diffusivity in

translational space. The velocity of net motion is defined as:

<U>=/P8°(q)U(q)dq- (5.10)
q

For the bistable potential (5.1) discussed here, the distribution P(‘)’o (q) is symmetric.

As aresult, (U) = 0, and there is no net motion.

By decomposing AU(q) = U(q) — (U), the effective diffusivity on top of the

averaged directed motion (U) is given by

D™ = /P8°(q)B(q)AU(q)dq- (5.11)
q

More details about the B-field route can be found in Appendix B. The results for

Dswim:
o ﬁwim T cos 6 1= e)(R—Xsz
Dﬁw’m = — = 127r/ Py’ cos 6 sinQ/ ————~ dkdb, (5.12a)
UsTr/6 0 0 2xr (k*=1)
o swim 2n T
Dy = 2L = 6/ / P sin’ 9g(cos §) cos® ¢ d6 dp. (5.12b)
U;Tr/6 o Jo

The results for Dy and D, are shown in Fig. 5.2.
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Figure 5.2: D*¥" in the directions parallel and perpendicular to the field H in 3D
space. The solid lines are analytic solutions (5.12).

Then, 6'ﬁw”” and 6" can be calculated from o*""" = —n{ D*"'"™:

ol

Fvim = L = psvim 5.13
T Tuze (5.13)

. o At
oY = ——=— = D", 5.14
T —wuvie 19

The weak-field limit

When the field is weak, the system just shows a small polarization, and by a simple

series expansion of (5.12), we find easily:

. 2

o~ 1+ 2R o), (5.15a)
3

Fovim ] — % +O(x3). (5.15b)

As was the case for polar order aligned with H induced by a potential with a

single position of minimum energy (Takatori & Brady, ), the swim pressure is
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decreased in the H | direction, because the energy barrier decreases the fluctuation
of g in that direction. The difference is, here the stress in the H direction is enhanced
by the field. This is due to the bistable structure of the orient potential (5.1), and we

shall see a more significant effect in the strong-field limit.

The strong-field limit

The strong-field limit is very interesting. In this case, the swimmers may all align
with either H or —H, and only occasionally ‘jump’ between these two states. It
is physically the same as the famous Kramers’ escaping rate process (Kramers,

), where a Brownian particle may jump out of a potential well slowly due to
diffusion. As q is diffusive in the rotation space, the jumping probability is modified

from Kramers’ original 1D estimation. The average jumping time between the two

directions are estimated to be (Coftey et al., ):
oy = Yrexplen) (5.16)
J 3/2
2x%

Physically, the swimmer may move in a direction with Uy for 7; and then jump to
the other direction and move again with Uy for 7; on average. Therefore on the long

diffusion timescale, the diffusivity is simple a 1D random-walk:
swim
gowim _ 2N 3Vmexp(xr).

b U6 2,3

(5.17)

Besides moving in +H directions, the swimmers also move in the perpendicular to
the H direction, due to small fluctuations around +H driven by Dg. Following this
route, the distribution of the fluctuation field B, can be approximated with a singular
‘boundary layer’ around the parallel direction. After the tedious mathematics is
properly handled, the result is very simple:

Swim
a_swim _ DJ_ 3

1 - - s
UOZTR/6 2x%

(5.18)

as yr — oo. The asymptotic predictions are shown in Fig. 5.2.
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Case 2. Swimmers in a 2D layer: in-plane rotation
For 2D in-plane rotation, the rotational space is greatly simplified to a single angle
6. We define cosf = q - H , as in the 3D case. At steady state, the equilibrium

orientation distribution is:

1
PY(0) = —————er¥neos), (5.19)
27'(]() (T)

Here, I is the Bessel function, normalized so that f_"n P(‘)"’ df = 1. Similar to the 3D

case, the nematic order parameter @ is:

I (&8
(quqy) = %(11 EXZR; + 1), (5.20a)
o7
1{ 5 XZ—R)
(qLq.)==|- +1]. (5.20b)
e ( o (%) )

Here we also have Tr Q = 1, similar to the 3D case. The zero-traced nematic order
parameter Q is defined as Q = Q — %I for the 2D case. The order parameter Q is
shown in Fig. 5.1.

The B field route in the 2D case is:

/9 e X RSN’ K Brf (\/)(R sin K)
0 2+/xr

dk, (5.21b)

By(6) = C, — dx, (5.21a)

0 F
B,(0) = / 2 <mcos K)
0 VXr

where Fp(z) is the Dawson-F integral function:

2 z 2
Fp(z)=¢*¢ / e’ dy. (5.22)
0

Similar to the 3D case, the swim diffusivity comes from the orientational fluctuation

B:
. swzm \/_e,\(R sin® k Erf ,_R sin k
Dlslwzm — =2 / / ( ) d/(PSO (9) cos 0d6,
/ 2 - X R
(5.23a)

ppowin _ DI _ / / " F (VR cos K)d P (6) sin 06, (5.23b)
= — — " dk sin :
U /2 - VXR
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Figure 5.3: D*"" in the directions parallel and perpendicular to the field H in a
2D layer. The solid lines are analytic solutions (5.26).

which are shown in Fig. 5.3.

Then, &ﬁ"’"m and &iwjm can be calculated similar to the previous 3D case.

A_SWIm __ O-|| _ ASwim
o = ——n{UZ/Z = D", (5.24)
0
A SWIm 0L Aswim
=——— =D ) 5.25
47/ 7/ A 622

The difference is that, for 2D in plane rotations the isotropic swim pressure is

n{U§/2, in stead of n{U§/6.
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The weak field limit

In this limit, by direct expansion of (5.23):

: 3

a_lslwzm ~1+ ;(-R + 0()(%?)’ (5263)
: 3

a_inm ~1— XR + O(X%?) (5.26b)

The strong field limit

In this case, Kramers’ escaping rate theory can be directly used since the orientation

space involving 6 is a 1D space,

For a potential V (6), the escape rate out of its minimum is

V0max)-V Opmin)

1 _
rg = E\/V”(Qmin)lvﬂ(gmax)le ¢b

_ XRDR i (5.27)

T

where V(60,,:,) and V(0,,,x) are minimum and maximum of the potential V, re-

spectively. Dy is the result of the ‘flipping 1D’ random walk in the direction of

A

H.

swim XR
ASWIm __ DJ_ e

I T I R
UZtr/2 XR

(5.28)

D, also forms a ‘boundary layer’ around the equilibrium position q- H = 0. For 2D
rotation, it can be directly calculated from the integral. We can make the ‘boundary

layer’ approximation: 6 ~ sin6,cos @ ~ 1 — 6%/2.

Therefore, the integral is explicitly integrable:

Dswim z %XRcos(Z()) : 29
SN / ¢ Y e, (5.29)
Ustr/2 0 4y rly (%)
()
I(*& 1
__ 0®) (5.30)

— .
2xr 2)(%e



87
Finally:

_ Diwim 1 s
= . /2—>2 5 (5.31)
0 R XR

A SWIim
o)

5.3 Force on a boundary: the tensorial swim stress

The pressure of isotropic swimmers on a flat wall is the swim pressure (Yan & Brady,
), IIWsswim — peo UgTR/6. Throughout this section, n® is used to stress that

it is the number density in the homogeneous bulk system. From a tensorial stress

point of view, we can simply write F'¥ = —(o - n)dS, following the convention of

continuum mechanics where n is the wall normal vector and dS is unit wall area.

For swimmers with an unbiased orientation distribution, F" contains no tangential

or shear component, and we can write it as:
n% = —(™" . n)-n. (5.32)

For swimmers with anisotropic orientational order, does this apply to arbitrary

directions?

Swim

A true tensorial stress o must satisfy (5.32) for any surface with normal vector

n:

HW,swim — _(o_swim ‘n)-n

n®k,T, (AswzmHH_l_ swzmHJ_HJ_)

n“kSTs(”W’m(H n)? + oM H, - n)) (5.33)

where kT = £ UOZTR /6 for 3D swimmers and £ UgTR /2 for 2D swimmers (Takatori
et al., ). Here, & ﬁw’m and 65" are analytically calculated in the last section.
In the presence of translational diffusivity Dy = kgT/{, the total pressure on the

wall also contains the osmotic pressure contribution:

" = a"swim 4 n®kgT. (5.34)

From a colloidal perspective as shown by Yan & Brady, ( ), the pressure applied

by swimmers on a wall is due to the formation of a boundary layer on concentration



88
of swimmers on the microscopic length scale 6 = v Drtg. For hard spheres, the

Smoluchowski equation gives
n" = ¢prn", (5.35)

where n" is the number density on the wall. In the absence of a bulk polarization
field, the boundary layer is such that n" /n® = 1+k,T;/kgT, and (5.35) is consistent

with (5.34).

When yg =0, (5.33) and (5.35) give exactly the same pressure on the wall, and
in this section we will show that this is also true for swimmers with nematic order.

That is, """ is a true tensorial stress.

For simplicity, we consider 2D ABPs between two parallel walls separated by L, and
the nematic field direction is applied at an angle ¢ with the wall normal vector n,
cos ¢ = n- H. Fluid is assumed to flow freely across the wall, and the wall-particle
collision is assumed to be excluded-volume only. The configuration is similar to the
sedimentation problem (Yan & Brady, ), except that in this work we consider
the dilute limit so swimmer-swimmer interactions are completely ignored to be
compatible with the diffusivity calculations in the last section. L/{ — oo is also

imposed to eliminate any confinement effect (Ezhilan et al., ; Yan & Brady,
).

In this geometry, the motion of swimmers between the walls is completely de-
termined by the Smoluchowski equation, tracking the probability P(x, q,t) of a
swimmer appearing at « with orientation g at time r. We define the microscopic
length 6 = v/Dr7g, and the run length £ = Uytg. All lengths are nondimensionalized

with £, and time is scaled with 7, and we have:

oP 0
il v A —jr =0, 5.36
5 +V-gr+ 557k (5.36)
. 5% 9P
Jr = cosfP — 2 ox (5.37)
oP
jR = XR sin 2(9 - (p)P - . (538)

06
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S

Figure 5.4: H is the external field direction, and Upgq is the swim velocity of each
ABP.q - 2 =cos6, H - Z = cos ¢. The normal vector of the bottom wall n = 2.

Those equations can be easily solved with a FEM PDE solver with non-penetrating
boundary conditions on the top and bottom walls as illustrated in Fig. 5.4. After
steady state is reached, n" = f P(x", q,t)dq, and the pressure on the wall can be

calculated from the microscopic colloid perspective (5.35).

From the tensorial perspective (5.33), we can also analytically calculate the pressure

on the wall:
Y = p® k7 (67 cos® @ + & sin® @) . (5.39)
Here, kT, = ¢ UgTR /2 is defined for the 2D geometry with 2D rotations.

Also, Brownian dynamics simulations are performed to compare with both the
colloid perspective (5.35) and the tensorial perspective (5.39). In the Brownian

Dynamics simulations, the pressure is determined from the force exerted by each
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Figure 5.5: Comparison between the colloidal perspective and the continuum me-
chanics tensorial perspective. The solid lines are calculated analytically from (5.39),
the open symbols are calculated from (5.36), solved by FEM solver with 62/£% = 0.2
and L = 20¢. The cross symbols are measured from particle-wall collisions in Brow-
nian dynamics simulations, with £ = 4a and 6 = 0, in a box with L = 128a = 32¢
and periodic in the horizontal direction.

particle-wall collision.

Part 1. The normal component of stress
The comparison between the colloid perspective and the tensorial perspective is
shown in Fig. 5.5. The calculation for (5.39) is analytic and is valid for arbitrary

ratio of swimming to diffusion, £/ € (0, c0).

The pressure from the colloid perspective is calculated with 62/¢> = 0.2 and then
the pressure of passive Brownian motion (osmotic pressure) n kT = n>{Dry is
subtracted from the result of (5.35). Also L = 20¢ is used to guarantee that there

are no confinement effects. The Brownian dynamic simulations are conducted with
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Dr = 0, and we find that all three methods agree with each other.

The comparison clearly shows that the mechanical swim pressure on a wall can be

strongly anisotropic as shown with the case yr = 6.4. Actually, based on (5.33) we

have that
A . . XR
forn = H: V"7 = @k T8 ~ n™k, T/ <, (5.40)
2 xr
. . . 1
forn = H, : TV = p®k /557" ~ n°°ksTs’2—2. (5.41)
XR

The anisotropy é'ﬁWim [&3WIm ~ 7y reX®, growing very fast with the field strength
XR-

Again, it is important that the number density n* in Fig. 5.5 and Fig. 5.6 is the
‘bulk’ value, that is, n at the center between the two walls. It should not be confused

with the n" in (5.35).

Part 2. The tangential component of stress

swim

In continuum mechanics, o - 1 is the stress on a plane with normal 7, and the

tangential component (o*"/" - n) - t is the shear stress applied on that plane, i.e.,

Swim

the friction between the two continuum media. When o is isotropic, the shear

component is simply always zero for any surface normal n. For anisotropic o*"",
however, the tangential component is not necessarily zero. However, there cannot be
any shear stress (friction) in the ABP model, because the wall-swimmer interaction

is excluded volume only; that is, a force is transmitted only in the normal direction

to prevent the swimmer from crossing the wall.

In fact, when a swimmer swims towards a wall, it is trapped on the wall for a period
of time until the q is relaxed to a different direction so it can leave the wall. For the
period of time when the particle stays on the wall, the normal component of swim
force (Yan & Brady, ) n-{Upq is transmitted to the wall and contributes to the
normal pressure I1". The tangent component is not transmitted to the wall and the

swimmer is actually ‘sliding’ along the wall. Therefore, the tangential component
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Figure 5.6: Comparison between the colloidal perspective and the continuum me-
chanics tensorial perspective for the shear component, and the corresponding flux
along the wall. The solid lines are calculated analytically from (5.39); the open
symbols are data calculated from the same FEM solution as in Fig. 5.5.

of swim stress is a net flow of ABPs sliding along the wall in the tangential direction.
The direction of the net flux is towards the left on the bottom wall and towards the
right on the top wall for the H shown in Fig. 5.4. The flux on the bottom and the top
walls are of the same magnitude but in the opposite directions. They cancel each

other so there is no net overall motion in the domain.

For the 2D geometry shown in Fig. 5.4, the tensorial stress predicts the flow as:
s / gy "M dz -t = nk T (654 = 5™ cos @ sin . (5.42)

Here the subscript T represents the ‘translational’ flow along the wall. It is clear
thatif yg = 0, 55" = &ﬁmm and the flux is always zero; only an anisotropic stress

drives a flux. Here, [ j;v “SWim - has the dimension of the total flow rate along the
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boundary, per unit boundary length (area if in the 3D case), while ¢ j;v SV gzt

has the dimension of pressure.
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Figure 5.7: The boundary layer structure for the case of y g = 1.6 (left column) and
XRr = 0.4 (right column), taken from the same data as shown in Fig. 5.5. Here n®
is the number density in the bulk, corresponding to the » in Fig. 5.5 and Fig. 5.6. z
represents the height in this boundary layer. m; = m - t is the tangential component
of polar order m. For the H in Fig. 5.4, m, is towards the left on the bottom wall.
For ¢ = 0, m; = 0 everywhere as estimated by (5.42) and Fig. 5.6.

From the microscopic colloid perspective, the swimmers now form a kinetic bound-
ary layer (Yan & Brady, ) on the wall, with directed motion as shown in
Fig. 5.7. More specifically, on a microscopic scale close to the wall, there is net
polar order m = f Pqdq # 0, even though the nematic orientation field has no

polar order in the bulk. By solving the Smoluchowski equation (5.36), the flux is
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obtainable by integrating m;, the component of 1m parallel to the wall:
W, swim _
/]T dz -t = /m-tdz. (5.43)

Also, here the total stress includes the osmotic pressure kg7 contribution: o’ =
swim

o —nkgTI. Since kgT1I = {DrI is always isotropic, it does not contribute to

the tangential component:

(a_loml ‘n)-t= (o_swim -n) - t. (5.44)

The comparison between the colloidal perspective and the continuum mechanics
tensorial perspective for the shear component, and the corresponding flux along the
wall is shown in Fig. 5.6, and the tensorial stress perspective (5.42) agrees very well

with the detailed microscopic colloidal perspective (5.43).

5.4 Conclusions & Discussions
In this chapter we discussed an example, designed to extend the notion of the swim
pressure to a true tensorial swim stress, for a special case of swimmers in a nematic

orientation field.

Swimmers under a nematic orientational potential show significantly enhanced dif-
fusivity parallel to the field direction H, and significantly reduced diffusivity in the
perpendicular direction. Under a strong field y g — oo, the orientation is trapped in
the +H directions, and only occasionally does a Kramers’ hopping event happen.
Therefore, the strongly anisotropic diffusivity is induced by a strongly anisotropic
orientational fluctuation field B. This is in contrast to the polarization case (Taka-
tori & Brady, ; Yan & Brady, ), where all swimmers are directed towards
the same direction and the diffusivity in the H and H, directions both decay

algebraically with increasing x g.

The anisotropic swim diffusivity gives an anisotropic swim stress o**""* = —n{ D*""™".

Using a parallel-wall geometry, we showed that an anisotropic swim stress is truly a
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stress in the continuum mechanics sense — the pressure on a boundary with nematic
field is [T = (™ - n) - n. The tangential component gives not a shear stress
(friction) in the absence of hydrodynamics, but a net flow of ABPs along the wall.
This is because the interaction between the ABP and the wall is assumed to be
frictionless. In the presence of hydrodynamics, this flux of swimmers along the
wall would likely drag some fluid with it, and likely induce a net flow of the sus-
pension parallel to the wall. From a continuum perspective, the swim stress o*""

contributes no shear component to the total stress of suspension (o). So the flow

must be balanced by the viscous shear stress 2n(e), where (e) = % (V(u) + V(u)T).

Further below the continuum scale, if the detailed swimmer-wall hydrodynamic
interaction is considered, the net flow of swimmers along the wall may be quanti-
tatively changed. The details in the presence of hydrodynamics is left for a future

study.

Itis important to realize that the tensorial stress perspective is on the continuum scale
L > ¢, where the detailed interaction structure of swimmers with the wall is ignored,
as that happens on the microscopic scale ¢ as shown in Fig. 5.7. The microscopic
colloid perspective (5.35) explained the tensorial stress in the bulk through the
formation of a kinetic boundary layer shown in Fig. 5.7. It actually extends the
discussion of the kinetic boundary layer of swimmers on the wall (Ezhilan et al.,

; Yan & Brady, ; Smallenburg & Lowen, ) to the case of swimmers

with torques.

In this work we discussed the system with nematic order, and it is a special case
because nematic order is symmetric and gives no net motion or net swim force
(F*"imy_in contrast to polar ordered swimmers (Takatori & Brady, ; Yan &
Brady, ). For polar ordered swimmers, however, the notion of a tensorial
swim stress is still applicable if we apply a body force to cancel the swim force and

therefore to cancel the net motion. In fact, when (F**"") is canceled by a body
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force, polarized swimmers exhibit a stress exactly in the form of (5.33). That is, the
tensorial perspective makes no assumption of how the anisotropic stress is induced.
In fact, it assumes that all information has been contained in the stress itself: n>,

kT, 0" and (’)'ﬁw’m are sufficient from a continuum mechanics perspective.

For swimmers with arbitrary orientational torques, the Smoluchowski equation is:

oP ) .

E"'V'JT"‘VR'JR:O, (5.45)
JrR=w(@ - )P — Dg-VgP, (5.46)
jr = UoP + F°P - DrVP, (5.47)

where w(6 — ¢) is the angular velocity induced by some external torque, as a
function of the swimmer’s orientation angle 6 and the field orientation ¢. F° is
the body force to cancel the swim force and any bulk net motion: F¢ + F*" = ()
for each particle to keep the system in a homogeneous state. It is unclear at this
stage whether, for arbitrary w, the stress can still be treated generally as a true
tensorial stress. Rigorous mathematical proof requires solution of the boundary
layer with arbitrary orientation order and is usually very difficult. The orientation
order expansion method (Saintillan & Shelley, ; Yan & Brady, ) may be a
possible route towards a general proof, but it is subject to proper orientation closure

relations. We shall leave it for a future study.

The tensorial view of swimmers has more profound use than simply to estimate the
pressure on a flat wall for swimmers without net motion. We showed with General-
ized Taylor Dispersion Theory (Frankel & Brenner, ) that in a general transport
problem such as sedimentation or active micro-rheology, the large scale motion and
deformation of swimmers can simply solved with the continuum mechanics flux

with tensorial stress, body force, and swim force (Yan & Brady, ):

1 .
Jem = = (V- o + F8 + (F'™)) . (5.48)
: )
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The boundary condition for this large-scale transport equation must be properly
constructed from the detailed near-wall dynamics on the small scale. This is very
similar to the rarefied gas dynamics, where the non-continuum effects must be
resolved on the scale of a few mean free paths at the boundary, and then a proper
boundary condition for Navier-Stokes equation in the outer region can be constructed
from the ‘inner’ solution. Similar outer-inner matching scheme is also true for ABPs,

as discussed in Chapter 4.



Chapter 6

A METHOD TO DETERMINE THE BEHAVIOR OF ACTIVE
DIFFUSIOPHORETIC SUSPENSIONS: ACCELERATED
LAPLACIAN DYNAMICS

98
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6.1 Introduction
Active diffusiophoretic suspensions refer to those colloidal particles which are able
to convert chemical energy to self-propulsion, usually through patterned surface
reactivity (Ebbens e al., ). Experimentally, active particles exhibit very inter-
esting behaviors. Howse et al., ( ) showed that the translational diffusion of a
single active particle is enhanced by USTR /6 on timescales longer than the rotational
Brownian motion timescale 7, where Uj is the active velocity. The collective mo-
tion is more intriguing. Active particles with attractive interactions were observed to
exhibit dynamic clustering and phase behavior in experiments by Theurkauff et al.,
( ) and Palacci et al., ( ). Particles with repulsive interaction show transition

between uncorrelated motion and an ordered lattice (Soh et al., ).

The Active Brownian Particle (ABP) model is proposed to understand the phase
separation. In ABPs, the particle’s self-propulsion velocity Uy = Up&, where Uy
is usually assumed to be a given constant and & is subject to rotational Brownian
motion. Also, the interaction between ABPs is usually assumed to be collision
only (pure repulsive) (Solon et al., ) or a pairwise additive potential (Redner
etal., ). Under this circumstance, the interaction between ABPs is short-ranged
and additive, and therefore can be successfully explained by thermodynamic-type
models, such as the ¢4 field theory (Wittkowski et al., ), density functional the-
ory (Menzel & Lowen, ), and motility-induced-phase-separation (Stenhammar
et al., ; Cates & Tailleur, ). For example, the dilute-dense coexistence
of active matter can be explained as a first-order gas-liquid phase transition, with
the introduction of swim pressure as the equation of state (Takatori et al., ;

Takatori & Brady, ).

However, the applicability of thermodynamics on the active diffusiophoretic sus-
pensions is questionable in the presence of the chemical solute concentration field

c. On the single particle level, Brady and Cérdova-Figueroa (Cérdova-Figueroa &
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Brady, ; Brady, ) showed that a particle’s motion can be determined by
solving the solute concentration field ¢(7) around the particle. To leading order,
the swim velocity Uy o c¢. They swim faster with more ‘fuel’ concentration c. In
the presence of many particles, the disturbance on c(r) caused by each particle
propagates, and causes not only changes of swim velocity, but also particle-particle
attraction or repulsion due to diffusiophoresis o« Ve. In fact, the self-propulsion
and particle-particle interactions are not separable because they come from the
same field ¢. The Damkohler number Da describes how fast the reaction is, and
therefore how fast the particle swims (Cérdova-Figueroa & Brady, ) and how
significant the perturbation ¢’ is. As we shall see, the system behavior is controlled
by the dimensionless ‘fuel concentration’ Sp o cEa3, where ¢ is the imposed
solute reactant concentration. At higher Sp, both the swimming o ¢ and attraction
oc Ve are enhanced and so the system has more chance to form clusters, overcoming

the translational Brownian motion randomizing the system towards a homogeneous

state.

This ‘field-driven’ nature results in the fundamentally different system behavior from
the ABPs. To probe the system dynamics, the field ¢ must be solved simultaneously
with the particles’ motion, and it must be done efficiently so that the collective
motion of a large amount of particles can be probed. In the continuum limit where
solute molecules are much smaller than particles, the governing equation of ¢(7) can
be reduced to Laplace’s equation. Itis a valid assumption, compared to experiments
(Palacci et al., ). For a Laplace’s equation, it is well known that a source
or sink induces a perturbation ¢’ o 1/r similar to electrostatics. However, one
should not simply impose a fixed 1/r interaction between particles, as seen in some
simulation work (Palacci et al., ; Pohl & Stark, ), because the chemical
reaction on each particle is proportional to the local concentration ¢, and should not
be treated as a fixed ‘charge’ in an electrostatic system. Instead, we show in this

chapter that the interaction is governed by Brinkman-like chemical screening. It
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is a static screening and solely due to the fact that neighbor particles are changing
their reactivity o< ¢ to compensate for every particle’s perturbation, and it takes a
exponential Yukawa form. However, it is also illegitimate to prescribe a Yukawa
form pairwise potential, because the screened effect can only be correctly accounted

for after the full Laplace’s equation governing c is solved.

We should determine the motion by solving the Laplace’s equation governing c(7),
with each particle’s reactivity serving as a boundary condition. However, solving a
Laplace’s equation for N particles is never an easy task because it usually requires
O(N?) or even O(N?) operations to apply the mesh-based Finite Difference or
Finite Volume method. Bonnecaze & Brady, ( ) developed a method to solve
the many-body Laplace’s equation by a multipole scattering method. Their method
achieves significant improvement by avoiding the use of mesh, but still requires
O(N?),0(N?) explicit matrix construction and inversion. In this work we combine
Bonnecaze & Brady’s method with the Accelerated Stokesian Dynamics (ASD) by

Sierou & Brady, ( ), achieving a matrix-free, O(N log N) method.

We shall show that our Accelerated Laplacian Dynamics can efficiently track the
dynamics of an active diffusiophoretic system. In § 6.2 we formulate the problem,
and derive the method in § 6.3. Then in § 6.4 we clarify the concept of chemical
screening with both theories and simulations. It is also a verification of our sim-
ulation method. Results for attractive particles in a periodic setting and results for
attractive Janus particles in a confined monolayer setting are reported in § 6.4. In
those parts we analyze the simulation results to address the two fundamental ques-
tions of chemically active diffusiophoretic suspensions: when does the clustering
process start (the unstable criteria) and when does it stop (the steady state criteria)?
We also propose a self-consistent continuum mechanical model based on the con-
cept of swim force (Takatori et al., ) and swim force (Yan & Brady, ) as

a partial answer.
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6.2 Problem formulation
Small colloidal particles can move in response to a concentration gradient of a
chemical solute. If the gradient is externally imposed the process is referred to
as diffusiophoresis; if the particle generates the gradient itself via, e.g., a surface
chemical reaction, it is called self-diffusiophoresis. Following the approach and
notation of Brady, ( ) (which has been shown to agree with more conventional
approaches (Anderson, )), in both cases the velocity of a spherical colloidal
particle of radius a can be written as

L)
6rna

U = n kgTc(x,t)dS, (6.1)

where the dimensionless hydrodynamic mobility function L(A) = (3/2)A%(1 +
%A)/ (1 + A)3, with A = §/a, measures the flow of fluid with viscosity n7 in a layer
of thickness ¢ adjacent to the colloidal particle where the particle-solute interactive
force is operative, c.f. Fig. 6.1. Here we have taken the simplest form of interactive
force between the solute and the colloidal particle, namely a hard-sphere repulsive
force at a distance r. = a + ¢ (and 6 need not be small compared to the particle
size a, although typically it is so). More general interactive forces will only have
a quantitative effect; the work of Brady, ( ) details how to include these (and
other) effects. Generalizations to non-spherical particles are also possible (Shklyaev

etal., ).

The solute concentration enters the expression for the particle velocity multiplied
by the thermal energy kpT, which we recognize as the local osmotic pressure of
the solute II(x,¢) = kpTc(x,t). This permits the interpretation of the velocity
as the result of a force balance between the Stokes drag of the solvent and the
osmotic force of the solute: Fa€ 4+ Fosme = () with F¥% = —6xnaU and
Fosmo = —[(A) f n kpgTc(x,t)dS. That the osmotic force is a real, measurable,
force can be appreciated by realizing that if one wanted to stop the colloidal particle

from moving, say by optical tweezers, then the force the tweezers would need to
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.

;z\(n) =
Heaviside(n-&)

Figure 6.1: (A) The uniformly reactive sink particle and the Janus particle with
orientation vector £&. Both particles have radius a, interaction layer thickness ¢ and
surface normal vector n. A reactive surface is colored green and a non-reactive
surface is blue. Motion (AX) of each Janus particle in a system is governed by
the over-damped Langevin equation (6.6). (B) The concentration field ¢ of reactive
solute molecules (shown by the red dots) is solved simultaneously with the motion
of the active particles.

exert is precisely F'°"°.

For chemically active particles the catalytic reaction at the particle surface can be
expressed as R — 6P, where R is the reactant, P is the product, and 6 is the
stoichiometry of the chemical reaction. In general, one needs the osmotic force
arising from both the reactants and products, but, as shown by Cérdova-Figueroa &
Brady, (2008), one only needs to scale (6.1) by the factor (1 — §Dg/Dp), where Dg
and Dp are the diffusivities of the reactants and products, respectively, to account

for both reactants and products.
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The reactant concentration satisfies the usual advection-diffusion equation

dc

V-jr =0, 6.2
(91+ JR (6.2)

where the reactant solute flux is given
Jr = uc — DgVc, (6.3)

and w is the velocity of the suspending fluid. In this study any fluid motion is the
result of the motion of the colloidal particles and thus the relative importance of
advection to diffusion is governed by the Péclet number Pe = Ua/Dg. Typical
phoretic or self-propulsive velocities are of order 1um/s for a micron-sized particle,
while solute diffusivities are of order 103 um?/s so that the Péclet number is very
small and fluid advection can be neglected. Similarly, the time scale to establish a
steady solute concentration profile, a?/Dg, is much faster than the time scale for
the motion of the particle, either due to diffusiophoresis or to its intrinsic Brownian
motion, so that the reactant/solute concentration distribution satisfies Laplace’s
equation

Vie=0. (6.4)

We model the catalytic reaction at the particle surface as first order and, making use
of the stochiometry/diffusivity factor (1 — 6 Dg/Dp), the reaction can be taken to be
irreversible:

n-jr = —koh(n)c, (6.5)

where « is the surface reaction rate constant (units of length/time) and the nondi-
mensional function 4(n) describes the patterned reactivity on the particle surface
whose outer normal is 2. For uniformly reactive particles 4(n) = 1, while a particle
with 2(n) = Heaviside(n - £) describes the pattern of a Janus particle with orienta-
tion vector &: h = 1 on the reactive hemisphere and /2 = 0 on the passive hemisphere,

see Fig. 6.1. Particles for which (1 — 6Dg/Dp) > 0 reduce the concentration of
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reactant near their surface, and will attract a second particle by diffusiophoresis;

such particles act as chemical sinks; those with (1 — 8Dg/Dp) < 0 act as sources.

The diffusiophoretic system shares many similarities with electrostatics: both are
governed by Laplace’s equation with the reactant concentration being the analog
of the electrostatic potential, and chemical sink/source particles are analogous to
negative/positive charges, etc. There is, however, an important difference. In an
electrostatic system the electric field does not disappear if charges are not destroyed.
In a diffusiophoretic system, on the other hand, the concentration of reactant is
subject to chemical reaction, and when all the reactant (or fuel) is consumed by the
particles the concentration goes to zero and all motion (apart from the particles’
intrinsic Brownian motion) ceases. Thus, to achieve a steady state with reactive
particles, we need to supply reactant (and remove product) at the same rate at which
it is consumed (produced) by the particles. In experiments with a monolayer of
active particles (Theurkauft ez al., ), reactant is provided by diffusion from a

reservoir above the monolayer.

In this work, we shall consider two types of systems: finite and periodic. For finite
systems, we have a finite number of particles moving in an infinite bath of solute
(reactant and product), and we specify a boundary condition of a constant reactant
concentration ¢ as the distance goes to infinity. Physically, reactant diffuses from
infinity to the particle region to compensate for the consumption by the active parti-
cles; no other reactant sources are needed. For a periodic system there is no ‘infinity,’
and the condition to have a steady state is for a homogeneous generation of reactant
at a rate (s) that balances the rate of consumption so that the volume average solute
concentration (c) is a spatial (unit cell average) constant. This makes the system
as a whole ‘chemically neutral’ — the positive uniform chemical source balances
the negative reactive sink particles — and ensures that the long-range interactions
typical in Laplace systems are convergent. The uniform source of reactant is the

counterpart of the constant negative ‘electrostatically neutralizing background’ in
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a one component plasma. Also, similar (but not identical) to electrostatic systems,
diffusiophoretic interactions are screened — a phenomenon known as Brinkman

screening (Morris & Brady, ), which we discuss in § 6.4.

The problem is now the following: for a system of active particles at locations
X (t) we need to solve for the reactant concentration field governed by the steady
Laplace’s equation (6.4) at all field points 7 outside the particles subject to a first
order surface reaction boundary condition (6.5) for either (or both) uniform reactive
particles (h(n) = 1) or (and) Janus particles (h(n) = Heaviside(n-&)) for either
a finite number of active particles or in an infinite periodic system. From the
solution for ¢(7; X (¢)), we determine the phoretic velocity U of an active particle
from (6.1) for a given interactive length A = ¢6/a and stoichiometry/diffusivity factor
(1 —6Dg/Dp). The active particles are then advanced to a new location from the
overdamped Langevin equation incorporating Brownian translation (and rotation in

the case of Janus particles):

AX =UAr + AXB + AX?, (6.6)

where the Brownnian displacement has zero mean, AX2 = 0 and covariance
AXBAXB = 2DAt, where D = kpT /6mna is the translation Brownian diffusivity
of an active particle. A hard-sphere displacement AX? is implemented to prevent
particles from overlapping determined from a potential-free algorithm (Foss &
Brady, ; Heyes & Melrose, ). Once the active particles have been advanced
to their new location, a new concentration field ¢(7; X (¢)) must be found and the
process repeated until a steady state is reached. For Janus particles, rotational
Brownian motion (D,,; = kgT/ 87177a3) is included as a diffusive reorientation event
at each timestep and calculated with the unbiased move method (Beard & Schlick,

). Equation (6.6) employs a simple Euler scheme for clarity; higher order
schemes such as fifth order Adams-Bashforth multi-step scheme are also used in

simulation.
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In writing the displacements (6.6) we have neglected any hydrodynamic interac-
tions (HI) among the active particles. HI can be included by combining the method
developed in this chapter with Stokesian dynamics (Sierou & Brady, ) for
hydrodynamically interacting colloidal particles. It should be noted that the hydro-
dynamic flow field created by a phoretic particle typically corresponds to a force
quadrupole with a velocity field decaying as 1/r3 or, for Janus particles, as a force

dipole or stresslet, decaying as 1/r2.

6.3 Method for solution of Laplace’s equation

The disturbance to the concentration field caused by a single reactive particle decays
as q/r, where ¢ is the net reactant consumption rate, which is the counterpart of
the electrostatic charge g,. Despite the simple form of the potential disturbance
the difficulty of solving the Laplace problem for a system of interacting particles is

three-fold.

First, the particles have finite size and the concentration or potential field has a
distribution on the surface of a particle; thus, the perturbed concentration field
induced by an active particle must be considered to a higher order than simply
a point sink or source. Second, the 1/r interaction is long-ranged and must be
properly summed for both finite and periodic systems. Third, to solve for the
collective dynamics, the motion of hundreds or thousands of particles must be

followed, which requires a highly-efficient solution methodology.

The strategy adopted here is to split the problem into three parts. First, we follow
the approach of Bonnecaze & Brady, ( ) and represent the field induced by

each particle by a multipole expansion, including the monopole g (scalar), dipole .S
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(vector), and quadrupole @) (second order tensor), defined as:
qp = / Jr-mdsS, (6.7)
Sp

Sﬁ: (ij-i-DRCI)'ndS, (68)
Sp

Qﬁ:/ ([ww—%(a}-w)I]jR-n
Sp

+ [zn + nax - 3(n- 2)I| Dgc)ds, (6.9)
where Sy is the surface of particle 3, x is a vector pointing from the particle center

to its surface, and I is the identity tensor. The quadrupole Qg is defined to have

Zero trace.

Each particle g creates a disturbance concentration field that takes the form:

c(r) = c(r) = cE(r)

1 qp 1
= +S55-V
47TDR(|'r—'rﬁ| Bty —r gl (6.10)
1
+ = : VgV + ...
298 VeV )

where 7 is the field point, 7 is the center of particle 5, and Vg = d/drg. The
gradients V¢, and VVc can also be constructed in the same fashion. In (6.10) cE refers
to the externally imposed concentration that is either ¢™ in the case of a finite system
or the average (c) in the case of a periodic system. The expansion (6.10) follows
directly from the integral representation for the solution to Laplace’s equation and
is the same as one would do for the electrostatic potential with the exception that the
source strengths, gg, Sz and @ g, are not given but must be found as a solution to
the many-body Laplace problem. (Note that the finite volume of a particle has been
included in the definition of the multipoles and thus no longer appears in (6.10).)
Although truncated at this level, the multipole description preserves all the important
aspects of the problem and also proves to be accurate even when particles are close

to one another.
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Next, we need to determine the source strengths of a particle in response to the
concentration field in which it finds itself. This can be accomplished by so-called
Faxen laws, which relate the multipoles ¢, Sq, Q. of particle a to the concentration
field c¢(r,) = ¢ + ¢’, where ¢’(r,) is the disturbance field caused by all the other
particles . Faxen laws follow from the reciprocal theorem for Laplace’s equation
and allow one to bypass the detailed solution for the concentration field and proceed
directly to the moment strengths. Because the reaction boundary condition at a

particle surface is first order and linear, the Faxen laws take a linear form:

da c(ry)
S, |=C-| Ve(ry) | (6.11)
Qa VVC(T(I)

where the concentration field c is evaluated at the center of particle @ and origi-
nates from each particle S8 as given by (6.10). The matrix C' is the analog of the

‘capacitance matrix’ for electrostatics.

Faxen laws for reactive particles
For a uniform reactive particle, #(n) = 1, the Faxen laws take a rather simple block

diagonal form resulting from the particle’s symmetry:

o = — P Da47ra Dgrc(ry), (6.12)
Da-1

“="Dat 247ra3DRVc(ra), (6.13)
Da-2

Q. =- T 947ra5DRVVc(rQ), (6.14)

where the Damkohler number Da = kga/Dpgr measures the rate of the chemical
reaction to diffusion of the reactant. The derivation of the Faxen laws is given in
Appendix F. For slow reaction rates or small Damkoéhler number the sink strength
g is linear in Da, while the dipole and quadrupole remain finite. At the other

extreme of fast reactions, all multipoles are finite as Da — oo. The concentration
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field c¢(7,) (which is due to all particles other than ) and its gradients are evaluated

at the center of particle «.

It is important to note that even though the dipole and quadrupole do not vanish as
Da — 0, since there is no macroscopically imposed concentration gradient, when
the reaction rate goes to zero the monopole of each particle vanishes and there are no
gradients induced by the particles. As Da — 0 the concentration becomes uniform

everywhere and all reaction-induced motion ceases.

For Janus particles, 4(n) = Heaviside(n - &), and in this case the Faxen law matrix
C is not diagonal. The asymmetric surface reaction requires all multipoles even
when the concentration field is a constant. The relation cannot be expressed in
closed analytical form because all multipole moments recursively relate to each
other. We use the Boundary Element Method (BEM) to numerically solve for the

Faxen laws. The single particle response is truncated at dipole level for simplicity:

9o :C(Da,f) c(ry)

. (6.15)
S, Ve(ry)

Here the matrix is not only a function of Da as it was for the uniform reaction case,
but is also dependent on the particle orientation vector £ due to the asymmetry
of Janus particles. The BEM formulation and the detailed matrix entries can be
found in Appendix G. For a single particle, the solution given by C' at the dipole
level matches previous work very well (Cérdova-Figueroa & Brady, ). The
asymptotic dependence of C'(Da, &) for small and large Da is the same as for the

uniform reactive particle.

In addition to the Faxen laws for the sink and dipole strength, for the particle
dynamics we need the phoretic velocity of an active particle given by (6.1), which
is proportional the integral

B, = ncds. (6.16)
Sa
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For the uniform reaction case B is simply related to the dipole moment S":

11 1
B, = — S, = 4na*Ve(ry), 6.17
DR(I—Da) 2+ Da e Vera) ©.17)

showing that there is no self-motion for a homogeneous reactive particle; reaction-
induced motion arises from the concentration gradient created by the other particles,

corresponding to normal diffusiophoresis.

Note that from (6.1) the particle velocity is proportional to —B,, so that the phoretic
particle moves down the concentration gradient of solute or reactant and that gradient
is provided by the other active particles. The motion is down the concentration
gradient because we have assumed repulsive interactions between the solute and the
particle at the length ¢; attractive interactions would give motion in the opposite
direction. And, in general, it is possible to have a mixture of repulsive and attractive
phoretic particles. We consider only repulsive particles in this work. It is a simple
matter to extend the method presented here to attractive particles or to mixtures of

repulsive and attractive particles.

For a Janus particle there is net motion both due to the nonuniform reaction on
the particle surface, i.e. proportional to c¢(r,), and due to phoretic motion down a

concentration gradient. Thus, B, takes the form

c(rq)

B, = M(Da,§) - :
Ve(ra)

(6.18)
The phoretic mobility matrix M is related to C' and is given in Appendix G.

The concentration disturbance from other particles: finite and periodic systems
One can find particle @’s multipoles, g, S, and Q,, from their response to
other particles S # «, each of which creates the disturbance (6.10) at the particle
a’s center r,. In this subsection we describe how to formulate and compute the
disturbance field for both finite and periodic systems. In a finite system, the external

field c® = ¢™ = const. is specified as the boundary condition at infinity. Despite the
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long-range nature of particle disturbances, no convergence problem arises because
the sum is over a finite number of particles and no cutoff is necessary nor employed.
For N particles the many-body concentration disturbances can be written in the

matrix form:

q
ve' |=E-| S|, (6.19)
vve Q

where q is now a vector of sink strengths q = {q1, 2, ...qn}, as is the concen-
tration disturbance ¢’ = {c¢’(r}), ¢’(13), . ..c'(r,)}, and similarly for the dipole and
quadrupole. The (11N x 11N) matrix & is the counterpart to the ‘potential matrix’
in many-body electrostatic problems (Bonnecaze & Brady, ). The entries in &
follow directly from (6.10), and note that the self-terms in & are zero because the

matrix sums over all particles 8 # « for each particle a.

In a periodic system c(r) = cE(r) + ¢’(r) still holds, but there is no boundary
condition at infinity. Rather, cE = (c¢), the volumetric average in the unit cell, as
discussed in the previous section. In general, (c) can consist of a constant plus a
term linear in 7, i.e. G - r where G is a constant gradient. The gradient term
is necessary when determining, e.g., the effective conductivity of a distribution of
particle inclusions as done by Bonnecaze & Brady, ( ). Here, we do not impose
any macroscopic concentration gradient and shall take (c) to be a constant. (Note,

there are microscopic concentration gradients induced by the active particles.)

For the periodic case, the linear relation (6.19) remains valid, but the explicit
construction of the matrix elements is not as straightforward as one now has a
periodic sum of long-range multipole interactions, which are computed using the
Ewald summation technique. The convergence of the Ewald sum is guaranteed by
the homogeneously distributed source (s) that provides the ‘chemically neutralizing
background.” Physically, the distributed source must be included in the system.

Otherwise the reactant concentration field governed by Laplace’s equation would be
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¢ = 0 everywhere — the only periodic solution possible would be the consumption

of all reactant.

Bonnecaze & Brady, ( ) have a thorough discussion of the Ewald sum and the
convergence in the presence of distributed sources, and their approach can be used
here with only a slight modification. In the work of Bonnecaze & Brady, ( )
the neutralizing source was distributed uniformly throughout both the fluid and the
particles. Here, however, the source is only in the fluid phase V; and contributes
to the concentration at a point an amount proportional to fvf ((s)/r)dV, which
can be rewritten as an integral over all space minus the value within the particles:
fvf (s)/rydv = [, (s)/r)dV - Xz fvﬁ ({(s)/r)dV. Thus, the ‘charge’ of each

particle 8 can be replaced with an effective charge qef f

= gqp — Vp(s), where Vg is
the volume of particle 8. One can now follow Bonnecaze & Brady, ( ) where it
was shown that the concentration field at any point in the fluid (outside the particles)

can be written without approximation as

a*(s)
2Dg

eff
1 4z 1 1 1
+ +8S5 - Vg— + — : VgV + ...
47TDR%:(T—T’3| A ﬂlr—rﬁl ZQﬁ B ﬁlr—rﬂl )

1 (s) 1 1 1
— S . V/ - :Vlvl dV’.
47rDR/v(|'r—r’| +mS) lr — 7’| +n2(Q> |r—r’|)

(6.20)

c(r) —{c)

And, the condition of chemical neutrality relates the average effective charge to the

uniform source:

n(g®' Ty = (sy = n{g)/(1 + ¢), (6.21)

and particle S’s effective charge is

g7 = qp + ¢/ (1 - §), (6.22)
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where 7 is the number density of particles and ¢ = 4ma’n/3 their volume fraction

(all particles have been taken to have the same volume).

Equation (6.20) is an absolutely convergent expression for the concentration field
for any distribution — periodic or random — of reactive particles. A check on the
correctness of this can be seen by ensemble averaging the concentration at r over
all possible realizations of the reactive particles 8. The discrete sum 5 q;f LA
f n(qef fy showing that the sum and the ‘backflow’ integral over (s) cancel, as
do the dipole and quadrupole terms. Almost cancel that is, because the particles
are excluded from being any closer to the field point = than their radii a and thus
there is a contribution from the uniform source in the excluded region from 0O to
a. —(1/4nDg) jgt(s)/(l'r — ')AV’ = —a?*(s)/2Dg, which precisely cancels the
constant source term in (6.20). (The dipole and quadrupole contributions from this

excluded volume region are zero.)

We now use this convergent formulation for simulation with periodic boundary
conditions. Both the particle positions and the concentration field are periodic, and
we consider a periodic cubic cell defined by cell vectors (a1, az, a3) with N particles
(r1, 72, - -+ ,ry) in the primitive cell. The cell volume Vy = (a; X az)-a3 = ajazas.

On the unit cell the Fourier expansion follows the convention:

f@) =) flke ke,
k (6.23)

A 1 :
fy=— | fl@)e™ da.
Vo Jeen

To calculate the periodic sum efficiently the Ewald summation technique is used
(Toukmaji & Board, ; Darden et al., ). For r # rg, i.e., for any spatial

point not on a particle position we write:

c(r)y={cy+c., (1) + (T, (6.24)

real wave
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where
&y = 1 erpErfe(ym/L|r —7gl) 6.25)
real - 47TDR ﬁ qﬁ |7’—’l“'3| ’ .
eff ik e ik
’ TIR-T, —LTTIR T
Crave (1) = 47TD w7 qu sl —e : (6.26)

Here { is the splitting parameter that controls the rate of convergence of real- and
wave-space sums; the optimal choice of ¢ has been thoroughly discussed (Darden
et al., ). We have only written the ‘charge’ terms in (6.25)-(6.26) to illustrate
the procedure. The dipole and quadrupole terms can be found in Appendix H or in
Bonnecaze & Brady, ( ). Note that the removal of the k = 0 term in the wave-
space sum follows directly from the ‘backflow’ integral over the uniform source

distribution (s) in (6.20).

Equations (6.25) and (6.26), when added together, give the solution c(r) for any
spatial point. From the definition of & in (6.19) and the formulation of Faxen laws,
we need the field that any particular particle responds to, excluding the contribution
from the particle « itself, and the field is to be evaluated at the particle’s center 7.

Thus, an additional ‘self correction’ must be added to the sum.

The necessity of a self term can also be appreciated by an analogy to the energy
calculation in an electrostatic system. In that case, it is well known that the energy
contribution from each charge g; is g;¢(;)/2, where ¢y;) is the electrostatic potential at
the location of g; excluding the contribution from the charge ¢; itself. Therefore, the
contribution from particle @ must be removed from the Ewald sum. For example,

relating g to ¢’ the self term is —qf;f f [2rDgVC.

To complete the calculation, we need all the elements of the potential matrix &:

Ecq EVq EVVq
&€=|E.s Evys Eyys | (6.27)

E.q Evvg Evvq
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Equation (6.25) and (6.26), with the self term —qéf ! /2 DR+ gives the contribution

E,. The other terms can be found in Appendix H.

Problem closure: iterative solver
Combining all particles’ response to their environment via the Faxen laws (6.11) we

can form a ‘grand capacitance’ matrix C:

q cE c
S|=C-|| Vve& |+| Ve > (6.28)
Q VVct Vv

where C depends on the Damkohler number and, in the Janus case, the particle

orientation vector £&. Combining (6.28) with (6.19) we have:

q cf
I-C-&-|S|=C-| vt |. (6.29)
Q VVcE

For a given configuration of particles, C and & are known, as is the ‘imposed’

concentration field c£.

A standard GMRES (Generalized minimal residual method) iterative solver can be
applied to solve for the unknown multipole moments g, S and Q. In GMRES, the
linear system Ax = b is solved in such a way that A appears only as an operator;
the operator returns a new vector Ax for any given vector . Such an operator
nature allows us to employ iteration without explicitly building the matrix A. Here,

A=I-C-8),2=(q,5,Q),and b= C - (cf, V£, VVcE).

After the iterative solver converges, the solution vector (g, S, Q) for each particle is
known and, from the single particle capacitance matrices C' and mobility matrices
Mg, the osmotic driving force on each particle is:
qp
Fy™ = —kpTL(A)Mp-C™'-| 85 |. (6.30)

Qp.
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Computational cost for computing ngm” is negligible compared with that for com-
puting the moments. The inversion of C' requires O(113) (or only 4° at the dipole
level), and thus computing F?*" requires N x O(113) operations, not O((11N)?)

operations.

Matrix-free implementation

Computationally, C is diagonal for homogeneously reactive particles and block
diagonal in the Janus case, and only requires O (N) operations. However, & is dense
because of the long-range nature of Laplace’s equation. Explicit construction and
storage of the matrix & requires a large amount of memory and slow operations
(O(N?) matrix-vector multiplication). Therefore, the key step to achieving an
efficient solver is to eliminate the explicit large matrix operations. Below we briefly
describe the implementation utilizing the matrix-free operator nature of a GMRES

solver.

For a finite number of particles with an imposed concentration field the strategy is
straightforward: (c’(ry), Vc'(ry), VV'(ry)) for each particle @ in (6.19) is directly
summed with the tile algorithm used in the self-gravitating N-body problem utilizing
GPU shared memory (Nguyen, ). Compared to explicitly building and storing
the matrix C with the CPU (3.1GHz 2nd-gen Intel Core i), the GPU (nVidia GTX
580 & GTX 680, Fermi & Kepler architecture) method used here is able to achieve

an increased speed by a factor of 100 and uses about 1% of memory.

For the periodic case of equation (6.19), which includes Ewald summation, the
calculations are done on the GPU via the Particle Mesh Ewald (PME hereafter)
method (Darden et al., ). Successful PME relies on the choice of the splitting
parameter { such that the real-space sum is convergent within several neighboring
particles’ contributions. Thus, the real-space sum is reduced from a dense matrix-

vector multiplication to a sparse one. GPU performs well in such situations.

The wave-space sum is efficiently calculated with Fast Fourier Transforms (FFT) in
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PME (Deserno & Holm, ). For future compatibility to include hydrodynamics,
we follow the PME convention of the Accelerated Stokesian Dynamics (Sierou &
Brady, ), which uses 5 X 5 X 5 mesh and 5 X 5 x 5 Lagrangian interpolation for

each particle by ensuring for each particle £:

Z 4 P2k (=) _ q;ff eZm‘k(rﬁ—ﬂ, (6.31)
m
D gue™™® ) = 27i Sy - ko, (6.32)
m
Z qmeZﬂ'ik-('r’m—T‘) _ _2772Q,B: kke2mik-(rg=m), (6.33)
m

where m refers to point charges on the mesh points. The full Ewald sum given
in (H.2), including all q;f 7 ', S, Qg and 7 g terms, is now equal to and can be replaced

by a sum of g,, terms on a regular mesh filling the entire periodic simulation box:

2

’ _ 1 2rik-1ry, e_{ﬂk —2rik-r
Crave(T) = 47DxVo ;;‘) ; qme We ) (6.34)

which can be efficiently summed by 3D-FFT with O(M log M) operations for M

(r) and VV¢],,,.(r) terms can be written in the same

mesh points. The V¢],,,,

fashion with an extra 27k factor, and can also be calculated by 3D-FFT. GPU is also

used to achieve better performance.

6.4 Results

We demonstrate the methodology and the physics of chemically active particles
by two studies. In the first study we give a thorough discussion of the screening
that occurs in Laplace problems. Three separate cases are considered: 1) Debye
screening of a charged particle in an electrically neutral system, 2) Debye screening
in a one component plasma (OCP) in which rapidly moving electrons screen the
interactions between the slowly moving positive ions, and 3) systems in which the
‘charge’ on a particle is proportional to the local potential, which results in so-called

Brinkman screening. This last case is relevant for chemically active particles.
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The second study applies the methodology to systems of chemically interacting
phoretic particles where the system’s evolution is tracked by simulations, as for-
mulated in the methodology section. In this study we show the onset of instability
in a periodic domain when the phoretic velocity of particles is high and show that
self-phoresis, as occurs for Janus particles, is necessary ingredient to have a stable
distribution. We also study a finite 2D system in which active Janus particles are
confined to a monolayer and constrained to lie within a circle of large radius. In
this case we show how the distribution of particles can be predicted analytically via
a coupled set of continuum-scale conservation equations for the suspensions stress,

particle flux and reactant concentration.

Screening in Laplace systems

Screening occurs in Laplace problems when the long-ranged 1/r interactions change
over to an exponentially screened interaction e’/ /r, where the screening length
Lp depends on the number density (or concentration) of ‘charged’ particles. This
only occurs in an ‘infinite’ system; a finite number of charged particles does not

(formally) exhibit screening. We first discuss the familiar Debye screening.

There are a number of ways to derive the Debye screening and the approach we
take here allows us to discuss all three screening cases from the same perspective
and so highlights their similarities and differences. We start from Hinch’s averaged-
equation method (Hinch, ) to describe a dilute electrostatic system consisting
of point charges g, and a uniformly distributed charge density p (which is equivalent
to (s)). The ensemble average of any quantity is computed by multiplying by the N-
particle configurational probability distribution function Py (X y) and integrating
over particle positions Xy. For a dilute system only the two-body conditional
distribution function Ppgy, is required, which gives the probability density for finding
particle g relative to a (averaged over all possible configurations for the N — 2 other

particles). Particle @ can be considered as fixed in space because only the relative
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configuration is relevant for a statistically homogeneous system. The ensemble

averaged Laplace’s equation becomes:

AVHP)a(r) = Ppia(Tp = Ta)qp)a + (p), (6.35)

where A stands for the permitivity € for an electrostatic system and the solute
diffusivity Dg for a reactive system, and ¢ denotes the electrostatic potential or
the solute concentration. Finally, ( ), denotes the conditional average with the

a-particle fixed at r,. Equation (6.35) applies outside the particle «.

Debye screening

Debye screening applies to a neutral electrolyte in which there are as many positive
as negative charges and therefore (p) = 0. Furthermore, the particle charges are
fixed, which for simplicity, we take to be +¢q. In (6.35) we must distinguish separately
the probability density for finding positive and negative charges outside the particle

a (which itself could be either +) and thus (6.35) becomes

AVHP)a (1) = [Pija(rs — Ta) — P (15 — 7)1 q . (6.36)

The charged particles move freely and their distribution is governed by the competi-
tion between the electrostatic energy and the thermal energy kpT'. Atequilibrium the
Boltzmann distribution holds with Py, ~ nye 1¥alksT gpd P_jy ~ n_et4{@alksT

with ny = n_ = n. Thus, the RHS of (6.36) becomes

[Pija(rg —To) = Pjo(Tp —Ta)] g (6.37)

= ng [e~99)alkBT _ g*a(@)alksT]
= —2nq sinh(q{@)a/kpT), (6.38)
which for small potentials gives,
VH@)a() +(9)a/Lp =0, (6.39)

with Debye screening length Lp = (2ng?*/ekgT)~'/?. The potential now behaves as

e”"/Lp [ outside the particle «.
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One Component Plasma (OCP)

A one component plasma typically consists of positive ions surrounded by an equal
number of negative electrons. While the system is overall electrically neutral, the
electrons move much more quickly than the positive ions and they form a background
sea of uniform negative charge. The interest then is in the interaction between the
positive ions and how their interaction is modified by the negative background.
Equation (6.35) applies to this case, where now all particles @, B, etc. are the
positively charged ions and the average charge density (p) = —n(g) corresponds to
the uniform sea of negative charge. Again, the ions are distributed according to the

Boltzmann distribution and thus (6.35) becomes
AVH(p)a(r) = ng e~ 1allsl 1], (6.40)

where for simplicity we have taken all ions to have the same charge. For small
potentials we have again Debye screening with the same screening length as we did

for the neutral system.

In both of these systems, electrically neutral and the OCP, the screening is of a
dynamic origin — the particles are Boltzmann distributed in response to the con-
ditionally averaged potential. In the case of chemically active particles, a similar
screening takes place, but it is static in origin and due to the fact that the ‘charge’ of

a reactive particle depends on the concentration field in which it finds itself.

Chemically active particles — Brinkman screening

The screening that takes place for chemically active particles will have the same
exponential form as for Debye screening, but its origin is different. First, the
screening is present even though the reactive particles can be uniformly distributed
in space with a constant number density Pg, = n. For Debye screening it was
essential that the probability for finding a second particle was given by the Boltzmann

distribution with an energy that was proportional to the conditionally averaged
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potential Pg, ~ e~(@alksT  For chemically active particles the screening arises
because the reaction rate (rg), (equivalent to the charge) is proportional to the local
concentration. This screening is due to Brinkman who first showed the analogous

screening for fluid flow through a dilute fixed bed of particles (Brinkman, ).

Brinkman screening in reactive systems has been discussed in detail by Morris &
Brady, ( ). Here we briefly show how this comes about. We first rewrite (6.35)

in terms of the concentration and reaction rate rather than potential and charge:

DRVH(C)a (1) = Pglo (5 — T ){rpda — (5. (6.41)

If we average (6.41) over all positions of particle @, we have the unconditionally
averaged equation —no particles fixed — for the average concentration field {c). Since
V2(c) = 0 in the statistically homogeneous suspension, the average of (6.41) shows
that n(rg) = (s) — the average reaction rate is equal to the uniform average source of
reactant. When particle g is far from particle @ in (6.41) the conditionally averaged
reaction rate must approach the bulk value, (rg), — (rg), and thus the RHS forcing
in (6.41) is n({rg)o — (rp)), for a uniform distribution of particles . For a first
order surface chemical reaction (c.f. (6.5)) the reaction rate is proportional to the
concentration, and thus to leading order in the number density of reactant particles

(6.41) can be written as
DRV (c)e (1) = —na*ko({cha (1) — (c)) . (6.42)

The disturbance concentration ¢’ = {c), —{c) is the relevant quantity and is screened:
¢’ ~ e"LB [r, where, as is the case for Debye screening, the Brinkman screening

length is proportional to n~!/2. Specifically, for uniformly reactive sink particles

1+ Da
L3/a = ,/ 4
wla 3¢Da (6.43)

where the Damkohler number Da = kga/Dg. For half reactive Janus particles

4
Ljja =, /# (6.44)
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where f{ is the response function given in Appendix G. Here, ¢ = 4na’n/3 is
the volume fraction of reactant particles. A more complete derivation of Lp, with
corrections for higher volume fractions and including many-body effects, can be

found in Morris & Brady, ( ).

In the simulation method described in this work we solve for the concentration field
by summing all the long-ranged multipole interactions among particles. Therefore,
that we recover Brinkman screening is a validation that our simulation method works
properly. To test this, we generate a random but homogeneous configuration of N
particles (71,72, -+, 7ry) in a periodic box, and solve for the particle multipoles
with their positions fixed. Then one particle, denoted as particle O, is randomly
chosen and removed from the system, while the other particles are held fixed in
space at their original positions. For the N — 1 particles remaining after removal,
their multipoles (gg, Sg, - --) change. There is less competition for the reactant,
and hence the particle reactivity is higher: g; afier < Gipefore < 0. We calculate the
change in monopole strength Ag; = gibefore — Gi.after Of €ach (not removed) particle
i and plot this against the distance of particle i from the removed particle 0. In the
case of Janus particles, the orientation of each particle is randomly chosen and also

fixed before and after removal.

When a particle is removed, the other particles feel the screened disturbance. Ac-
cording to Faxen laws (6.12) & (6.15), and screening lengths (6.43) & (6.44), g;

changes according to:

D

For Sink: Aq; = —— ;aqoe—rO»i/Li Irois (6.45)
fg . LJ

For Janus: Ag; = que_"”’/ B [r0,, (6.46)

where rq; is the distance between particles i and 0. The results are presented in
Fig. 6.2 and clearly show Brinkman screening. Outside the Brinkman screening
length the particle monopole strength g; hardly changes no matter whether particle

0 is in the system or not.
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Figure 6.2: Change of particle reactivity Ag; in the vicinity of the removed test sink
particle. Markers are simulation data and solid lines are the theoretical predictions
for Brinkman screening (6.45). Simulation data are from a single configuration with
N = 625, ¢ = 0.01 (cubic periodic box = 64 x 64 x 64a>). Particles are randomly
distributed.

Our method thus resolves Brinkman screening properly, but before we proceed
to the results for dynamic systems it must be remarked that Brinkman screening
arises only after the many-body concentration field c¢(7) is computed properly. This
means that one cannot simply prescribe a Yukawa-type interaction potential, e™*" /r,
between the reactive particles and bypass the solution for the concentration field.
By contrast, in an electrostatic system pairwise Yukawa potentials can sometimes
be applied when the counter-ions are much smaller and more mobile than the
macro-ions, because under these conditions the fast counter-ions are subject to the
Boltzmann distribution and are ‘dragged’ along by the macro-ions to screen the

electrostatic field between them. Therefore, the electrostatic system can be modeled
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Figure 6.3: Change of particle reactivity Ag; in the vicinity of the removed test Janus
particle. Markers are simulation data and solid lines are the theoretical predictions
for Brinkman screening (6.45). Simulation data are from a single configuration with
N = 625, ¢ = 0.01 (cubic periodic box = 64 x 64 x 64a>). Particles are randomly
distributed.

as consisting of only macro-ions with pairwise Yukawa potentials to simplify the
calculation of macro-ion motion. This is not possible for for chemically active

particles.

Moreover, a dynamic diffusiophoretic system is even more difficult to probe from
the one-particle fixed average equation (6.35) point of view. In a dynamic system,
not only is g, (or gg) changing, but also the distribution Pg), is altered by both
diffusiophoresis and by Brownian motion (6.6). Although Brownian motion is
thermal and by itself obeys the kpT Boltzmann statistics, the Boltzmann distribution

does not apply in general for Pg,. There is no Hamiltonian or interaction energy
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for the the diffusiophoretic problem.

Dynamic evolution of reactive particles

We first discuss the scalings for the diffusiophoretic system to introduce the im-
portant nondimensional parameters and the physically realistic parameter space to
be explored. We choose the particle radius a as the length scale and the particle
translational diffusion time a?/D as the time scale, where D = kgT /6mna is the
reactive particle’s translational diffusivity from the Stokes-Einstein-Sutherland re-
lation. (Not to be confused with the solute reactant diffusivity Dg > D.) Reactant
concentration (expressed as number density) is scaled by c%, the externally imposed

concentration: c¢£

= ¢ for the finite case and ¢ = (c) for the periodic case, respec-
tively. With these chosen scalings the non-dimensional variables follow: particle
velocity, U = Ua/D; concentration, ¢ = c¢/cF; and multipoles: § = q/DRacE,
S=5 /Dra?cE, and Q = Q/DRa3cE . The nondimensional particle velocity due

to the osmotic force from equation (6.1) then becomes
U = —SD/éndS, (6.47)
8

where

Sp = (1 —0Dg/Dp) L(A)cEd®, (6.48)

which is the ratio of the speed due to phoresis, U ~ L(A)kgTcE a2/ 6nna, to the
characteristic velocity due to Brownian motion, UB ~ D/a = kBT/67ma2. We
shall refer to Sp as the ‘fuel strength.” Recall that (1 — §Dg/Dp) is the scaling
factor for the reaction R — 6P, while L(A) measures hydrodynamic flow in the
region of size A = ¢/a adjacent to the particle where the solute-particle interaction
is operative. The imposed concentration cZ is taken to be constant in time. Thus, for
a given concentration level, stoichiometry and interactive length, Sp is prescribed
and fixed. The concentration field ¢ is also dependent on the Damkohler number,

Da = kpa/Dg, which thus indirectly affects a reactant particle’s velocity.
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The particle displacement from (6.6) in each timestep is:

AX =UAF + AXB + AXHS
(6.49)
= —SpBAT+ AXE + AXHS,
where B, = B, /a?*cE from (6.16).

As discussed in Section 6.2, for repulsive source particles (1 — 6§Dgr/Dp) < 0,
while for attractive chemical sinks (1 — §Dgr/Dp) > 0. Therefore according to the
definition of Sp in (6.48), for Sp > 0 we simulate the motion of attractive chemical
sinks, while Sp < 0 corresponds to repulsive sources. If Sp = 0, there is no
reaction-induced motion and the system degenerates to Brownian hard spheres as

seen from (6.49).

In experiments the particles are typically micron-sized and (1 — §Dgr/Dp) ~ O(1).
In this work we consider the limit where solute or reactants are much smaller
than the phoretic particles. For instance, in the experiments of Theurkauff et al.,
( ), the solutes are hydrogen peroxide and oxygen molecules, both of which are
at the nano-scale. In this limit L(A)a® ~ 6%a, where § ~ O(10~2m). Therefore
Sp ~ L(A)acE ~ 0(0.1) for ¢& ~ ImMol/L ~ 10 /m?, and Sp ~ O(100) for
c® ~ 1Mol/L. We shall focus on the fuel strength range, 0.1 < Sp < 10, which

appears to be sufficient to cover the important system behavior.

For negative Sp < 0, the diffusiophoretic particles repel each other and, when the
repulsion is strong enough, a crystalline structure may form. Such diffusiophoretic
repulsive ‘crystals’ have been observed by Derjaguin & Golovanov, ( ). From
the ensemble average equation perspective of (6.35), when repulsion is strong Pgq
is ‘frozen’ to a fixed point and ¢, (and gpg) also approach constants. Therefore,
the system becomes similar to an OCP. A detailed discussion of the crystallization

behavior for repulsive diffusiophoretic particles will be reported elsewhere.

In an atomic or molecular system with short-range attractive interaction potentials,

a gas-liquid phase transition can occur. For Active Brownian Particles (ABPs) a
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gas-liquid phase transition can also occur even though the interactions are repulsive
(hard-sphere collisions). Each ABP propels itself at a given velocity Up€&, and the
direction £ is subject to rotational Brownian motion. The translational random walk
that results from the rotational Brownian motion generates a unique swim pressure
(Takatori et al., ), analogous to the osmotic pressure of Brownian solutes.
However, unlike the osmotic pressure, the swim pressure is a decreasing function
of the active particle concentration, which can destabilize the system. Even though
the ABPs are intrinsically non-equilibrium, a ‘thermodynamic’ (Takatori & Brady,

) description is possible with the active pressure providing an equation of state.

However, in chemically active particle systems the long-range and non-pairwise
additive nature of the phoretic interactions calls into question the notion of a ‘phase.’
We show below that in certain situations the dilute region outside a dense cluster
has an inhomogeneous active particle concentration. Thus, ‘thermodynamic-like’
approaches may not be appropriate. Instead, a mechanical approach based on the
swim pressure (Takatori et al., ) and the swim force (Yan & Brady, ) is
shown to apply and to enable predictions of the distribution of active particles in

both the dense and dilute regions.

In the following two sections we discuss the system dynamics via a particle-tracking
simulation that solves the concentration field c(r; Xy (¢)) at each and every time

step and evolves the particle positions according to (6.49).

Attractive sink particles: periodic system

Attractive (non Janus) sink particles show very interesting dynamics. In the limit of
Sp — 0, the system reduces to passive Brownian particles, and remains a random
but statistically homogeneous distribution of particles until the freezing density
(¢ =~ 0.5). At the other extreme of high Sp, the fuel concentration is high and

particle-particle attractions are strong and clusters form. In this section we focus
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on the range of Sp where the long-time or steady-state structure transitions from

homogeneous to clustering.

All simulations start from a random configuration of 2503 particles in a cubic unit
cell of 64 x 64 x 64a* with periodic boundary conditions. Results will be presented
for a single volume fraction, ¢ = 0.04, and a single Damkohler number, Da = 2.0,
but for Sp ranging from 0.3 to 6.0. The multipole moment expansion is truncated
at the dipole level. For analysis purposes the particle reactivity g is compared to the
isolated single particle reactivity from (6.12): gy = —4wxDgacFDa/(1 + Da). The
‘reactivity’ ratio, q/qo, shows the effect of particle clustering as a particle in the
center of a cluster must compete with its neighbors for the reactant and its reactivity
decreases. The clustering behavior is also analyzed by defining a local volume
fraction, ¢,, which is the ratio of particle volume 4rra3 /3 to the Voronoi cell volume

Vioro formed by the particle with its surrounding neighbors.

Fig. 6.4 shows the average reactivity (g)/qo as the system evolves in time. At Sp =
0.3, the average reactivity (g)/qo is unchanged, showing only small fluctuations.
Particles remain randomly distributed, and a snapshot at steady state (A) shows
that each particle has almost the same reactivity g. The statistics of ¢, in Fig. 6.5
show a narrow distribution around the imposed global volume fraction ¢ = 0.04.
Here (q)/qo > 1 because the average reactivity is increased by many-body effects
as ¢ increases for a homogeneous infinite suspension. The dependence (g) ~ ¢ is

discussed in Bonnecaze & Brady, ( ).

When Sp is increased to 0.9 clusters form. The reactivity (q)/qo gradually decays
and almost reaches a steady state by ¢ = 300a?/D. The simulation was continued to
t = 700a?/D to ensure that the system did reach a steady state. As seen in Fig. 6.4,
local fluctuations in volume fraction first form (B1), and the cluster continues to
grow until limited by reaction and the size of the periodic unit cell. At steady state

(B2) all particles in the box form a single cluster. The particle reactivity is very
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Figure 6.4: Reactivity (q)/qo of the sink system for different values of the fuel
strength: (A) Sp = 0.3, (B) Sp = 0.9, and (C) Sp = 6.0 for ¢ = 0.04, and Da = 2.0.
There are N = 2503 particles in the cubic periodic unit cell. All cases start from
a randomly distributed particle configuration. Particles are colored by reactivity
(@)/q0- (A) is a system snapshot at steady state. (B1) and (C1) are snapshots in
transient states and (B2) & (C2) are at the steady states, respectively.

low inside the cluster, although the ¢, measurement in Fig. 6.5 shows that the local
density is not high, ¢, ~ 0.08. Only a few particles near the cluster surface (the

green ones) maintain a significant reactivity near q.

When Sp is increased further to 6.0, the system evolves very quickly. In a very short
time, f ~ 4a*/D, a transient gel-like structure (C1) forms, and the average reactivity
(q)/qo reaches a very low level. Such a short evolution time means that the particles’
diffusive motion, which is on the time scale a2/D, has almost no effect on the initial
evolving transient structure. The clustering process continues and reaches a steady

state at about # = 100a?/D. At steady state (t = 300a?/D, C2), all particles collapse
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Figure 6.5: Probability distribution of local particle volume fraction ¢, at the steady
state. Here ¢ = 0.04, Da = 2.0, N = 2503 and the periodic box = 64 X 64 X 64a>.
The steady state configurations are A, B2 and C2 in Fig. 6.4.

into a single cluster; there is no coexistence phenomena — no dilute single particles.
The statistics of ¢, show that the local volume fraction is around 0.2, still very far
from the close packing limit where ¢ > 0.5. It is important to note that the peak
close to ¢, = 0 corresponds to those particles on the cluster surface, rather than a

dilute phase, as is clear from C2 in Fig. 6.4.

Such a field-driven clustering behavior is quite different from that which occurs in
a pairwise short-ranged system, e.g., Lennard-Jones particles. In a Lennard-Jones
system (Santos et al., ; Lodge & Heyes, ), the potential is fixed so that once
a cluster starts to form, the clustering process continues until the particle-particle
separation reaches the repulsive range of the pairwise potential. In a reactive sink

system, however, the attraction, which is due to the reactivity, is neither prescribed
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nor fixed but is a solution to the many-particle Laplace equation. Hence, when
clusters start to form particles get close to each other and, for not too small Da
(fast reaction), the reactant concentration can be locally depleted in a cluster and an
individual particle’s reactivity can become small, g, ~ 0. Sink particles thus lose
their attraction and the clustering process stops, leaving a loosely packed structure.
Due to this depletion effect for diffusion-limited (high Da) particles, at intermediate
Sp the system may lose its stability and collapse into a cluster, but the cluster is
loosely packed because the translational Brownian motion tends to drive the system
towards a homogeneous state. The steady structure is always a balance between the
translational Brownian motion and the attraction. The higher Sp, the denser the
cluster. Recall that Sp measures the fuel strength and is proportional to the reactant

concentration {c).

The system behavior is quite different from a classical first order gas-liquid phase
transition where a dense phase coexists with a dilute phase. In the sink system no
coexistence was observed for all cases studied, which were in the range 0.1 < Da <

10, ¢ < 10% and Sp < 10.

Compared to the experiments of Theurkauff e al., ( ) which seem to show phase
separation and coexistence, the key difference is that reactive sink particles cannot
propel themselves; their motion is due to diffusiophoresis in the concentration
gradient of the other particles. We repeated the simulation for Janus particles
that undergo self-diffusiophoresis in 3D periodic systems and confirmed that self-
propulsion is the vital component for coexistence of chemically active suspensions.
However, the 3D simulation is expensive due to the summation of all the long-ranged
contributions in the algorithm, and our largest simulations are limited to a box of
128 x 128 x 1284> with about 8000 Janus particles. This is sufficient for qualitative
observations but not to carry out a detailed study. Therefore, we shall discuss the
steady state structure of Janus particles in a monolayer geometry in the next section.

In a monolayer, we can easily extend the system to 512 x 5124 and generate reliable
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statistics.

Our findings for reactive (non Janus) sink systems suggest that there is a threshold
S]*_), below which the system is stable, while for Sp > SZ) the system is unstable and
collapses into a cluster, which eventually extends to encompass all particles. Linear
stability analysis of a similar system can be found in Karpov & Oxtoby, ( ),
where they analyzed a system of ‘growing and decaying’ particles and predicted
the existence of a threshold. In a more recent work Saha et al., ( ) gave a
linear stability analysis of chemically active particles with self-propulsion, phoretic
response and chemotaxis based on a Smoluchowski mean-field description, and
predicted that an instability threshold exists, which depends on the fuel concentration
(c), the self-propulsion, Brownian motion, and the attraction due to diffusiophoresis.
These predictions have not yet been verified by simulation or experiment. The
simulation algorithm presented in this work would allow one to extract the detailed
information of the clustering process in various geometries and test the theoretical

predictions.

We have also completed a detailed theoretical analysis and found that an instability
does exist as predicted in the literature, but the threshold S, is independent of self-
propulsion — the instability growth rate becomes positive when attraction overcomes
translational Brownian diffusivity, which differs from the prediction by (Saha et al.,

). In our theory self-propulsion quantitatively reduces the growth rate but has no
impact on the threshold, because its effects appear at a higher order in wave number
than the competition between diffusiophoretic attraction and Brownian diffusion.
We also show that, by properly accounting for the flux of active particles in the
presence of the solute concentration gradient (Takatori & Brady, ), a simple
coarse-grained continuum mechanics theory predicts the instability very well. Our
theory is verified by simulations conducted with the method described in this chapter

and will be presented in a future work.
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Attractive Janus particles: a finite system

In this section we study a second case of Janus particles that both self-propel
and attract each other via diffusiophoretic interactions. Similar to the monolayer
experiments of Theurkauff er al., ( ) we simulate a finite number of particles
confined in a monolayer in 3D space surrounded by a porous circular wall. The
porous wall does not allow the Janus particles to escape (hard-sphere collision with
the wall), but it has no effect on the reactant concentration field. The simulations
are truncated at the dipole level. Further, the Brownian reorientation is assumed to

be a 2D in-plane rotation; there is no motion out of the plane.

A snapshot from the steady-state distribution for a system with N = 2048, Sp = 30,
Da = 5, R4 = 128a is shown in Fig. 6.6. Here, the non-reactive and reactive
hemispheres are colored blue and green, respectively. In contrast to reactive sink
particles that all collapse into a single large cluster, the snapshot clearly shows a
steady coexistence between a dense cluster and dilute ‘gaseous’ particles. Quantita-
tive statistics are generated with a larger system, Ry, = 256a, N = 2048, Sp = 60,

Da = 5, equilibrated for a very long time ¢ = 5000a?/D.

Fig. 6.7 shows the particle area fraction in the monolayer ¢4 = nama’. The most
striking feature is that the dilute region is not uniform in concentration; there is a
very long decaying tail. The non-homogeneous structure of the dilute part is also
evident from Fig. 6.8, which shows the reactant concentration and average swim
speed as a function of r. Inside the cluster (approximately r < 60a) the reactant
is depleted and the particles are not able to propel themselves. The reactive cluster
is a large chemical sink that induces a net flux of reactant towards the cluster.
Therefore, in the dilute part 1 —c/c™ ~ 1/r. Also, to leading order in the fuel level,

Ua/D = (—g%)Spc/c™, where g is the dominant entry in the mobility matrix Mp.

The long tail in ¢ 4, ¢, and U differs from a ‘thermodynamic’ system in which a phase

is a homogeneous component, and thus prohibits the use of a phase-equilibrium
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Figure 6.6: Snapshot at steady state of a monolayer of Janus particles. Blue is
the non-reactive part and green is the reactive hemisphere. The Janus particles are
confined within the circular wall shown in the figure. The wall has no effect on the
solute concentration field. N = 2048, Sp = 30, Da = 5, Ryan = 128a. Only 1/4 of
the simulated system is shown.
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Figure 6.7: The area fraction ¢4 measured from simulation (black symbols), ¢4
predicted by the model (red curve), and the average osmotic force (F?*"?) (blue
symbols) as defined in (6.30). Since the orientation distribution is still isotropic,
the osmotic force is dominated by the diffusiophoretic force: (F?*"°) ~ (F Vey, A
negative diffusiophoretic force means a force directed towards the center » = 0; the
solid blue line is the reference for n(FV¢) = 0. N = 2048, Sp = 60.0, Da = 5.0,
rwall = 256a. Data is collected from a steady state period of ¢ = 5000a%/D.

theory to predict this behavior. In principle, this situation can be described from the
detailed many-particle Smoluchowski equation, but such a solution is not possible
for dense systems where particle-particle collisions are important. Fortunately,
however, the recent discovery of the swim pressure (Takatori et al., ) as a
surface force and the swim force (Yan & Brady, ) as a body force enables a

simple approach based on a continuum mechanics description.

At the continuum level, the flux of active particles is driven by stress gradients and
‘body’ forces. The ‘surface’ forces give rise to the total active stress o?’, while the
body forces are twofold: (i) the intrinsic self-propulsive velocity Uy(c) is a function

of the reactant concentration which varies spatially and this gives rise to an ‘activity-
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Figure 6.8: Reactant concentration ¢ and velocity Pe, = Ua/D along the radial
direction. The boundary condition is ¢/c™ = 1 as r — oo. Data is collected from
the same simulation as in Fig. 6.7.

gradient swim force’ (Takatori & Brady, ): i{FV0) = —g*"im. ¥ In U, and (ii)
the down-gradient diffusiophoretic force arises from the average propulsive force in
(6.30): W(FVY = —nkgTL(A){Mg-C~ 1Y Ve. Ttis important to appreciate that these
are two separate and distinct body forces. A non active (non swimming) particle
can still be subject to a diffusiophoretic force, and an active non-diffusiophoretic
particle can still experience the spatial variation in the fuel concentration and thus

have a variable swim speed.
The number density n of active particles is conserved

on
—+V-53=0, 6.50
5 +V-g (6.50)

where the flux is determined form a momentum balance for the active particles (Yan

& Brady, )

0=—¢j+n(F %) + n(FY¢) + V - g, 6.51)
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the left-hand-side is zero because the motion is at low Reynolds number. Here,
{ = 6nna, is the Stokes drag coeflicient (and is not to be confused with the spitting

act

parameter for the Ewald sums). The active stress, o', includes the swim stress,

the collisional stress, and the Brownian osmotic pressure as discussed below.

At steady state the number density is radially symmetric and since the flux must
be finite at r = 0, from (6.50) the radial flux is zero everywhere, j, = 0, and the

momentum balance (6.51) becomes simply

act

ir = ‘924 +n(FY%), + n(F¥%), =0, (6.52)
r

where we have neglected the normal stress difference term (o7y" — o§¢')/r. The

active stress could be anisotropic due to an anisotropic distribution of orientation
& (Takatori & Brady, ). In the system discussed here, however, no significant
anisotropy was detected in the simulation data and therefore the normal stress

difference is taken to be zero.

In a continuum description one determines both the stress tensor and the body
force in a homogeneous state and then uses them to predict the behavior in an
inhomogeneous state. For example, to predict the flow of an ideal gas, we have the
Navier-Stokes equations, the continuity equation, and the equation of state (EOS)
relating the pressure to the density, p = pRT, from thermodynamics. Chemically
active particles can spontaneously separate into dilute and dense regions, as shown
in Fig. 6.6, and obtaining the stress as a function of n, Sp and Da for a homogeneous
state poses a challenge. A similar challenge arises in classical thermodynamics
when phase separation occurs, but at least in this case one can construct the free
energy for a homogeneous system via a Monte Carlo method because a conserved
energy exists and gives rise to a Boltzmann distribution. No such conserved function

exists for active matter and a different approach is needed.

For Active Brownian Particles (ABPs) an accurate EOS has been determined from

the micromechanical definition of the stress (Takatori & Brady, ), which has
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been validated in a sedimentation system (Yan & Brady, ). ABPs do not have
phoretic interactions and the swim speed is assumed constant, which corresponds
to a uniform fuel concentration or very slow reaction, i.e. Da — 0. We shall use
the model proposed for ABPs, acknowledging that even in a homogeneous state the
microstructure with phoretic interactions and for a finite Da may differ from that for
ABPs. The dependence on Da will enter through the reactant concentration field
and the body forces. As we show below, this model captures the essential physics,

is robust and is accurate.

For ABPs in a monolayer with self-propulsion velocity Uy, drag coeflicient £, and
in-plane diffusive reorientation time 7g, the dilute Brownian osmotic pressure and
swim pressure are:

% = nkgT, (6.53)
stim = n(:c : stim> = nksTs ﬁSWim(¢A) s (654)

where the swim force on each particle is F*"'"™ = [Uy&, and the ‘activity’ kT, =

e UéTR /2 in 2D. The nondimensional function of area fraction,

I (¢a) = (1 — dpa — 267, (6.55)

gives the reduction in the swim pressure due to the hindering effect of other particles

(Takatori & Brady, ).

The collisional pressure arises from the hard-disk collisions between particles that

prevent particle overlap (c.f. Eq.(6.49)) and is given by
P P 4 AP
" =mx-F')=n (kBT + ksTS—PeR) dAll" (pa), (6.56)
T

where the reorientation Péclet number Peg = a/Uytg. The collisional pressure
arises from the ‘collision’ of two particles and thus is O(n?) in the dilute limit,
in contrast to the ‘ideal gas’ Brownian and swim pressures which are both O(n).

For Brownian hard disks, the collisional pressure is nkgT¢4I17(¢4), and thus the
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nondimensional function I17(¢,) gives the hard-disk EOS. We take the simplest

form for the EOS (Wang, ), which gives

A 2—¢a
I’ =_— 2 6.57
(¢4) 0002 (6.57)

In (6.56) we have also supposed that the collisional pressure due to the activity has
the same area-fraction dependence as that for Brownian hard-disks and that the two
effects are additive. When activity is a small correction to Brownian motion, the
additional random walk due to swimming allows one to replace kpT with kpT + kT,
which is reflected in (6.56). (Note, that the collisional swim stress is transmitted
over the particle size a upon collision, not over the run length £ = Uytg as for the
swim stress; hence the factor of 4Pegr/m.) When swimming dominates, the activity
is the sole source of particle-particle collisions and the collisional pressure has the
same area fraction dependence as for Brownian (or molecular) hard disks (Takatori
& Brady, ). Thus, (6.56) is correct in the two limits of weak and strong activity
and should be a reasonable approximation over the entire range of activity (Takatori
& Brady, ). (Given the other approximations already made, this is not a critical

one.)

Thus, the total active stress is modeled as
o = T = —(1% + ™" + NI, (6.58)
= —I1°“, which is what is needed in the particle flux balance (6.52).

To check the applicability of (6.58) for diffusiophoretic interacting Janus parti-
cles with a reactant concentration-dependent swim velocity, Fig. 6.9 compares
the collision pressure I1” measured from simulation to the estimation given sep-
arately by the Brownian and active contributions to the collisional pressure cal-
culated at the corresponding ¢4 measured at every location r. Inside the cluster
Uy = 0, and the Brownian collisional pressure dominates and is a good estimation

of 7 ~ T1Z = nkgT ¢ AI17. In the gaseous region, swimming dominates and (6.56)
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Figure 6.9: The collision pressure I1” and swim pressure I1*"/". Data is collected
from the same simulation of Fig. 6.8.

gives 7 ~ nk,T;ps4Per/m because the concentration is dilute. However, this
estimate is much smaller than IT1” measured in the simulation. The difference in the
dilute region can be explained by the diffusiophoretic particle-particle attraction,
which causes more collisions among nearby particles. Nevertheless, when dilute,
the ‘ideal gas’ swim pressure dominates: I1°*"™ = n{UZtg/2 ~ 10*nkT > 117,
and the collisional contribution is not important. In summary, inside the cluster
[19¢ ~ Hg , and outside the cluster IT*“ ~ IT*"*_ and the EOS of ABPs can be used

as an approximation for diffusiophoretic interacting Janus particles for nonzero Da.

To complete the model for the particle flux, the diffusiophoretic body force (F'V¢)
is needed. For chemically active particles, the diffusiophoretic force arises from
the average osmotic propulsive force in (6.30), which includes both the autonomous
motion driven by fuel concentration ¢ and diffusiophoresis driven by Vc. Because

the mobility Mp depends on the orientation £ of the swimmers, the diffusiophoretic
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force need not be solely in the direction of Vc. However, as shown in Fig. 6.7, in
the dilute part the slightly negative (F'V¢) is along Ve (c.f. Fig. 6.8), and we found
that the distribution of & is unbiased in that region. Thus the orientation-average of

Mg can be used, and the diffusiophoretic force is given by

o0¢

3 (6.59)

n(FY), = —nkpT Sp3 (g%, + g%.)

where we have made the concentration dimensionless and so recover the fuel level
Sp from (6.48). The diffusiophoretic force is directed towards the center of the
cluster, because Sp > 0, (gé‘x + gﬁz) > 0 (which are given in Appendix G), and ¢

increases with r.

Finally, with the swim pressure, the activity-gradient swim force becomes

Jdln Uy

n<FVU()> — stim
' or

(6.60)

An examination of the various contributions to the active pressure and the body
forces shows that all terms can be scaled with the thermal energy kg7 at which
point it drops out, leaving two dimensionless groups: Per = a/Uytg and the ratio
of activity to thermal energy k;T;/kpT. The reorientation time is due to rotary
Brownian motion, 7 = 4/3 a? /D, and thus

3aD 3 1
-4 2y s_ (6.61)
Utk 4 Uy 4Sp(—gd)¢

where we have used (6.47) to for the swim speed Up in terms of the reactant
concentration. Similarly, the activity to thermal energy ratio can be expressed in

terms of Sp and ¢:

kT, (Ugtr/2  povim 3]
kT~ kgT D~ 8pe

2 \
= 35(-80)°¢, (6.62)

where gZ is given in Appendix G. Also, the gradient of the swim stress can be
combined with the activity-gradient swim force (6.60) to give

B OTIswim o TS 01n U _ _ppowim 0 ln(HSWim/U()) .

or or or

(6.63)
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We are now in a position to bring all the contributions together into the flux expres-

sion for an equation for the area faction of active particles:

0 = $a+ @317 (@)1 + 2BSpel)
~ %BZS% é a(¢Ast1n16f;)

or
o¢
- ')’SD¢A5a (6.64)

-2

where 8 = (—g%)? gives the reactivity-induced self-propulsive motion, while y =
(g2 + 8%,)/2 gives the diffusiophoretic motion; both are functions of Da and can

be found in Appendix G.

Before applying (6.64) to the monolayer, we show that it reduces to the expected
behavior in special cases. First, note that Sp and ¢ always appear together; the
product, Sp¢é, is the actual reactant connection at location r. When there is no fuel,

Sp =0, (6.64) reduces to
0 N
o (@a+ 03017 (60) =0, (6.65)

which just says the the total thermodynamic pressure for the passive Brownian
particles is a constant. The area fraction is uniform and given by the constraint that

all particles are contained within the circle

R 2
N
/ ba(ryrdr = ==, (6.66)
0 2
where N is the total number of particles in the circle.

When there is no phoretic attraction, y = 0 and the reaction rate is slow (Da — 0)
so that the fuel concentration is approximately uniform, ¢ ~ 1, (6.64) reduces to the

condition that the total active pressure is constant:

o (@4 + 32550211 + G307 (@)1 + 2Sp1) = 0. (6.67)

and we recover the behavior of ABPs. Depending on the imposed area fraction from

(6.66) and BSp, the area fraction may remain uniform or the system may phase
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separate into dense and dilute regions. When activity dominates, SSp > 1 the
critical point for phase separation in 2D is approximately (Takatori & Brady, )

¢ ~ 0.58, S¢S ~ 16.3.

When the particle are not Janus and therefore have no self-propulsion, S = 0, (6.64)
reduces to a balance between the osmotic pressure of the passive Brownian particles

and the diffusiophoretic attraction

A

6 2 AP aC _
o (64 + 6307 (60) + ¥Spa - =0, (6.68)
which, provided ¢ 4 is everywhere small so that qbiﬁp (pa) < ¢4, gives aBoltzmann-

like distribution for the area fraction
Pa(r) ~ e 7SPEw) (6.69)

The concentration field ¢ is the ‘potential energy’ for the diffusiophoretic force, just
like the electrostatic potential for attractive ions. The area fraction is largest where

the concentration is smallest — where the ‘energy’ is lowest.

Returning to the full flux balance (6.64) we see that it anticipates the simulation
behavior in both the dense cluster and the surrounding dilute region. In the dense
region near the center (r < 40a in Figs. 6.7, 6.8, 6.9), the fuel concentration goes
to zero, ¢ ~ 0, and (6.64) reduces the passive Brownian osmotic pressure balance
(6.65), which predicts a constant ¢ 4. At the other extreme in the dilute region, since

Sp > 1 and the area fraction is small, (6.64) reduces to

O($al)
or

=0 = ¢4¢ = const. (6.70)

Even though there is a concentration gradient the diffusiophoretic force scales as
Sp and thus is smaller than the O(SIZJ) swim pressure and variable swim speed. As
shown in Fig. 6.10 the prediction from the model matches the simulation data very
well. This steady state condition, d(nUy)/0r = 0 is universal and does not depend

on the details of the propulsion mechanism (Takatori & Brady, ).
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Figure 6.10: The product ¢ 4c/c* as a function of r. Datais collected from the same
simulation as Fig. 6.8. It is clear that in the dilute region ¢ 4c/c®™ is approximately a
constant. The fluctuation is due to the noise in the ¢(r)/c®™ measurement in Fig. 6.8.
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Up to now we have discussed the behavior of the system without actually knowing
much about ¢. However, the concentration distribution is not given, but must be
solved for simultaneously with the area fraction field. Further, there is no length
scale in the flux balance (6.64); the particle size a only enters through the parameters
Sp and Da. The characteristic length scale is set by the concentration distribution,
which is governed by the Brinkman equation (6.42), and which for the monolayer

can be written as

V28 = £ nakery($4)E8(2), (6.71)

where 6 (z) means the particles are distributed in a monolayer on the z = 0 plane only.
In (6.71), fZ (c.f. Appendix G) is the nondimensional reaction rate that depends on
the Damkholer number, and the nondimensional function «.7r(¢4) describes the

enhancement to the reactivity due to the increased area fraction and is similar to the
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3D case discussed by Bonnecaze & Brady, ( ).

Even though the reactive particles all lie in a 2D plane, the reactant concentration
field is fully three dimensional and thus the solution to (6.71) is not a simple
exponential as is the case for the fully 3D problem. The concentration field is still
screened, but the screening length for the monolayer is not the same as the expression
(6.44), L{; = a+|4n /(=3¢ ), in a 3D system. Thus, we have chosen to compare
the predictions of the model for ¢4 as a function of r/a for easier comparison with

the simulation data.

The continuum model is now (almost) complete. The particle area fraction, ¢4(r),
and reactant concentration field, ¢(r, z), must be determined simultaneously from
(6.64) and (6.71), along with the conservation of particles (6.66) and a uniform
reactant concentration for large distance ¢ ~ 1 as |r| — oo. The last missing
constitutive function is the effective reaction rate «.r(¢4). Unfortunately, because
the monolayer is neither a strictly 2D nor 3D problem, we cannot simply take the
known behavior of k. ¢ in 3D and use it for the monolayer geometry. Furthermore,
even in the dilute limit, the solution to (6.71) is mathematically involved, and thus we
proceeded as follows: we take the ¢(r) and n{(FV)(r) measured in the simulation
(c.f. Figs. 6.8 and 6.7) as input to (6.64) to predict the area fraction profile, ensuring
no flux at r = R and for N = 2048 in (6.66). As shown in Fig. 6.7, the model

matches the simulations very well for all r without any fitting parameters.

As a final remark, it should be appreciated that no ‘surface tension’ term has been
added to the above mechanical model, although a peculiar ‘negative surface tension’
has been reported in literature (Bialké et al., ). In our model, the diffusiophoretic
force, n{FV°), is directed towards the cluster center at the interface and is enough to
stabilize the the cluster. Also, at the interface we found a slightly biased distribution
of & towards the cluster center. The biased & may also contribute to n(F"¢). For

ABPs the autonomous bias of & has been discussed at an interface (Redner et al.,
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) and in a force field (Hennes et al., ; Enculescu & Stark, ). Here,

in the presence of the reactant concentration field the details are more complicated
but the mechanism is similar. In a strongly biased environment (due to either an
interface or a force field), some active particles with favorable orientation (e.g.
pointing away from the cluster) can escape from the environment more quickly and
thus the particles left behind exhibit a biased distribution of &£ (e.g. pointing towards
the cluster). In the model in this work we did not include the effects of an anisotropic

swim stress, o™

, which is a good approximation when the orientational bias is
weak (Takatori & Brady, ; Yan & Brady, ). However, the normal stress
differences that arise from a bias, if localized in a thin region, may act like surface

tension. We leave this for a future study.

6.5 Conclusions

In this work an efficient computational method is introduced to explore the chem-
ically active system by particle-tracking simulations. It is based on multipole
expansion, with flexibility to deal with both uniformly reactive sink and Janus par-
ticles. In fact, particles that have more complicated reactive patterns can be easily
simulated, by using the appropriate fitting functions f's and gs in matrices C and
M. It could be easily done with the same BEM method as used in Appendix G.
Our method is also flexible to deal with different geometries, including periodic 3D
& monolayer boxes, and finite 3D & monolayer systems. Further, our multipole
method can also be extended to simulate the systems on a flat solid boundary which
is non-penetrating or absorbs the solutes, as seen in the experiments (Theurkauff
etal., ). One only need to add the ‘reflected’ multipoles due to the presence of
the solid boundary, as the familiar method of image charges in electrostatics or the
image method in Stokes flow. The simulations presented in this chapter utilizes only
one CPU & GPU, but it can be easily extended to utilize parallel machines, with the

help of distributed FFT & sparse matrix libraries. After the field ¢ is solved, other
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operations are for each particle only and are independent of each other, so there
is no extra barriers to parallelization due to data racing. To further improve our
method, the Ewald sum done with FFT may be improved with the Fast Multipole
Method, to avoid the large amount of memory required by the FFT on a regular
mesh. The multipole method may also be combined with the immersed boundary
method (Bhalla et al., ) to offer the flexibility to accommodate simulations in

domains of complex geometry.

With the simulation method, we clarified the notion of chemical screening. It
is a static self-screening, which is fundamentally different from Debye screening.
The screening means a shortened range of perturbation propagation instead of an
interaction potential. Also, it is the result after the correct full solution of the
Laplace’s equation, and should not be prescribed as seen in some previous work
(Pohl & Stark, ). Besides, this screening is fundamentally different from the
Keller-Segel model in which the chemical solutes are assumed to be absorbed by
the medium (fluid). Experimentally (Theurkauff ez al., ), the chemical solutes
such as H,O,, O, are not absorbed by the medium. Therefore, in our model the
chemical screening is solely due to the fact that the chemical reaction rate on a
particle’s surface is proportional to the local solute concentration. This screening
has a key role in the determination of the instability threshold S7,, because without
the screening, the absolutely long-ranged interaction ~ ¢/r is well-known to result in
the collapse of all particles into a big single cluster. Mathematically, it corresponds
to the finite time blow-up discussed in some variations of the Keller-Segel model
(Horstmann, ; Horstmann & Winkler, ). S}; has been briefly discussed in

the work by Saha et al., ( ), and shall be discussed in detail in our future work.

Further, we demonstrated examples of simulation to address the two most important

questions, when the clustering process starts and when the process stops.

For sink particles we showed that the system is stable and remains random at small
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Sp but forms a cluster at higher Sp. The particles compete for reactant so when they
get close to each other their reactivities g are reduced and thus exert less attraction
to each other. Therefore at the intermediate range of Sp where the system loses
stability and collapses to a cluster, the structure remains loosely packed. More
importantly, no coexistence behavior is observed for the sink system. We always
observe a large cluster occupying the entire simulation box. It can be understood by
diffusiophoresis. When a cluster forms, it acts as a large sink and forces a net flux
of solutes into the cluster. This flux induces a gradient V¢, which is long-ranged
and every particle is pushed toward the cluster by diffusiophoresis Vc¢. Then at
steady state, the system shows a balance between translational Brownian motion

and diffusiophoresis attraction.

For Janus particles we observed similar coexistence behavior as observation in ex-
periments (Theurkauft et al., ). Inside the cluster, reactant is also depleted:
Uy « ¢ — 0, and therefore the behavior is close to a pure Brownian hard disk system:
nr = Hg. Outside the cluster, the particle distribution is not homogeneous: ¢ 4(r)
exhibits a long decaying tail, and Uy « c¢ remains true. In the gaseous part, we
showed that collision pressure 1 is increased by both self-propulsion and diffusio-
phoretic attraction. The inhomogeneity of the dilute part forbids a thermodynamic
equilibrium description of the steady state, because thermodynamic argument is
based upon the equilibrium of two homogeneous phases. In fact, the dense and the
dilute parts seen in our simulations should not be termed as phases. Instead, we pro-
posed a mechanical model which is built upon swim pressure and swim force, which
are counterparts of ideal gas pressure and gravity in classical Navier-Stokes equa-
tions. Our self-consistent mechanical model successfully explained the steady state
coexistence structure without any fitting parameters. The model can be improved to
be a predictive model, with proper extensions to solve (i) the ¢(r) distribution from

many-body reactions and (ii) the (FWimy of the interface.

In this chapter, we focused on the most fundamental aspects of chemically active
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suspensions, and a lot of interesting systems can be investigated with proper exten-
sions. For example, under some conditions the solutes may also apply a torque L on
the particles, and it can be easily implemented by an equation L ~ (c, Vc¢), similar
to (6.30). Some interesting results of dumbbell-shaped (sphere-dimer) active parti-
cles have also been discussed (Thakur & Kapral, ). In our algorithm, two or
more particles can be either rigidly or flexibly connected to create such swimmers,
with some minor modifications of the Faxen Laws and a proper treatment of the

binding force (Swan et al., ).

Hydrodynamics is a more important component, and can be added to this simulation
with the method of Accelerated Stokesian Dynamics (ASD) (Sierou & Brady, ).
With the assumption that solutes diffuse very fast, Dg > D, the Stokes flow has no
effect on the c field. So the calculation of ¢ equation is mostly decoupled from the
Stokes flow. In a rough approximation, the boundary condition for the Stokes flow
is still no-slip, and in this case the Stokes flow and solutes transport are completely
decoupled. All we need to do in this case is to replace the Stokes drag 6rna
in (6.1) by the full resistance matrix Rry. A more satisfactory approximation is
that the boundary condition for the Stokes flow should be determined by the local
concentration field ¢, in the presence of a surface slip velocity (Anderson, ;
Brady, ). In this case, the Stokes flow can be solved after the solution of the
solute field c. This is one-way coupling and still solvable by the method of ASD,
with some minor modifications due to slip velocity on the lubrication correction and
the Faxen laws relating Stokes flow multipoles (force F', torque L, and stresslet S)
to the surrounding flow. At this stage, the role of hydrodynamics in the clustering
process and the steady state structure is unclear. In principle it increases the drag
when clustering happens and slows down both translational and rotational motion.
A particle-tracking simulation is necessary to probe the systems and it is one of our

future topics.
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Chapter 7

CLUSTERING OF CHEMICALLY ACTIVE PARTICLES:
STABILITY ANALYSIS WITH THE MATRIX PERTURBATION
METHOD



153

Active matter refers to a system made of many objects, each of which achieves self-
propulsion by converting energy into motion, like swimming bacteria suspensions
(Rusconi et al., ). Active diffusiophoretic suspensions are a common artificial
realization, referring to those colloidal particles which are able to convert chemical
energy to self-propulsion, usually through patterned surface reactivity. They are
synthesized to be reactive on one half while non-reactive on the other, and such
asymmetric pattern allows them to achieve self-diffusiophoresis by creating a solute
concentration gradient (Theurkauff et al., ; Palacci et al., ; Howse et al.,
). They are termed Janus particles in literature because of the asymmetric

surface reactivity pattern.

Active matter displays interesting collective behavior, such as a glass transition
(Berthier & Kurchan, ), Casimir effect (Ray et al., ), and bacteria turbu-
lence (Wensink et al., ). One of the most notable features of active matter is
that it may show coexistence of dilute and dense components in a single system.
In the experiment by Theurkauff et al., ( ), Janus particles are confined on a
surface with a large reservoir above evolved to a non-uniform steady state under a
tilted gravity acting as a sedimentation force. At steady state the system separates
into dense and dilute regions. In another experiment by Palacci et al., ( ), the

system shows a similar coexistence behavior.

Many models have been proposed to explain the coexistence. A minimal model is
called the Active Brownian Particle (ABP) model, in which each particle takes a fixed
swim velocity Uy while the direction £ is subject to run-and-tumble or rotational
Brownian diffusion. The particle-particle interaction is assumed to be hard-sphere
collisions in the simplest case. For this model, the swim pressure defined by Takatori
et al., ( ), gives an Equation of State, and Takatori & Brady, ( ) proposed
a successful thermodynamic-like theory to describe the coexistence as a classical
first order gas-liquid phase transition. Simulations and models are also proposed for

particles with short-ranged pairwise additive interactions, e.g., the Lennard-Jones
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potential (Redner et al., ; Buttinoni et al., ). Generally, in active matter
showing coexistence under short-ranged interactions, the effect of the interface is
limited to the short range of a pair-wise potential and therefore both dense and
dilute regions are identifiable as a ‘pure substance’ in contact with one another,
which allows a thermodynamic phase-equilibrium approach (Solon et al., ;

Wittkowski et al., ; Menzel & Lowen, ).

Despite its success, the thermodynamic approach may not be applicable in a realistic
system where the objects interact with each other by a continuous field rather than via
a short-ranged pairwise potential. To appreciate the ‘field-drive’ nature of a realistic
model, one can consider that in the continuum limit where the solute molecules are
much smaller than the moving particle, the active particle’s propulsion velocity is

given by Brady, ( ):

U, = - L(A)kBT]{( .t)nds, (7.1)
6rna

where L(A) = (3/2)A%(1+ 3A)/(1+A)?, with A = §/a measuring the flow of fluid
with viscosity 7 in a layer of thickness ¢ adjacent to the colloidal particle where a
particle-solute interactive force is operative. Here, we have taken the simplest form
of interactive force between the solute and the colloidal particle, namely a hard-
sphere repulsive force at a distance r. = a + ¢ (and ¢ need not be small compared
to the particle size a, although typically it is so). More general interactive forces
will only have a quantitative effect, as detailed in Brady, ( ). Generalizations to

non-spherical particles are also possible as shown by Shklyaev et al., ( ).

Thus, to determine the particle’s velocity we need to solve for the solute concentra-
tion field c(x, t) field that enters Equation (7.1). Typical phoretic or self-propulsive
velocities are of order 1um/s for a micron-sized particle, while nano-sized solute
diffusivities are of order 103 um?/s so that the Péclet number Pe = Upa/Dr < 1
and advection can be neglected. Similarly, the time scale to establish a steady solute

concentration profile a?/Dg is much faster than the time scale for the motion of
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the colloidal particles, either due to diffusiophoresis or to their intrinsic Brownian

motion, so that the solute concentration distribution satisfies Laplace’s equation:

Ve = 0. (7.2)

In this realistic model, the particles’ swim velocity Uy is proportional to ¢, while
c is governed by Laplace’s equation and each particle acts as a sink on the solute
field. It is similar to the famous chemotaxis model (Keller & Segel, ) but more
complicated because the dynamics in the swim orientation space must also be re-
solved. At steady state particles show coexistence between a dilute and a dense part.
However, in this case, due to the long-range nature of Laplace’s equation, neither
part can be identified as a homogeneous ‘pure substance’ and the thermodynamic

approach is called into question.

In this work, linear stability analysis is applied to a dilute homogeneous state, to
find when and how particles cluster. To match existing experiments (Theurkauff
et al., ; Palacci et al., ) we shall consider mainly particles moving in a
monolayer geometry. Our model describes both the particles and solute molecules

as a continuum, and we shall treat the particles as in the dilute limit ¢ — 0.

The major difficulty of the stability analysis comes from the swimming orientation
space. A common approach utilized in the literature is to attain a linear dynamical
system by expanding the orientation space in a hierarchy of moments (Saintillan
& Shelley, ), truncated at some finite level. Then the eigensystem can be
numerically solved (Ezhilan et al., ; Saintillan & Shelley, ). But with this
approach it is difficult to probe the entire parameter space. The analytical approach
common in literature is to close the hierarchy expansion with a hypothetical closure
relation, usually at the dipole or quadrupole level due to algebraic complexity (Saha
etal., ). Such a moment hierarchy method usually involves tedious algebra and

assumes the moments relax to isotropy fast enough. However, with this assumption
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information about the orientation during the development of instability is lost, which

is actually an interesting behavior of chemical swimmers, as shown in §7.2 and §7.3.

In this work we follow a similar orientation moments approach to formulate the
growth of a perturbation b in an infinite dimensional linear dynamical system b =
M?> b. However, we take the matrix perturbation method to find the eigensystem

mns

of M?*

- » without any assumption of a closure. This approach is a systematic and

straightforward technique, as detailed in Appendix K. Analytical results are also
verified by simulation in which the field c(a, t) is solved in detail and each particle

motion is tracked over time.

After the detailed analysis, we propose a simple coarse-grained model to reproduce
the detailed solution in the limit of fast rotational relaxation D,,;, — co. Inthis model,
we consider the large-scale dynamics via a continuum mechanics description of the
active particles. Yan & Brady, ( ,b) have discussed the continuum mechanics
of active Brownian particles by defining the swim pressure (Takatori ef al., )
as a surface force and the swim force as a body force, for particles with constant
swim velocity Up. In this work, by analyzing the detailed solution, we extend the
continuum mechanics to system where the intrinsic swim velocity Uy is dependent

on c(x,t), and therefore varies from place to place.

We formulate the model and describe the analytical and simulation methods in §7.1.
In §(7.1) we introduce the linear stability analysis for monolayer geometry, and we
briefly describe the simulation method to verify our theory. The solutions are given
in §7.2 for homogeneously reactive particles, and in §7.3 for Janus particles with
the matrix perturbation analysis. The detailed solution gives a general result about
the ‘active flux’ in active matter and is discussed in §7.4. Based on the detailed
solution and active flux, coarse-grained models are also discussed in §7.2 and §7.4.

Calculation details can be found in Appendix K and L.
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7.1 Problem formulation & methodology
The solute field c(x, 1)
The reaction of solutes on particles’ surfaces is assumed to be first order R —
0P, where R is the reactant, P is the product, and 6 is the stoichiometry of the
chemical reaction. In general, one needs to solve for both the reactant and product
concentrations, but as shown by Cérdova-Figueroa & Brady, ( ), one only needs
to scale the governing equations by the factor (1 — 8Dg/Dp), where Dg and Dp are
the diffusivities of the reactants and products, respectively. After the scaling, one
only needs to solve for the reactant concentration field. Therefore, we consider the
reactant field only and denote its concentration field by c(z, ¢) and its diffusivity by

Dr.

The reactivity on the particle surface serves as a boundary condition for c(x, 1):

Jr = —DgVe, (7.3)

n - Jr = —koh(n)c, (7.4)

where h(n) is a function to describe the reactivity pattern on the particle surface,
and « is the reaction rate constant. The Damkohler number Da = kga/Dg compares
the reaction rate to diffusion of reactant. Da — oo is diffusion limited and Da — 0
is reaction limited. For uniformly reactive particles #(n) = 1, while a particle with
h(n) = Heaviside(n - £) describes the pattern of a Janus particle with orientation
vector £&: h = 1 on the reactive hemisphere and /& = 0 on the passive hemisphere.
Particles always decrease the reactant concentration and increase the product con-
centration near their surfaces, and the prefactor 8 Dg/ D p describes the relative effect
of reactant and product. When 8Dg/Dp > 1, the products push the particles more
effectively than the reactants do and the particles can be considered as sources releas-
ing the products, and therefore they repel each other, according to (7.1). Therefore,
when (1 —6Dgr/Dp) < 0 particles repel each other and do not show clustering

behavior. They are discussed in Chapter 8. Sinks with (1 —6Dgr/Dp) > 0 show a
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clustering process when attraction wins. In the following sections we focus on sinks
and seek to understand the initial stage of their clustering process through a stability

analysis.

Each active particle disturbs the solute field c(x), which can be represented by a
multipole expansion (¢, S, Q, ...). Here g denotes the monopole (scalar), S rep-
resents the dipole (vector), and @ represents the quadrupole (2nd order tensor).
Physically, the monopole g represents the net consumption of reactants on a parti-
cle, and higher order moments describing the non-uniform consumption of solute

reactants on the particle surface.

Due to the first order surface reaction, all the moments are linearly dependent on c,
such as g = —«kc, etc. Here « is the reactivity of the entire particle, which depends
on Da. The detailed derivations can be found in Chapter 6. Thus to leading order

we can write the equation for c as:
DRVZC =S — knc, (7.5)

where n is the number density of particles, and S is the source of solutes to com-

pensate for the consumption and keep the system evolving.

In this many-body problem, each particle’s disturbance shall be properly summed to
achieve a solution c(x,t). The sum depends on the particles’ configuration, and is
not straightforward because ¢ is governed by Laplace’s equation and the particles’
multipoles induce long-ranged disturbances such as 1/r, 1/ r2, .... In this work, we
shall consider mainly a monolayer geometry and also a full 3D one. In the monolayer
case, we consider a statistically uniform infinite monolayer of particles moving in
an infinite 3D bath of reactive solutes, and we specify a boundary condition of a
constant reactant concentration c(a,t) — ¢* as z — oo, where z is the distance
to the monolayer. Particles are free to move on the z = 0 plane, and 2D in-plane

Brownian reorientation of £ is be considered. ¢ is imposed as the ‘propulsion fuel
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concentration’. Physically, reactant diffuses from infinity to the particle region to

compensate for the consumption by the active particles.

There is a subtlety, which comes from the ‘infinite monolayer’ and Laplace’s equa-
tion. The particles consume reactants (as sinks), and there a statistically uniform
monolayer applies a uniform flux of reactants (j.) « V¢ # 0 on large scale toward
the z = 0 plane. When the monolayer is finite, Laplace’s equation V?¢ = 0 is
well-posed. However when the monolayer is infinitely large, it would demand a
constant flux boundary condition to the entire half space, and it is well-known that
in this case the Laplace equation allows only the trivial solution ¢ = 0 everywhere,

where particles consume all solutes and all dynamics stop.

To mathematically allow for a non-trivial solution c(x,t) and to physically keep
the system evolving, the large scale boundary condition must be fixed to (j3.) = 0,
which requires a homogeneous generation of reactant at a rate S in the monolayer
that balances the consumption so that the average solute consumption rate on the
monolayer is zero. The result is that the large scale averaged solute concentration
(c)(x,y, z) is a spatial constant not only along x, y direction in the z = 0 plane, but
also a constant at any z. Similarly, in the 3D case a homogeneous generation of solute
is also required. This makes the system ‘chemically neutral’ — the positive uniform
chemical source balances the consumption of reactants on reactive sink particles
— and ensures that the long-ranged interactions in Laplace systems are convergent
(Bonnecaze & Brady, ). By analogy, the uniform source of reactant S is the
counterpart of the constant negative ‘electrostatically neutralizing background’ in

one component plasma.

Motion of active Janus particles
After the solute field c(x,t) is appropriately solved, we need to determine each

particle’s propulsion velocity according to (7.1). The propulsion velocity of particle
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a is given by

Use = - (1 - 6Dg/Dp) L<A><c>a3Ba%, (7.6)

with B, = ncdsS. (7.7)
Sa

Here Dy = kpT/(6nna) is the particle Brownian translational diffusivity. As

discussed in Chapter 6, B, can also be linearly related to the environment of the

particle a:
c(Ta)
Ba = MB(Daa/» éa) . . (78)
Ve(re)
For uniformly reactive particles the linear relation is simple:
By = - ! 4ra*Ve(ry) (7.9)
= — = T .
“ " Dr\1-Da)” " Da+2 ¢ ”

where the concentration gradient is evaluated at the center of particle @. This is

classical diffusiophoresis.

For Janus particles an accurate representation would require all gradients of the
c field and that is both physically unnecessary and computationally intractable.
Therefore the matrix Mp is numerically solved by BEM and truncated at dipole
level, which is the minimum set to capture the self-propulsion and many-body
attraction features. My is linearly dependent on the orientation § = (£, &, €;) and
the reaction pattern functions gZ, g%, g7,. Details about the g functions and detailed
derivations can be found in Chapter 6. Combining (7.1) and (7.8), the velocity of a

single particle is given by:
Up = Péc— (MTI + AE) - Ve, (7.10)

where P, M, A are proportionality constants describing the self-propulsion, migra-

tion down V¢, and asymmetric migration. In dimensionless form:

Uy
DT/a

Ve
(cy]a’

A C A~ ~
= SDPg6 — Sp (M + Agg) - (7.11)
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Figure 7.1: Motion functions of a Janus particle P, M, A and a uniformly reactive
particle M,,.

where (c) is the average solute concentration (the ‘fuel’) in the system, and Sp =
(1 = 8Dg/Dp)L(A)a3(c), is the non-dimensionalized ‘fuel concentration’. P = 8z,
M =g}, and A = g%, — g, are shown in Fig. 7.1. Also for a uniformly reactive
particle, P=A=0and M, = 4n/(Da + 2), analytically calculated with the first
order reaction constants.. When Da — 0, the reaction is so slow that both Janus and

uniform particles approach the passive (no reaction) limit, where M — M, — 2.

Active particles are also subject to translational and rotational Brownian diffusivity
characterized by Dr and D, respectively. For a single free particle in 3D space
D,o: = (3/4)Dr/a*. In this work we consider the general case where D,,; and
Dr are free to change, though they should be on the same order due to their same
physical origin. For a single particle with constant propulsion velocity Uy, and for
times longer than the reorientation time 7 = 1/D,,;, the motion is diffusive; the
long time diffusivity D; is enhanced by self-propulsion. For free motion in 3D

space, D; = Dy + Ug /6Dy, while for 2D in plane rotation D; = Dy + Ug /2D,
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Instability in a monolayer geometry: governing equations
In this section we establish the governing equations for a chemically active system in
a monolayer geometry, and we assume that the diffusive reorientation process is in
the xy-plane. The orientation vector & = (cos 6, sin 6) is set by the orientation angle
6. We also consider the dilute limit where a one-particle Smoluchowski equation for
phase space density #(x, y, ) describes the particles’ motion well. The solute field
c(x) is governed by Laplace’s equation as discussed before, while the c(x) field
extends to the entire space c(x, y, z). The concentration is altered by the reactive
particles, each serving as a sink, and the P (x, y, 8) field feels a ‘feed-back’ from the
c(x) equation. With this model we try to describe the experimental geometry where
a layer of particles are immersed in a large reservoir of solutes, and to analytically

capture the linear stability.

As discussed by Morris & Brady, ( ) and in Chapter 6, a key feature in such
systems is Brinkman screening. That is, the long-ranged perturbation is screened to
short range Brinkman length Lp, because the particles can compensate for the per-
turbation caused by one particle. It is a many-body effect. In 3D space the screening

takes an explicit exponential form ¢’ ~ e™"/L5

. For the monolayer geometry the
physics is the same. In fact, the chemical screening information is contained in the
‘feedback factor’ F,. and FC3D , which describes the response of solute concentration
to perturbations in particle number density. F. and F2P are expressed in the waves-
pace depending on ¢g and are derived later. The screening length L also sets an
intrinsic length scale to the Laplace’s equation. Outside this length, the particles
cannot feel the perturbations, as shown in Chapter 6. So when individual particles
move closer and induce a perturbation on the n field, those particles outside the
screening length Lp do not feel the attraction coming from the cluster, while trans-
lational Brownian motion now has a chance to bring the system back to equilibrium.

This competition gives a stability threshold, which will be thoroughly discussed in

this work. Without screening, particles always feel attraction no matter how far they
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are from the cluster and the system is unconditionally unstable.

We define the probability density in phase space as #(x, y, 6), and the particle vol-
ume fraction (area fraction in monolayer) in the xy plane ¢4 (x, y) = ma’na(x, y) =

na® J;)zn P(x,y,0)dl. na(x,y) is the number density (per unit area) in xy plane.

Utilizing (7.10), the governing equations are:

2 2n
—DR(V)%y + %)c = (S —kc(z = O)/ P(x,y, 9)d9)6(z), (7.12)
z 0
oP ) 9?
ar + V- (UoP) - DrVy, P - Drmﬁp =0. (7.13)

Here Dy, is the solute diffusivity, Viy = 0%/0x*+0%/9y?. S is the strength of the dis-
tributed source, which should satisfy [ Sdxdy = [ (KC(Z =0) jg" P(x,y, H)dQ) dxdy
to balance the consumption of the solute by particles. « represents a single parti-
cle’s consumption rate, and depends on Da. A delta function 6(z) appears because
the sources S and particles are restricted on the monolayer z = O only. Uy is
the propulsion velocity in (7.10), and its components in phase space (x, y, ) are

(Upcos 8,Uysin6,0).

Generally, each particle’s effect on the c¢(z) field is not only a reactive monopole «c,
but also includes a dipole, quadrupole, etc., as discussed in §7.1. However here the
higher moments are all ignored in the analytical analysis as their effects are weak.

This is validated by the simulation results which include the dipoles.

Also, in the n equation (7.13), a single particle’s propulsion Uy is used to represent
the collective motion of a continuum field P(x,y,#), where we neglected any
inter-particle collisions at finite ¢ and any possible many-body effects on particles’
mobility. Hydrodynamic interactions are also completely ignored. The above two-
equation system is the minimum form for the active particles’ stability problem.
Nevertheless, it preserves all the interesting aspects of the problem and also allows

an elegant analytical solution with the matrix perturbation method.
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Equations (7.12) and (7.13) permit a homogeneous steady state: £ = P and ¢ = ¢y
everywhere. Linear stability analysis will be considered based on this homogeneous
steady state: P = Po+P’(x, y,0,t) and c(x, y, 7) = co+c’(x, y, 2, 1), where P’ < Py
and ¢’ < ¢y. Without losing generality, a plane wave perturbation in the x direction
q = (g,0,0) in the monolayer will be considered, which is then decomposed into

Fourier modes in 6 space:
P’ =" bym(t) exp(~imf) exp(~iqx), (7.14)
q,m

where m takes integer values: m = 0, 1,2, ---. By definition of the Fourier series,

bgo(t) = %nA,q(t)-

At t = O the initial perturbation is b,,,(0), and the development of these by,
modes to t — oo will determine the stability of the system. Physically, an initial
perturbation in n field will cause a change in ¢ field, then through Uy ~ (¢, Vc) a

‘feedback’ from c field controls the future development of the $’ perturbation.

The ‘feedback’ of the solute field can be determined from Equation (7.12) by Fourier
transform in the z direction combined with a Fourier expansion in the x direction.

The process is detailed in Appendix I. The result is:

’ — — _L —igx — F —igx 71
c'(x,y,z2=0) Zq:( gDWHDm)bq,o(t)e Zq: cbgo(e™ ™, (7.15)

where we define F,. = —cokn/ (Pokm + Drq) < 0 as the ‘c-feedback factor’, which

determines the perturbation in ¢ induced by a perturbation in #.

Equation (7.13) is then linearized for £’ and ¢’:

OP’ . ac 5y 0% 0%
Er +%Py (P sin @ 3y - (M + Asin 9) 9y — Acos@sm@axay
oc’ 02 ’ 2.
+Po | Pcosd c_ (M+Ac0520) ¢ — Acos@sind ¢
0x 0x?2 0xdy (7.16)
+ (Pcgcos @) + (Pcgsin 6)
ox oy
62
-DrV?P’' - D P’ = 0.

rot @
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Then we convert cos 8 and sin 6 to exponential form (equivalent to taking a Fourier
series again), and substitute (7.14) and (7.15). The development of all b modes is

described by a linear dynamical system:

ms

d oo
=) = Mib(), (7.17)

where b(t) = (..., by_1,b40,by1 - ..,) is an infinite dimensional vector consisting
of all the Fourier modes in (7.14), whose initial condition will be denoted as
b = bt = 0). M is also of infinite dimension and the entries are known
from (7.16). By the general theory briefly described in Appendix J, the eigenvalues
of matrix M control the growth rate and each corresponding eigenvector governs

a eigenmode of the instability. When all eigenvalues are negative, the homogeneous

Po, co state is stable.

M?> can be decomposed into three parts: M >

= Mp + My, + M}, where
they represent contributions from propulsion, migration, and diffusion respectively.
M, , is the simplest one with only three non-zero entries: —%POFC (A+2M)qg* at
(0,0) and —%P()FCACIZ at (0,+2). M occupies the major diagonal entries, with
the (m,m) entry being —m>D,,, — Drq>. M puts %icqu at each sub-diagonal

and super-diagonal entry.

When P = M = A = 0 from (7.10), the particles achieve no motion from the ¢
field and are merely passive Brownian particles in this case. M’ = M}, which
is diagonal, and all entries are negative. The solution for each mode is decoupled:
bym(t) oc exp(oygmt) and oy, = —m?D,yy — DTqZ. The passive Brownian system

is thus unconditionally stable, as expected.

When P = O but M,A # 0, M

ms

= My, + M. In this case the only off-
diagonal entry appears at (0, £2) and depends on A. It forms the basis for the matrix

perturbation analysis, and is solved in §7.2.

When P # 0, the system becomes complicated because the subdiagonal entries
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imply coupling between those §-modes and make the eigensystem not analytically

solvable.

In this work we shall analytically calculate the eigensystem of M by matrix

perturbation technique, based on the results for P = 0 case in §7.2. The eigenvalues

and eigenvectors for the general case 4,,(P) and v,,(P) are then represented by

An(q; P) = A0Y + PAGY + PPAGD + -, (7.18)
vm(q; P) = o0 4 poPD 4 p2oPD 4 (7.19)

where for clarity v,, will be represented as sum of basis vectorse; = (...,0,0,1,0...),
with 1 at the ith position. A similar expansion on powers of ¢ in the long-wave

length limit ¢ — 0 is also calculated for verification and greater insight.

Simulation: accelerated Laplacian dynamics

To verify the analytical results, a Brownian dynamics simulation is utilized to track
the system’s evolution. We consider N particles in an L-by-L square periodic box
and L is guaranteed to be much larger than the wavelength corresponding to the

maximum growth rate.

The problem is now the following: for a system of active particles at locations
X (1), we need to solve the propulsion velocity Uy according to orientation &, which
by equation (7.1) requires a solution of the reactant concentration field governed
by the steady Laplace’s equation at all field points @ outside the particles, subject
to a first order surface reaction boundary condition for either (or both) uniformly
reactive particles and Janus particles. The active particles are then advanced to
a new location from the overdamped Langevin equation incorporating Brownian

translation and rotation:

AX =UAt + AXB + AXHS, (7.20)

AO =A65, (7.21)
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where the Brownnian displacement has zero mean, (AX By = 0 and covariance
(AXBAXBY = 2DrAt. AXHS is a hard-sphere displacement to prevent particles
from overlapping, determined by a potential-free algorithm (Foss & Brady, ;
Heyes & Melrose, ). A#% is the rotational Brownian motion in xy plane,
satisfying (AQB) = 0, and (AGBAGB) = 2D,,,At. Once the active particles have
been advanced to their new locations and orientations, a new concentration field
c(x) must be found and the process is repeated until a steady state is reached. A6 is
a diffusive reorient event at each timestep and is calculated with the unbiased move
method (Beard & Schlick, ). Equation (7.21) employs a simple Euler scheme,
for clarity. Higher order schemes such as the Adams-Bashforth multi-step scheme
are also easy to include in the simulation. In our tests, using an Euler scheme has

no impact on the system dynamics.

The difficulty lies in the accurate & efficient solution of c(a) at each timestep.
The method originates from Bonnecaze & Brady, ( ) and is detailed as the
Accelerated Laplace’s Dynamics (ALD) in Chapter 6. Each particle’s velocity U
is calculated at each timestep with ALD, as driven by the solute concentration field

c(r).

Instability dispersion relation o(g) is then extracted from the wave-space number
density profile 7i4(k), by an ensemble average of simulations. In each ensemble,
a large number (usually 1200) of systems are simulated starting from the same
homogeneous but random positions of particles. However, the orientation of each
particle is differently randomized from system to system. In this way, the ensemble
average of initial perturbation is only on the isotropic mode m = 0, and no average
orientation distribution is perturbed. Mathematically it means (7iz(k,t = 0)) #
0 and (b& ¢0> = 0. Also, the random number seeds to calculate the Brownian
translation and rotation are different from system to system. In this way, the ensemble
explores different trajectories starting from the same initial configuration. The large

number of systems allows us to average out the tremendous noise resulting from
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Brownian motion. Also importantly, the simulations track the system for a short
time (about 10a?/Dr) to make sure we are capturing the linear stability regime. In
fact, when the simulation is stopped the particles barely move so perturbation #’ is

guaranteed to be small.

The number density in (x, y) space na(x, y) is transformed to wave space 7i4(k, 1),
where k = (ky, ky) is the discretized wave space vector. From Hansen & McDonald,
( ), a(k,t) = Y g (1) - k, for each particle B. Then (fia(k, 1)) o exp(o(k)t)
is fitted from simulation data for each discrete k to get o-(k). We observed that o (k)
is isotropic in all our simulations, i.e., o is a function of |k| only, independent of
the direction of k. Therefore an isotropic dispersion relation o (¢ = |k|) is averaged

for each ensemble, and is compared with analytical solution.

With this method, we are able to extract the developing perturbation n%(x, v, 1),

which corresponds to the development of m = 0 mode b,o(¢) in the analytic result.

7.2 'The base case: P =0

In this case M = M, , + M} allows an analytical solution of the eigensystem,
and the parameters (M, A, Dg, k, Dr, D,, co, Po) are arbitrary and none of them is

required to be small. The eigensystem solution for m # 0 is:
Ap = —=m*Dyo — ¢*Dr, (7.22)
Um = €m, (7.23)

where e,,, = (...,0,0, 1,0, ...) is the basis vector in the linear space and 1 appears on

the mth position. For m = 0:

1
Ao = —¢*Dr — ¢* (M + EA) PoF., (7.24)

ﬂAcok?)oqz
2 (rcokPoq?(A +2M) + 8D, (Drq + nkPp))

Vo = ep + (e +en). (725)

It is clear from the eigenvector v that the only coupling should appear at m = 0 and

m = +2 because vg and v, are linearly dependent, and it is induced by asymmetric
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down-gradient diffusiophoresis represented by A.

The general solution for b(¢) is straightforward for m # +2:

bym(t) = exp (At) b2 (7.26)

q.m:*

The coupling between m = 0 and m = +2 appears at b, 1:

exp(Aot) — exp(A.ot) B0
9 4 4M _ 16Dy q,0
A Ag?PoF, (7.27)

bg+2(t) = exp (Ax21) bg,iz +

= exp (Asat) by ., + o - €52 (exp(Aot) — exp(Lsan)) by

For uniformly reactive particles, A = 0, vo = eg and the § modes are completely
decoupled. Note that A,, is symmetric for positive and negative m. One can
appreciate the symmetry in +m by realizing that the exp(+£im6f) modes can be
rearranged into cos m6 and sin m6, which are equivalent with only a phase shift /2.
Based on the above exact solution, we can discuss the instability and orientational

order.

The instability threshold and growth rate o (g)

When 4, < 0for any m, g, the system is stable. By (7.22) and (7.24), A,,z0 is always
negative, and 1 < 0 is guaranteed when Dr > (M + %A)SDOFC for any g. Note that
by definition (7.15) F, also depends on g. The dispersion relation of growth rate
o (q) is given by Ag:

_ —2DgDrq® = 2(Dr — co (M + A/2)) kPorq*
B kPor + Drq ’

o= Ay (7.28)

where one should remember that 27P = ns0 = ¢o/ na®. The instability threshold
is very simple. Realizing that by definition all parameters in (7.28) are positive,
o < 0 is guaranteed by ensuring:
(M + %A) co
— < 1. (7.29)
Dr
We can define dimensionless M¢ = (M + %A) co/ Dt as the strength of phoretic

migration relative to Brownian diffusion, and the instability threshold is M. = 1.
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When phoretic migration wins, M¢ > 1 and the system is unstable. In a particular
system, M and A are determined by Da, and therefore M is controlled by solute

concentration c¢g. From this perspective, M¢ is the scaled ‘fuel’ concentration.

When the system is unstable, the growth rate consists of a positive ¢ term and a

negative ¢ term. Thus there is a maximum growth rate ¢ ,,,, With corresponding

qmax:
7kPy
dmax = 75 (Mc + VMc(Mc +8) - 4), (7.30)
2D (VMM + 8) +3Mc) (Mc + NMc(He + 8) - 4)°
Tmax = 8D12€ Mc + \/Mc(MC + 8) .

(7.31)

Both ¢4 and 0,4 are monotonically increasing with Mc. Around the stability
boundary M/, = 1, we can calculate the leading order dependence on the ‘instability

driving force’ M¢ — 1:

2m kP,
Gmax ~ %M — 1) + O(M¢ — 1), (7.32)
3Dg
8 2D 2 2
o DT 413 L oM — 1) (7.33)
27D%

As the system approaches the stability boundary (M¢c — 1), both g4 and o4

are asymptotically zero.

Uniformly reactive particles (P = 0, A = 0) are used in simulation to check the
validity of the growth rate (7.28). Also the L-by-L square periodic simulation box is

guaranteed to be large enough: L > 27/¢;,4. The comparison is shown in Fig. 7.2.

Orientation-order induced by the particle asymmetry A
Equation (7.27) shows that when the initial perturbation is isotropic, i.e., the per-
turbation bg,m = 0 for all m # 0, the development b, .>(f > 0) can be non-zero.

Beyond that simple coupling, (7.27) also shows that nematic order is induced.

Remember that 1., < 0 is always true and 1y depends on M¢. Therefore, when

Mc > 1, Ap can be positive for some g, and then b, .> will be exponentially
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Figure 7.2: The instability dispersion relation o (g) for uniformly reactive particles
P = A =0at Da = 2. The theory is given by (7.28), and the simulation is extracted
from an ensemble of 1200 systems with N = 1668 particles in a periodic box size
L =512a. ¢ =0.02 and Mco/Dr = 2.

increasing until the perturbation develops beyond the linear stability regime. When
Mc < 1, Ag is always negative, but we can show that |1g| < |A42| is guaranteed.
Therefore when the system approaches the homogeneous steady state, b, . first

grows to non-zero and eventually decays to zero by rotational Brownian motion.

By the definition (7.14) of the Fourier expansion, b, ., represents quadrupolar order
sin 26, cos 26 in the diffusiophoresis front of the particles. Itis also clear from (7.27)
that this 6-order is proportional to A, the asymmetric diffusiophoretic migration.
This originates from A££Vc in the equation (7.10) which is nematic ordered. When
a gradient V¢ is imposed, some particles with favorable orientation (§ = +Vc¢/|Vc|)
will move faster than other particles, so in the moving front the nematic order

emerges. If A = 0, particles are symmetric and there is no such effect.

This #-order is one of the distinguishing features of asymmetric self-propulsion

particles, and we shall see it again when we solve the general case P # 0 in §7.3.
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Coarse-grained model & chemical screening
In this part we briefly discuss a coarse-grained model and discuss the connection

between the instability and chemical screening.

We assume that the rotational diffusivity D, is large enough so that the particles
are isotropic in #-space. In this regime we directly work with the number density

field na(x, y) = 27 P(x, y, 6)db:

on
—r = DrVina = Vi - (Uokena). (7.34)

without invoking the full Smoluchowski equation (7.13) of #(x, y, ). Here (Up)¢
is the coarse-grained velocity of particles under the chemical field c¢. The c(x, y, z)
field equation is the same as (7.12). Here, because we have assumed P = 0,
according to (7.10) we must have (Up)¢ « Vc. The linear stability analysis of the

density field n4(x, y) follows the similar route as for £ (x, y, 6):
_ 2, 2
o(q) = -Drq* + ¢*F. (—(Uo)e/Vc) . (7.35)

(Up)¢ can be calculated by an isotropic average of (7.10), setting P = 0:

[ = (MI + AEE) - Vede
[1d¢

which shows a simple down-gradient diffusiophoresis. Substituting this into (7.35),

(Uo)e = = —(M + 3A)Ve, (7.36)

the coarse-grained approach gives exactly the same solution as the exact approach, (7.28),

with Py replaced by nso = 27P.

With this coarsed-grained model, we can easily extend our discussion from a mono-
layer to a full 3D system, without solving the detailed rotational diffusion in 3D
orientation space. In this case n(x,y, z) and c(x, y, z) both extend to the entire 3D

space and are governed by:

d
a—’; — DV2n = -V - ((Up)en), (7.37)

—DgV?c =S — ken. (7.38)
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In this case, the linear perturbation analysis proceeds with n = ny + n’, and can be
solved with the same method. n” induces a change ¢’ to the homogeneous ¢ field,
and ¢’ is solvable as the counterpart of (7.15) in the 3D case:

ey =y (—L) ny(ne ' = Y F3Pu (e, (7.39)
q

kng + Drqg> 7

The instability growth rate is the same as (7.35), with only F, and (U )¢ replaced by

their 3D counterparts:

~Drq* + kng (co (—(Up3P /Ve) - Dr) ¢*
030 = (0 (-@W0/ve) - 1) . (7.40)
Drg? + kng

For 3D rotational diffusivity, (U())ZD = —-(M + %A)Vc, averaged on the spher-
ical space of £ In this case, the instability threshold for the 3D system is
MgD* = co(M + %A)/DT = 1, the same as the monolayer case. As discussed
in § 7.1, the existence of a threshold is due to chemical Brinkman screening.
Here, the chemical screening information is contained in the feedback factor F, and
F3P, expressed in the wavespace depending on q. F3P = —«kco/(kng + Drq?) =
—co/no(1 + L%qz), which is the wavespace form of the exponentially screened
attraction exp (-r/Lp). In wavespace, the competition between screened diffusio-

phoretic attraction and the translation Brownian —D7g? gives an stability threshold

Mc = co (~(Uo)e/Ve) /Dr.

For Janus particles with P # 0, which will be discussed in §7.3, chemically screening
is still applicable and to the leading order the screening length for P = 0O particles
is still applicable, as shown in Chapter 6. As a result, we shall see that the solution
structure of instability growth rate o-(¢) and the instability threshold M. are very

similar to the P = O case.

7.3 The general case with propulsion: P # 0
When P # 0, M’ introduces nonzero entries icoPq/2 on sub- and super-diagonals

of the instability matrix M >, so the eigenvalues are modified and the eigenvectors
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are no longer perpendicular to each other. Physically, My induces an O(coP)
coupling between those #-modes, and may change the dispersion relation o (g).
Also by (7.10), one can appreciate that the coupling just scales as the swim velocity

Uy = coP in the initial homogeneous state (P, cp)-

Due to the coupling the m modes in 6 space no longer behave as b, ,, (1) oc exp(ogmt).

Instead, they form ‘eigenmodes’, where several b, ,, modes may develop together and

this ‘eigenmode’ is given by the eigenvectors of M7 . The coupling is determined

by the entry %icqu. When we perturb the system with some monochromatic

perturbation where bg’m = 0 except for some m = my, all m modes will be excited

by this my; initial perturbation in the developing fluctuation #’. Qualitatively in
1

M = 5icoPq, the imaginary unit i means a phase shift of /2 in wave form and

coPq governs the magnitude of the excited modes.

In this case M > becomes an infinite dimensional matrix and the analytical solution
for eigenvalues and eigenvectors is not possible. Since we are interested in the role of
propulsion on the stability threshold M. and the dispersion relation, we can expand

the eigensystem of M as the perturbation series of this propulsion parameter P.

Mathematically, this can be done by matrix perturbation theory, with P a perturbing
variable. Note that choosing P as the perturbation parameter is equivalent to
choosing coP or coPq since they always appear together in M. Nevertheless by
choosing P we can utilize the exact solution for the P = 0 case in (7.24). The
eigenvalue 1¢(g; P) and eigenvector vo(q; P) can be expanded as series of P. The
dispersion relation o (g; P) is still governed by the 0 mode eigenvalue 1¢(q; P),
because those m # 0 modes are all governed by —m?D,,;q* and are almost always
negative. By calculating vg(g; P) we can work out the coupling of & modes due to

propulsion.

The detailed procedures are described in Appendix K, and the full solutions are

complicated and included in Appendix L for reference. In this section we focus
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on the physical effects and compare the analytical solution o (g; P) with simulation

results.

Eigensystem expansion for small P
At small P, the O(P) and O(P?) corrections to instability Ay are both zero:

c§P2q3DR CSAPZC[4
DyotkPo 2

rot

A0(q; P) = Ao — 0( ) + O(PY, (7.41)

where the two terms represent effect of self-propulsion P and effect of the coupling
between propulsion and asymmetric migration A. Note that the effect of coupling
occurs at g*, which is one order higher than the propulsion’s ¢> dependence. The
full solution can be found in Appendix L. Also we shall see that this coincides with
the long wavelength limit ¢ — O result in §7.3 and implies important physics for
active matter, which shall be addressed later in §7.4 when we build a coarse-grained

model.

The expansion of eigenvector vo(P) at small P, starting from (7.22) can also be
calculated. The full analytic expression can also be found in Appendix L. Here, we

discuss the leading order perturbation vy (g; P) = v(()P ” 4 Pv(()P by szép Dy

: 2 Ac2a?
Py _ A~ [ic0DRrq ) 1ACcyq
v =0|———|(e1+e_1)+0 (e3 + e_3), (7.42a)
0 (DrolKPO ( D%ot
3 9 4 4.3
D Ac
v =-0 (QZC(’—R) (er+e2) -0 (e + e ). (7.42b)
Dy, kPo ot

According to the general theory detailed in Appendix J, an arbitrary initial pertur-

bation b(¢r = 0) develops as follows:
b(t) = Coexp(Ao(P)t)vg + C_1 exp(A_1 (P)t)v_1 + Ci exp(A1 (P)t)v) + ..., (7.43)

where C;s are constants determined by initial condition ¢ = 0 in the above equation.

Similarly, the other eigenvalues and eigenvectors are all perturbed: A,,(gq; P) ~

Ap+O(P?)+... ~ =Drq?> = Dyoym?> +O(P?) < 0,and v,,(q; P) ~ v, +O(iP) +... =
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Figure 7.3: The instability dispersion relation o (g) for Da = 5 Janus particles. The
theory is (7.28) with the first correction of O(P?), and the simulations are averaged
over an ensemble of 1200 systems. N = 1668 particles are simulated with periodic
box size L = 512a. ¢ = 0.02. Mc = (M + A/2)co/Dr = 12 > M. = 1 to ensure
that instability is significant for quantitative measurement, but not too large to go
beyond the linear instability regime.

€n + O(iP) + .... Thus in the vicinity of P = 0 these m # 0 modes are controlled
by rotational diffusivity m? D, and thus for all m # 0 modes C,, exp(An(P)t)vy,
quickly disappears and only the Cyy exp(Ao(P)t)vo governs the growth of b(¢). So the
dispersion relation o (¢g; P) can be described by 1¢(g; P). o (g; P) with the leading
order O (P?) correction agrees well with the simulation measured dispersion relation

o (q; P), as shown in Fig. 7.3.

The growth of the leading mode Cy exp(Ao(P)t)vg also shows the coupling between
the m-modes. We shall briefly discuss the role of propulsion P in the coupling by

setting A = 0, as the A # 0 case has been discussed in §7.2. In this case, to leading
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order:

Do kP D? « 0

icoPg*D c2P2¢’ Dy
v0(¢: P) = €9 + O (M) (e1+e-1)~0 (0— (e2+e-), (7.44)
rot
where by definition e represents an isotropic distribution in #-space, e.; means
polar order and e., means quadrupolar order. Such coupling means an isotropic

perturbation will develop together at growth rate o (g; P) with #-order perturbation.

Such #-order coupling comes solely from the propulsion P. It can be understood
by considering the simplest model with only two points 7| and 7,, where particles
isotropically swim at velocity Pc; # Pc;. When n; = ny = n, the flux of particles
from 7 to rp will be 71 o« nPcy and jo; o« nPc,. At next instant of time, particles
with orientation r; — 7, move to 7, and vice versa. Because the flux 712 # J21
since Pc; # Pcy, the @ distribution at both points is no longer isotropic, except when
rotational diffusivity is infinitely fast (D,,; — o0) to retain the isotropic distribution.
Faster swimming and slower rotational diffusivity means more 6 order emerges in

the form of coupling between the orders, and this explains the scaling in (7.44).

Eigenvalue solution for arbitrary P: the long wavelength limit ¢ — 0

When P is not close to zero, the above perturbation solution for small P is no longer
valid. Nevertheless, we can proceed analytically for arbitrary P but small g, by
realizing that M is also linearly dependent on wavenumber ¢, and the instability,
as a collective behavior, usually happens at the long wavelength limit where the
length scale of collective motion is far larger than single particle radius. In fact,
since translational Brownian motion is a stabilizing effect as —Drq? < 0, for large g
the system is aways stable. Thus the small g limit gives enough relevant information

about the system stability in o (g).

Starting from (7.19), it is straightforward to solve the equation such that /léqo) =0,

and the perturbation series for arbitrary P, M, A is:

A0(q) = 477 + A\ + g2 + - (7.45)
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where /l(()qo) =0 and

=0, (7.46a)
A
/1(()‘]2) =-Dr+cg (M + 5) , (746b)
2 2
(q3) coDr(A+2M)  co“DgP
Ay == - : 7.46
0 27TK¢)0 27TD,a0tKPO ( C)
3 p2 2 212 p2
@ _ AP coDp(A+2M) =~ qDRP (7.46d)
’ 32D30t 2K27)027T2 2Dr01K27)027T2

Atleading order, o (q) ~ O (—DT + ¢p (M + %)) qz, while the first correction given
by propulsion P is negative and at a higher order of g: O(=P?¢>). This is exactly
the same result as given by the P perturbation we showed in (7.41): self-propulsion

P stablizes the system, but it appears at a higher order of wave number O(g?).

More importantly, the above expansion in ¢ allows us to locate the instability
threshold in the parameter space. In fact, the instability threshold depends only on
the sign of the second order correction /lgﬂ). When /léqz) > (, no matter how /1(()613)
and higher order terms change, the growth rate 1¢(g) must be positive around the
g — 0 limit. The boundary is thus located at M = c¢o(M + A/2)/Dr = 1, the
same value we have seen in the P = 0, non-swimming case (7.29), as shown in
Fig. 7.4. As we increase M¢ and P(Da), the particles swim faster but the boundary
is unchanged. D, is irrelevant in the diagram because rotational Brownian motion
appears together with self-propulsion, which is on a higher order of wave number
and has no impact on the stability threshold. Physically, it means that the isotropic
diffusiophoretic attraction and Brownian motion governs the threshold. The number
density Py also does not matter. If we extend our analysis to finite number density,
many-body effects on the reactivity «, the swim velocity (7.10), and particle-particle
collisions must be properly included, which is beyond the scope of the current work.
Nevertheless, those effects can usually be written as a series as ag+a; p+a,¢>+... and
thus can be included in principle with the current matrix-perturbation framework,

by writing M " (¢) as series of ¢.
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Figure 7.4: The parameter space (Mc, Da) and the instability threshold M/ = 1.
The threshold is the same for arbitrary D,,, and arbitrary number density as long
as it is dilute Py — 0. The colormap is for a single particle’s non-dimensionalized
swim velocity coP/(Dr/a). Faster chemical reaction (larger Da) and more ‘fuel’
(higher ¢p) gives higher swim velocity.

Effect of propulsion P: fast and slow reactions
In §7.3, the stability dispersion relation o (g) is given as series of both P and gq.
The effect of self-propulsion P, as well as rotation D,,;, appears at /l(()q3), while the

/léqz) . At g3, propulsion P does not change

instability threshold is determined by
the boundary M+ = 1, but it does strongly affect the shape of the dispersion relation
o(q; P). As shown in Fig. 7.1, P, M, A are all controlled by chemical reaction rate

Da.

When Da — 0, the reaction is so slow that particles cannot generate significant
propulsion, and so P — 0. In this case, the third order correction is asymptotically
zero as P2, also physically the particles behave very similarly to those passive
particles (P = 0): 0qx and guqx are monotonically increasing as M¢ increases.

In the other limit where Da — oo, self-propulsion approaches its diffusion-limited
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Figure 7.5: The instability dispersion relation o (g) for Da = 0.02 and Da = 5
Janus particles. The symbols are numerical results for M truncated at 15 X 15.

The solid lines o (g) and the 0., are calculated with the O(P?) full solution in
Appendix (L). a*D,,; = Dr and ¢o = 0.02 is fixed.

value P ~ Da/(1 + Da) ~ O(1). In this case the negative 0(q3) term shows
significant effect: o (g) is stabilized by this negative O(q3) term, meanwhile the
O max and gmqy are no longer monotonically increasing. They show a peak at some
M and then are quickly suppressed towards zero by self-propulsion. In fact we can

show that they both approach zero when M¢ — oo, in the limit Da — co.

A comparison of o(g; P) for Da = 0.02 and Da = 5 is shown in Fig. 7.5. The o (g)
and 0,4, are calculated based on the full solution (L.3), up to P2, and thus are not
limited to the small g limit. The behavior shows clearly what we have estimated.
Finite self-propulsion P does not change the boundary M/ = 1 as o e > 0 is

guaranteed for M¢ > 1 no matter what P. Meanwhile o,,, can be suppressed by
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self-propulsion. It can be understood that Janus particles with P > 0 can escape the

attraction by self-propulsion, if the orientation is different from the V¢ direction.

We also compared the result given by the above perturbation method and the nu-
merical solution, in which the eigenvalues of M;” are calculated numerically by
an eigensystem solver for a truncated finite dimensional M7 . We used a 15 X 15
truncation, which is tested and guaranteed to be large enough. The comparison

result is also shown in Fig. 7.5.

7.4 Active flux and continuum mechanics

In last section we solved the detailed model for ]VI;:OS In sum, we calculated the
o(q) up to O(P3) and O(g*), and the two different expansion series agree with each
other. We showed the coupling between different 6-modes by calculating vo(P)
up to O(P?). The instability threshold is found at Mg = 1. Also we discussed
the stabilization effect of propulsion P on o ,,,. In this section, we seek a simpler
solution based on the continuum mechanics of active matter (Takatori ef al., ;

Yan & Brady, ) without invoking the full M * including all #-modes.

We shall start from the coarse-grained P = 0 case described in §7.2, and proceed in
the D,,; — oo limit. We assume that the rotational diffusion is fast enough so that

the @ distribution is always homogeneous.

Coarse-grained model for P # 0

In this regime, there are two timescales: rotational diffusion scale 1/D,,; and the
instability growth timescale 1/07,,, and we have showed that the latter is on the same
scale as translational diffusivity a?/Dz. It is well known that for self-propulsion
particles with velocity Uy and rotational diffusivity D,.,,, on timescale T > 1/D,;,
the motion becomes diffusive and the effective translational diffusivity is enhanced
by Ug/ 2D,,, for 2D rotation and U%/6D,, for 3D rotation. Therefore in the current

limit, 1/D,,; < a*/Dr, we can ignore the detailed #-modes and simply replace the
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translational diffusivity Dr in § 7.2 by the effective diffusivity Dy + Ug /2D, ;.

By (7.10), Uy ~ Pc. Therefore the governing equations for a monolayer system with

2D rotation is similar to (7.34):

2
—DR(V)ZCy + a—)c =(S — knac(z =0))o(z2), (7.47)
9z2
ony P2 _,
o~ DOrp Ve ==V (naU)e) - (7.48)

To finish the coarse-graining process we also need a governing relation for (U )e.
We have showed in § 7.2 that when P = O the averaged (U)¢ = (M + A/2)Vc. To
include the effect of P # 0, physically we are searching for the flux of Janus particles
in a homogeneous n(x, y) = nao density field, in the presence of Vc. Here we first
heuristically derive the expression of 7 based on the exact solution in last section,

then we discuss the physical implications.

Assume that j = n{U )¢ = n (Fp + M + A/2) Vc, where Fp is a function of P to be

determined. Combined with (7.47), we can solve for the dispersion relation o (g):

C2P2 A 2
(@) = —|Dr+ 2— |+ [Fp+ M+ 2| [ A9 (7.49)
naok +2qDpg

Remember that by definition n(x, y) = f02” P(x,y,0)dl, so nyy = 2nPy. Here we
have an O(g?) dependence in the diffusion term. However we know from the last
section that the leading order contribution of P to o (gq) is O(q3). Therefore the only

allowed solution is that Fp cancels exactly with the C(2)P2 /2D, term.

Thus, we reach the full expression of j = n4(U )¢, for a monolayer system:

p? A
j=naU =n (_21);(,, + M+ 5) ve. (7.50)

The coarse-grained o (g) is therefore easy to calculate:

-¢’Dyr, (151

) o an\oqz c(z)qu3 Dpr
2

A
=|=—+M -
Teg(q) ( 2gDg + knao  Dyor (2gDpg + knag)



183
where the three terms are the diffusiophoresis down Ve, the negative self-propulsion

term, and the translational diffusion term.

We can compare this coarse-grained simple theory with the analytic solution in
Appendix L up to P? order. Due to the “fast rotation” assumption, 0 cg(q) is expected
to show some difference from the exact solution when P and o are both significant,
and D, is small. We specifically choose Da = 5 to achieve fast propulsion and
M¢c = 10 so that the growth rate is around its maximum as shown in Fig. 7.5. We
find that o, works very well in tracking the maximum growth rate as shown in

Fig. 7.6, even for D, as small as 0.02.

Further, we show that the full 3D simulation can also be solved easily by this coarse-
grained procedure. We have the governing equation for a full 3D case, with the

effective translational diffusivity Dy + P2¢2/6D, . Also the coarse-grained flux is

slightly modified:
—DgV%c =S — knc, (7.52)
‘2—’: —(Dr + ;Dzil W2 =~V (n(U)¢sp), (7.53)
n(U)esp =n (— 6};; + M+ ?) Ve. (7.54)

Following the route similar to §7.2, we get 032 (¢):

2p2 4
C()KI’lA()q2 COP q"Dg

2
- - q°Dr, (7.55)
g*Dg + knao  6Dyor (g*Dg + knao)

A
O'SgD(CI) = (g + M)
where the three terms are respectively diffusiophoresis, self-propulsion, and transla-
tional diffusivity. Simple calculation reveals an instability threshold at MgD* =
co(M + A/3)/Dy = 1. Here the leading order contribution of propulsion is

O(=P?¢*/6D,,), still on a higher order of diffusiophoresis, so is expected to have

no effect on the instability threshold.

O ¢g and 0'25 are rather general results. When P = 0 and A = 0, where particles are

uniformly reactive, the system degenerates to the ‘growing and decaying particles’
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Figure 7.6: Comparison between the coarse-grained monolayer solution o, (g) with
the exact solution. The symbols are calculated from the coarse-grained model and
the solid lines are the analytical solutions up to O(P?) solved in §7.3, corresponding
to different value of D,,. Da =35, M¢c = 10, ¢4 = na*n = 0.02 are fixed.

discussed by Karpov & Oxtoby, ( ). When A = 0, it agrees with the result
given by Saha et al., ( ), derived by the traditional moment hierarchy method
of Smoluchowski equations. However we should point out that here 0'35 (q@) ~
0(—P2q4/6Dm,) while in Saha et al., ( ) the authors ignored the Brinkman

screening length ~ ¢ too early so their result scales as O(—P2¢?/6D, ).

Active flux 7

In this subsection we briefly extend our discussion from chemically active particles
to general active matter, with the important knowledge 5 = n{U )¢ in the presence
of V¢ derived from a stability analysis. In general, a Vc means simply a gradient

of swim velocity VU, by (7.10). We shall discuss the simplest Active Brownian
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Particle (ABP) system, governed by the following Langevin equations, in the absence

of translational Brownian motion and any external forces or torques:

X = Uk + %FP, (7.56)

where Uj is the intrinsic self-propulsion velocity, ¢ is an isotropic drag, and F”
is the particle-particle collision force. F'* can be ignored in the dilute limit. For
simplicity Dr is ignored here and in the following flux analysis. In the dilute limit
discussed in this work, F¥ — 0 and can be ignored in discussing the flux. & is

subject to rotational Brownian motion.

The flux due to self-propulsion under ‘fuel gradient’ ¢, Vc is j = —nP?*cVc/dD, o,
where d = 2 for 2D system and d = 6 for a 3D system. By (7.10) U = &Pc, so
we can relate 7 directly to the self-propulsion velocity of general active matter. It is
important that this flux is for a homogeneous density field n and comes solely from

VU, the ‘activity’ gradient. Therefore we shall denote it as the ‘active flux’:
3" = =nUogVUo/dDyor, (1.57)

which allows us to discuss the steady state distribution ¢(x) of active matter, under
a propulsion velocity gradient VUy. This 59 corresponds to the ‘drift velocity” in

Cates & Tailleur, ( ).

Consider an initially homogeneous system with swimming Uy and gradient of ac-
tivity VU, there will generally be a volume fraction gradient V¢ at steady state in

V¢ = 0, where 5%

response to VUj. The flux must be zero at steady state: 5’ + j
is calculated as (7.57) and jV¢ = —Ug/dDmthﬁ is the diffusion flux down the ¢
gradient, where —Ug /dD,, is the effective translational diffusivity due to swimming

at timescale T 3> 1/Dyor. % +35V% =0 requires that V(¢Up) = 0 and therefore

¢ o« 1/Uy. This is confirmed by 2D simulations of ABPs, as shown in Fig. 7.7.

Importantly, 5% and jV¢ are both established in the dilute limit ¢ — 0 and fast

rotational diffusion limit D,,, — co. At finite ¢, F'¥ must be included and the fluxes
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Figure 7.7: Comparison between the ¢ oc 1/Uj theory and the simulation measure-
ment. VU is applied in the y direction. N = 1000 ABPs are simulated in a periodic
box L, = Ly = 250a. ¢% = 0.02. Local ¢4 is extracted by building Voronoi cells
of each particle and is averaged for 500 snapshots of the steady state. Dy = 0.

must be modified accordingly. If D, is not fast enough, the distribution is no longer

isotropic everywhere and the detailed calculation in §7.3 must be considered.

A continuum mechanics view on the coarse-grained model

In the last subsections we deduced the form of ‘active flux’ in the coarse-grained
model (7.48) and (7.54), to reproduce the full analytical solution. In fact, if we
consider the active particles as a continuum, Yan & Brady, ( ) have shown that

the flux of ABPs with constant swimming velocity Uy can be written as:

1 1 .
Jem = =V - 0% 4 —p(FM), (7.58)
4 4
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where o%“! is the active pressure defined as %' = nZ D" (Takatori et al., ).
In the dilute limit D! = Dy + JUZ/Dy for 2D rotation. (F*"™) is the average
swim force, with the definition F*""" = fU, per particle. ¢ is the drag coefficient,
and is assumed to be ﬁ in this work. For dilute chemically active particles, to
leading order Uy = Pc so 0! = nf D' = n{(Dr + $P*c*/D, ). The swim force
is simply an orientation average of (7.10): (F*") = —¢ (M + %A) Ve. Since we
considered the fast rotation case D,,; — oo, (F*™) = 0 due to isotropic orientation

distribution.

Also, the perturbed c(x) field gives non-constant Uy, and there is an extra piece of

flux due to a varying U (Takatori & Brady, ):

1 . .
jcm — Z (V . g%t _ gWim 7 |n U + n<st1m>) (7.59)

In the dilute limit, o = %' = n{(Dr + %Ug/DrO,). Combining all the

components, the particle phase equation is:

— +V-jm=0. 7.60
8t+ J (7.60)

It reproduces exactly the same result as (7.48). For the full 3D system, we can
simply replace %Ug /Do by %UOZ /Dyo; and replace M + %A by M + %A, and again

we reproduce exactly the same result as (7.54).

The continuum mechanics view seems trivial in this dilute system because the
diffusion-convection equations (7.48) and (7.54) work very well. However, the
continuum mechanics view is a more fundamental perspective to describe the motion
and deformation of active matter, and its application is far beyond the dilute limit. It
works well in predicting the equilibrium dense-dilute coexistence system, for both
chemically active particles and ABPs with hard-sphere collision only (Takatori &

Brady, ; Yan & Brady, ).
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7.5 Discussion & Conclusions
When active matters separate from a homogeneous state is one of the most fun-
damental questions in this area. In this work we found an analytical solution for
chemically active particles by linear stability analysis. We calculated the stability
dispersion relation o-(g; P) for both non-propulsion P = 0 and self-propulsion P # 0
cases, and the results match the simulation very well. In the P = 0 case, instability
is governed by M¢c = co(M + A/2)/Dr and MgD = co(M + A/3)/Dy, which is
the ‘scaled fuel concentration’ depending on diffusiophoresis parameters M, A and
translational diffusivity Dy. We showed that for Janus particles the asymmetric
diffusiophoresis down V¢ induces quadrupolar orders in the developing or decaying
instability modes. In the P > 0 case, we show that self-propulsion P suppresses
the growth rate o(¢), but this ‘stabilizing’ effect is on a higher order (~ O(g?) in
monolayer and ~ 0(q4) in 3D) of the governing order of M¢ (~ O(qz)), so the
stability threshold M. = 1 is not changed. We also demonstrated that for Janus par-
ticles with weak reaction Da — 0, the swimming velocity is almost zero and o,
monotonically increases with M¢ as in the P = 0 case, while for diffusion-limited
reactions Da — oo, the instability is strongly suppressed by propulsion so when

MC_)OOaO-max_)O-

We explained the instability by chemical screening, where the long-ranged 1/r per-
turbation governed by Laplace’s equation V2¢ = 0 is screened to a short-ranged
potential on length scale Lp and therefore an instability threshold comparing chem-

ical attraction and diffusion M(’; = 1 exists, for both P = 0 and P # O cases.

We deduced the active flux 79 = —nUyVUy/dD,,;, where d is a constant depending
on dimension, by comparing the analytic results with the coarse-graining procedures
in the fast rotation regime D,,; — oo, and we showed that with 79 the coarse-
grained results o .,(q) works very well, compared to the exact solution o (gq; P).

We also showed that it is actually governed by the continuum mechanics of active
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matter, and built upon surface forces (the swim pressure) and body forces (the swim
force). The continuum mechanics perspective is also valid at finite number density,
where the particle-particle collisions are not negligible. We leave this case for a

future study.

Last, we also demonstrated matrix perturbation as a systematic method to calculate
the eigensystem of a matrix, which may be very difficult to analytically calculate with
old methods. This method applies to arbitrarily large matrices, and can overcome
the complex coupling between different orientational 8-modes. Also the results are
calculated in block-matrix fashion and therefore do not require a finite truncation at
some particular dimension N X N of an infinite linear instability dynamic system;
any N will give the same results. This method can be used to calculate a lot more
cases and to extract more information of the chemically active system. For example,
beyond the dilute limit of particles, the many body effect would make the reactivity
k in (7.13) a function «(n), whose effect on the eigensystem can be expanded as
O(n =0)+0(n) +O0m?) + ..., and all orders can be calculated systematically with

the matrix perturbation method.
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Chapter 8

ANTI-SWARMING: STRUCTURE AND DYNAMICS OF
REPULSIVE CHEMICALLY ACTIVE PARTICLES
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8.1 Introduction
Chemically active particles suspended in fluids may achieve self-propulsion by
surface catalytic reactions of chemical solutes (Ebbens & Howse, ). One
common mechanism is self-diffusiophoresis, whereby the motion of a particle is due
to the asymmetric solute concentration field c(x, ) it creates. Usually reactants are
consumed on the surface of a chemically active particle, and when a second particle
appears in the vicinity, it is attracted by a diffusiophoretic velocity U ~ —Vc. Active

particles with attractive interactions are observed to exhibit dynamic clustering and

gas-liquid phase transition (Theurkauff er al., ; Palacci et al., ; Buttinoni
et al., ). Thermodynamic-like theories (Takatori & Brady, ) utilizing the
swim pressure (Takatori et al., ) as an equation of state, and some other theories
based on similar thermodynamic-like models (Stenhammar et al., ; Cates &
Tailleur, : Solon et al., ) work well in describing the phase separation
phenomena.

However, few studies have investigated active particles with repulsive interactions.
In fact, if the surface chemical reactions release solutes instead of consuming them,
the solute concentration c(z, t) is increased in the vicinity of each particle, and the
diffusiophoretic velocity is now repulsive between particles. Repulsive particles, if
confined in a constant volume container, may overcome the randomizing thermal
Brownian motion and form a crystal lattice (Soh et al., ). Derjaguin & Golo-
vanov, ( ) observed the formation of periodic crystal-like structures in living

cells and suggested that it is due to the repulsive diffusiophoretic interaction.

A classical example of repulsive particles that show a liquid-crystal transition is the
so-called One Component Plasma (OCP). In an OCP, moving positive charges are
immersed in a uniform, rigid, and neutralizing background sea of negative electrons,
and the system behavior is governed by the coupling parameter I',, which measures

the electrostatic energy relative to thermal energy (Brush et al., ). Itis well
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known that the liquid-like structure at small I', transforms to BCC (body-centered

cubic) for I', = 175 (Gillan, ; Rogers, ; Stroud & Ashcroft, ; Itoh &
Ichimaru, ; Bernu, : Baus & Hansen, : Tan et al., : DeWitt et al.,
; Chugunov et al., ; Daligault, ).

In this chapter we explore the collective motion of repulsive active particles by
simulations, with a full solution of the diffusiophoretic interactions as described in
Chapter 6. We show that repulsive chemically active particles exhibits a ‘liquid-
crystal’ phase transition, similar to an OCP. Quantitatively, we define a coupling
parameter I'. for the chemically active system by mapping it to I, in an OCP by a

simple analogy.

8.2 Problem formulation

First order surface catalytic reaction R — 6P is assumed to occur homogeneously
on the particle surface. Making use of the stoichiometry/diffusivity factor (1 —
6Dg/Dp), the reaction can be taken to be irreversible: jg - n = —kc(n) on the
boundary, where c is the reactant concentration, « is the reaction rate constant and n
is the surface normal vector pointing outward. The Damkhdler number Da = ax/Dg
governs the reaction rate, where Dy, is the reactant diffusivity: Da — oo is diffusion

limited due to fast reaction, and Da — 0 is the slow reaction limit.

When the chemical solutes are much smaller in size compared to the particles, each
chemically active particle is driven by the osmotic pressure of the reactant solute
concentration kgTc(x,t) integrated over the particle’s surface (Cérdova-Figueroa

& Brady, ; Brady, ):

Uo = —(1 = 0Dgr/Dp)

L&) ]{nkBTc(m,t)dS, (8.1)
6rna

where a is the particle radius, 1 is the solution viscosity, Dg, Dp are diffusivity of
reactants and products, and the nondimensional hydrodynamic mobility function

L(A) = (3/2)A%(1 + %A)/(l + A)3, with A = §/a, measures the flow of fluid with
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viscosity 7 in a layer of thickness ¢ adjacent to the colloidal particle where the
particle-solute interactive force is operative. Here we have taken the simplest form
of interactive force between the solute and the colloidal particle, namely a hard-
sphere repulsive force at a distance r. = a + ¢ (and ¢ need not be small compared to
the particle size a, although typically it is so). More general interactive forces will
only have a quantitative effect and the details are discussed in Brady, ( ). The
prefactor (1 — 6Dg/Dp) scales the solution of reactant concentration c(zx, t) to the
total solute concentration of both reactant and products. When 6Dr/Dp > 1, the
products push the particles more effectively than the reactants do and the particles

can be considered sources releasing the products and therefore they repel each other.

The governing equation for c(z, ) is the classic convection-reaction-diffusion equa-
tion. The convection is controlled by particle Peclet number Pe = Upa/Dg. In
diffusiophoresis, the particle velocity Uy is usually so small that Pe < 1 (Cérdova-
Figueroa & Brady, ), and therefore the convection of ¢ can be ignored. Diffusion
of c is fast enough for ¢ to achieve a steady state, instantaneously following the par-
ticle motion. In this case, the governing equation for the reactant can be reduced
to Laplace’s equation, VZ¢ = 0, similar to an electrostatic field. To leading order,
the disturbance to the solute concentration field induced by one reactive particle is
¢’ ~ q/r, where q is the particle reactivity; that is, how many molecules are con-
sumed on the particle surface in unit time, which is an analogy to the electrostatic

charge Ze.

The active particles are assumed to be confined in a constant volume three di-
mensional space, and the reactant is assumed to be released by distributed sources
throughout the space to maintain the system as ‘chemically neutral’. Therefore the
volume average reactant concentration is maintained at constant (c¢). Without the
chemically neutralizing condition, the particles eventually consume all the reactant
and no steady state can be achieved. Experimentally, Theurkauff et al., ( ) has

demonstrated a 2D implementation of a chemically neutral suspension, in which
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the solutes diffuse to the colloid monolayer reaction zone from a large reservoir and
the system is kept evolving for many hours to reach a steady state. The chemically
neutral assumption is also common for 3D reactive suspension system (Bonnecaze

& Brady, ).

An analogy to an OCP can be made. The repulsive active particles resemble the
positive ions in an OCP, and the chemically neutralizing sources are similar to
the electrostatically neutralzing background. By analogy, active particles should
be liquid-like when the repulsion is weak, and be solid-like when the repulsion is

strong enough to align the particles into a periodic lattice.

A key difference, however, is that moving ions in an OCP are point charges and the
charges are fixed at Ze, while the reactivity g of a chemically active particle changes
in response to the local concentration of reactant, due to the chemical reaction on
the particle’ surface. Also, the reactivity shows some distribution on the particles’
spherical surface: the particle is more than merely a ‘point charge’. The changing
reactivity results in changing interactions, which is fundamentally different from
the additive pairwise potential assumption employed in previous simulation work
on attractive active particles (Redner et al., ; Palaccietal., ). The changing
reactivity also poses a great difficulty in thermodynamic-like treatments. Even if
we define a mean-field effective pairwise potential, it is state-dependent, and it is
known that some thermodynamic inconsistencies and peculiarities may appear for

density-dependent pairwise interactions (Louis, ; Tejero & Baus, ).

In this work, we simulate the system with the Accelerated Laplacian Dynamics
method described in Chapter 6. All computational details can be found in Chapter 6,
and we only briefly describe the approach without mathematical details. The reaction
on each particle is represented by a multipole expansion: the monopole g and the
dipole S, similar to electrostatics. Here g is the net consumption rate of reactant

and S is the asymmetry of the consumption on the particle surface. Second,
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the perturbation ¢’ of each particle to the average (c) field is calculated from g,
which propagates as 1/r, and S, which propagates as 1/r2. Third, With the first
order reaction condition, the monopole and dipole strength of particle a follow a
Faxen-type law g, o (c) + ¢’(x4), Sq < V{c) + ¢'(x4), Where ¢’ (x,), V' (x,) are
perturbations due to all particles 8 # a and are evaluated at the center of @. In this
way, the equations for the ¢ field are closed and can be solved iteratively at each

timestep for different configurations of particles.

The diffusiophoretic velocity is then determined with the solution of solute con-
centration field ¢ at each timestep. The velocity Uy in (8.1) can be calculated

analytically utilizing the first order reaction boundary condition jg - n = —kc(n):

Uoo o 3 4naVe(xy)
Dla (1 =60Dgr/Dp) L(A){c)a Dat 2o

(8.2)

The system dynamics is integrated by overdamped Brownian dynamics: AX =
UpAt + AXB + AXHS, where AX? is the translational Brownian motion satisfy-
ing (AXB) = 0,(AXBAXB) = 2DAt, and AX*S is the non-overlapping collision

displacement calculated with the potential free algorithm (Foss & Brady, ).

We nondimensionalize the system with particle radius a, particle diffusion time
™ = a*/D = a?/ (kpT /6mna) and the imposed reactant concentration {(c). Then
Uy < —SpV (c/{c)), where Sp = (1 —0Dg/Dp) L(A){c)a> is the nondimensional
concentration, i.e., the ‘fuel concentration’. Increasing |Sp| is equivalent to increas-
ing hydrogen peroxide concentration in the experiments (Theurkauff ez al., ;
Howse et al., ). In this chapter, we report only the result of the repulsive case

Sp < 0. The attractive case is discussed in Chapter 6 and Chapter 7.

8.3 The weak repulsion regime: fluctuating interaction
In simulations covering a wide range of volume fraction and Damkdohler 0.001 <
¢ < 0.15,0.1 < Da < 10, we found that under weak repulsion (small |Sp|), the

system remains randomly distributed due to the Brownian motion. Voronoi cells
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Figure 8.1: The distribution of particle reaction ¢ and local volume fraction ¢,, and
their correlation. A: The snapshot of the equilibrium structure of system in a periodic
box of 42a X 42a X 42a, with ¢ = 4.88%, Da = 2.0, N = 864, Sp = —-15.0,T. = 20.
Each particle is colored by ¢g/qo. B: The same system, but equilibrated with stronger
repulsion Sp = —60.0, I, =~ 80.

are built with all particles to analyze the structure, and each particle’s local volume

fraction is defined as ¢, = %na3 /Vp, where V, is the volume of the Voronoi cell

occupied by that particle.

The first order reaction R — 6P gives that reactivity go = —4nDga{c)Da/(1+Da) in
an infinitely dilute system ¢ — 0. At a finite ¢, it is well known that the many-body
effect of reactive particles increases the average reactivity (g)/qo > 1 (Bonnecaze
& Brady, 1991b), as shown in Fig. 8.1. We also found that although in principle
(q)/qo should also be related to whether the specific structure is random or some

crystal, the dependence is very weak (Lebenhaft & Kapral, 1979), especially in the
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regime where ¢ is far from the closed-packing limit ¢prcp = 0.64. We have found
that with B = 1.62, in the following equation, it is a universal fit to (g)/qo for all

structures and all (Da, ¢) ranges we investigated in this chapter.

(@) _ 1
go 1-B¢'3Da/(1 +Da)’

(8.3)

Fig. 8.1 shows the statistics between g and ¢, for an example system of Da = 2, ¢ =
0.0488, at different repulsion strengths. The correlation shows that g o qﬁ;l/ 2,
because when particles get closer they compete for reactant so their reactivity
decreases with local volume density. Also under strong repulsion the particle

reactivity ¢ is narrowly distributed around (g), because the strong repulsion keeps

the structure almost always homogeneously distributed.

Therefore, in the strong repulsion case, we can ignore the fluctuations of ¢ and define
a parameter based on (g) to quantify the leading order effect of repulsion vs Brownian
motion, again by an analogy to an OCP. In an OCP, the controlling parameteris I', =
(Ze)?/(4megLkpT), where Ze is the ion charge, € is the electrostatic conductivity,
and L is a length scale determined by ion number density n: L = (3 J4nn)'3. T,
actually measures the electrostatic potential energy of two ions separated at L to the
thermal kinetic energy kp7'. Similarly, we can define I'; as the ratio of repulsion
to Brownian motion, where subscript ¢ denotes chemically active particles. To
leading order, the repulsive diffusiophoretic velocity Uy ~ —SpVc, as shown in
equation (8.2), and in the overdamped limit F' o« 6rnalUy ~ V1/r. Then, we can
define an ‘average potential’ @ according to F' = —V®. We use the same length
scale L = (3/4rn)!/3 as in an OCP, but replace the number density n with particle
volume fraction ¢, since particles are not point charges. We also scale (g) with
qo, as the scaling in (8.3). Therefore, we have @; = SpkpT{q)/ [(Da + 2){c)DgL].

Then I', can be defined in the nondimensionalized form:

Da SD ¢1/3@
l1+DaDa+2 q0

[, =—4rx (8.4)
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Figure 8.2: The measurement of structural change of BCC and FCC crystals, both
for Da = 2.0. ¢ = 3.88% for BCC system and ¢ = 4.88% for FCC system.

The thermal energy kpT does not appear in ', because both the repulsive force (in

equation (8.1)) and thermal motion scale linearly as kgT.

8.4 The strong repulsion regime: ‘liquid-crystal’ phase transition

The analogy to an OCP and the similar definition of I'. implies the existence of a
liquid-crystal phase transition, which is confirmed by our simulations. In an OCP,
BCC is considered the stable crystal structure. However, the free energy difference
between BCC and FCC is very small, and FCC can also maintain its structure, similar
to diamond and graphite. The melting point of both FCC and BCC are reported
(Dubin, : Stringfellow et al., ) to be: TBCC ~ 175 and TFCC ~ 185.

For chemical active particles, we conducted the simulation in 3D cubic periodic
boxes with approximately N = 1000 particles, with very large Sp (I, ~ 800),
starting from a random particle distribution, and track the structure evolution for a
very long time ~ 10007p. The simulation process is equivalent to suddenly cooling

a liquid to very low temperature, and allowing it to relax to equilibrium. BCC
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crystals formed in all “cooling” simulations, with inevitable distortion and defects.
The formation of a BCC lattice is similar to the experiments (Tan et al., ) and

simulations (Daligault, ) of an OCP.

In order to accurately locate the transition, i.e., the “melting point” of the repulsive
active particle crystal, “melting simulations” are conducted. Melting, instead of
cooling, is chosen because in the liquid-solid phase transition the cooling process
usually requires a large amount of sub-cooling to provide the crystallization with
enough ‘driving force’, while the melting usually occurs immediately at the melting
point. From the definition of I';, increasing the “temperature” is equivalent to
decreasing I'.. We start from 3D periodic systems of perfect crystal structures
and run simulation cases covering a wide range of I';, for sufficiently long time

~ 10007p.

We use both the dynamic criterion D;/D (Lowen et al., ) and the static criterion
Qs to quantify the structure, and they give consistent results for the melting point.
D; is the long time diffusivity of particles, and Qg is the order parameter to measure
the structure order of a particle’s neighbors (ten Wolde et al., ) As shown in
Fig. 8.2, Q¢ and D;/D give consistent results in quantifying the system ‘melting
point’, for both BCC and FCC structures. However, the calculation of D;/D requires
significantly more computational power because we must track the system for a very
long time to calculate D;. Limited by computing resource, we calculate Qg only
when mapping the entire phase diagram for the range of 0.001 < ¢ < 0.15,0.1 <
Da < 10, N = 1000. When calculating Q¢ (ten Wolde et al., ) we include
approximately the second shell of neighbors in a lattice. If we include only the first
shell of neighbors, value of Qg would change due to smaller number of neighbors,
but the measured transition point does not change. Test runs show that a simple
cubic lattice spontaneously transforms to a distorted BCC lattice. Therefore we
search for the melting point of BCC and FCC lattices only. As shown in Fig. 8.3

and Fig.8.4 all the melting simulation shows the same sharp jump of Qg, and the
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Figure 8.3: The measurement Qg of BCC. For each combination of ¢ (shape) and Da
(color), simulations of different Sp are conducted so that a range of 100 < I', < 250
is covered. The melting point T3¢ ~ 140,

transition point for both BCC and FCC is T'? COFCC < 140.

8.5 Conclusions & Discussion

We explored repulsive chemically active particles with simulations, and showed that
the system behavior can be determined by a single parameter I'.. The ‘liquid-crystal’
phase transition is located at l"f CCGFCC < 140, which differs from the OCP results
[BCC ~ 175,TFC€C ~ 185. The difference may come from three effects. First,
although for repulsive chemically active particles the almost homogeneous local
structure allows us to define I'. based on (g), all fluctuations are ignored, which is
greatly different from an OCP system with fixed point charges. More importantly,
the changing reactivity leads to Brinkman screening (Morris & Brady, ), which
changes the long-ranged 1/r interaction to a screened exp(r/Lpg)/r, where Lp is the
screening length. The role of screening in repulsive active matter is a complicated
issue and it is unclear whether it causes the differences in the melting point of

I'. compared to I'.. Second, limited by computing resources, in simulations we
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Figure 8.4: The measurement Q¢ of FCC. For each combination of ¢ (shape) and Da
(color), simulations of different Sp are conducted so that a range of 100 < I', < 250
is covered. The melting point I7€¢ ~ 140,

truncate the particle multipole expansion at the dipole level limited by computing
resources, SO some inaccuracy is inevitable. Third, the transition point of an OCP
system is solved in literature by searching for the free energy cross-over calculated
with Monte-Carlo methods. However, thermodynamics for repulsive active particles
are not yet defined, and so we have to search for a transition point with dynamic
simulations, which may give ~ 10% error depending on the system property and

methodology (Hoffmann & Lowen, ).

Further, as regards the common experiment realizations with giving hydrogen per-
oxide and oxygen molecules as the fuel, both are at the nano-scale, and in this limit
L(A)a® ~ 5°a, where § ~ 10~m. Therefore, Sp ~ O(100) for (c¢) ~ 1Mol/L,
and I ~ O(100). So the estimated phase-transition at Ff CCFCC 140 is within
the reach of experiments. If the particles are confined on a monolayer by gravity
and geometry, similar repulsive crystals should form, which should be hexagonal

because the repulsion to leading order is isotropic.
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In this chapter we investigated homogeneously reactive particles. In addition to
particle-particle interaction, active Janus particle with a reactive hemisphere also
achieve self-propulsion given by (8.1). For Janus particles no repulsive crystal
formation is observed in simulations, because Janus particles can achieve a much
larger velocity, Uy, so the long-ranged repulsion due to diffusiophoresis is not strong
enough to trap them in a lattice. Also, it is not legitimate to define a I'/ by simply
replacing the diffusivity Dy = kT /¢ with the swim-diffusivity D*"" for Janus
particles and then determine the system dynamics with T/, because D**'™ only
appears at a time longer than the reorient time 7g, and the short time dynamics is
also important in many cases, such as the crystal formation. In fact, it is not clear
that whether a meaningful parameter I' could be defined similar to I, for Janus
particles. Moreover, swimming pressure and thermodynamic-like theories (Takatori
et al., ; Takatori & Brady, ) describe the attractive active swimmers very
well, but it is also not clear whether a similar non-equilibrium thermodynamic
argument can be conducted to estimate the melting point l"f CCFCC A discussion

for repulsive Janus particles is left for a future study.
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Chapter 9

CONCLUSIONS AND OUTLOOK
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In this thesis the dynamics of chemically active suspensions is discussed. The
solute reactant is consumed at the particles’ surface, and each particle generates
a perturbation to the reactant concentration field c(r). The active particles are
modeled as osmotic motors (Cérdova-Figueroa & Brady, ) and achieve self-
propulsion and particle-particle interactions from the solute field c(). This is
an example of a ‘field-driven’ system. Understandings of the behavior of this
system can also be applied to other systems because the concentration field obeys
a reaction-advection-diffusion equation, the same equation as for other fields, such
as electrostatic, temperature, and so on (Bonnecaze & Brady, ). In ‘field-
driven’ problems, the particle-particle interactions are generally not described by
additive potentials and thermodynamics may not be valid. However, a mechanical

perspective offers a sound framework for analysis.

A detailed theoretical continuum mechanics foundation for active matter is examined
in Chapters 2 to 5, focusing on the ABP model as a general model for active
matter. With the surface force defined as the swim pressure (or stress) in the
work of Takatori et al., ( ), the swim force is defined in Chapter 2, and is
explained as a body force in the continuum mechanics formulation. The microscopic
mechanism of mechanical swim pressure (or stress) is explained in Chapter 3 as an
extension from the traditional passive Brownian particles colliding with a passive
macroscopic body. The microscopic theory is extended to a general curved body in
Chapter 4 and the resulting boundary layer is analogous to the Knudsen layer seen
in rarefied gas-dynamics. When the mean-free-path is small but non-zero, far from
the macroscopic body the Navier-Stokes equations can be solved in the bulk, with a
boundary condition modified from the Knudsen layer. For active matter, it is shown
in Chapter 4 that the kinetic accumulation boundary layer plays the same pivoting
role as a Knudsen layer, connecting the sub-continuum and continuum scales. Based
on microscopic understandings, Chapter 5 extends the notion of the swim stress to

the anisotropic and tensorial cases, incorporating the manipulation of swimming
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orientation q in the continuum mechanics framework of active matter.

With the mechanical understandings for the minimal ABP model, the dynamics of

the ‘field-driven’ chemically active suspensions is discussed from Chapters 6 to 8.

In Chapter 6 an algorithm — Accelerated Laplacian Dynamics — is introduced as a
tool to probe the detailed system dynamics. The notion of chemical screening is
clarified by simulation and analysis, and the steady-state structure of the coexistence
between dense and dilute regions is explained from a continuum mechanics model.
More importantly, the steady state structure does not show a homogeneous dilute
region. Instead, the properties of the dilute regions vary as a function of the distance
to the dense cluster. This is because the cluster consumes reactants and induces a
net flux proportional to the reactant concentration gradient V¢ towards the cluster
center. Thus the reactant gradient does not vanish, even if the simulation zone is
extended to infinitely large, to maintain the continuity of the solute flux. This is
a key difference between a coexistence in a field driven system and a short-ranged
pairwise additive potential system. In the latter, outside some length prescribed
by the short-ranged attraction potential, the swimmers do not feel the existence of
the cluster, and remain in a homogeneous state, and therefore a thermodynamic

equilibrium theory between two phases is possible.

The steady state of the clustering is explained in Chapter 6 with an approximation to
ABP continuum mechanics. The stress induced by particle-particle diffusiophoretic
attraction is found to be weak and small compared to the swim pressure (or stress)
induced by self-propulsion. Based on that, the equilibrium structure is explained
with a mean-field assumption, where the stress is fully described by the ABP model,
and chemical concentration appears indirectly as Uy o ¢, and a diffusiophoretic
(Fs"my oc Ve. Also, the ‘activity-gradient swim force’” —o*"" - VIn Uy plays an
important role in the presence of a self-propulsion velocity gradient VUp o Vc. In

fact, for fast swimmers in the dilute region where the collisional pressure and the
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swim

osmotic pressure nkpg1 are negligible compared to o*"*", at steady state nUy = const

is satisfied. For chemical swimmers ¢ 4c = const because Uy « c.

The onset of the clustering behavior is found from a linear stability analysis on
the chemical concentration field ¢ and the swimmer probability density P(x, q,1).
The instability threshold is found to give M = Mco/Dr as a competition between
attraction and translational diffusion, independent of self propulsion. The effect of
self propulsion is found to be a stabilizing effect, appearing at a higher order wave
number. The threshold is universal for either a monolayer or a periodic 3D system,
and is consistent with a coarse-grained, continuum mechanical description which
neglects the detailed orientational coupling by assuming that rotational diffusivity
is always strong enough such that the instability growth happens on a timescale
longer than 7g, as required by the continuum mechanical theory so that there is
a separation-of-scales. The matrix-perturbation technique is applied to solve the
detailed instability dynamics. It is a systematic method, and beyond the cases
discussed in this work, can also probe the effect of many-body reactivity, many-
body collisions, many-body transport coefficients, etc, as a series expansion of

volume fraction ¢ or the reactivity.

This thesis constitutes a quantitative research on chemically active suspensions, as
an example system of field-driven active matter systems. Also, substantial attention
is paid to continuum mechanics as a tool to explain the dynamics of chemically

active particles. However, this work is by no means comprehensive nor complete.

First, the role of hydrodynamic interactions (HI) is not included in this discus-
sion. Including HI requires more than a integration of the algorithm in Chapter 6
with Accelerated Stokesian Dynamics (Sierou & Brady, ). Since in self-
diffusiophoresis the particles achieve self-propulsion with a surface slip velocity
that fundamentally changes the boundary condition and near-field lubrication in HI,

they must be jointly solved. That coupling increases the complexity of including
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HI, and a thorough examination is required to avoid exponentially increasing the

complexity of the algorithm.

Also, the simulation method in this work solves the chemical field efficiently with a
multipole expansion method to avoid the use of mesh, but the drawback is that the
multipoles are analytically coded in the algorithm. That strategy limits the capability
of this algorithm to model simple geometries, including periodic, monolayer, and
possibly confinement between parallel walls. To enable explorations in flexible
geometries, the algorithm discussed here may be extended in an immersed boundary
method fashion (Hoppensteadt & Peskin, ), which may also be combined with

the HI effects.

On the physical side, the research on the continuum mechanics for active matter is
still in its infancy. One of the key properties in continuum mechanics, the (shear and
bulk) viscosity, is missing from the current formulation, because only dilute or sed-
imentation systems have been examined. In the dilute limit, the swimmer-swimmer
interaction is absent, so the viscosity (with hydrodynamic interactions) is missing.
In a sedimentation system, there is no shearing motion and the viscosity is not im-
portant. To build a consistent and useful continuum mechanics, the viscosity must
be properly included in a fashion compatible with the thermodynamic constructions
built for active matter (Takatori & Brady, ). To achieve that, the complete
framework from Liouville equations to Boltzmann equation and Chapman-Enskog

expansion in classical kinetic theory may be a viable route.

Beyond fundamental theories for simple model systems, many physical problems in
the real world can be understood in the framework of active matter. For example,
recently, Shelley, ( ) summarized the application of active matter theories to
the understanding of the dynamics of micro-tubule/motor-protein assemblies. With
a deeper understanding of the mechanics of active matter and a more powerful

computational framework, many similar biological and synthetic systems can be
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addressed.
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Appendix A

THE SWIM FORCE OF ACTIVE MATTER

There is a recurring discussion in the literature about the nature and origin of
the force causing self-propelled bodies to move at low Reynolds number. The
discussion revolves about the notion that since self-propulsion is a ‘force-free’
motion, one cannot say that a self-propelled body experiences a Stokes drag. Or that
the propulsive force can be written as a swim force F*"" = /U,. And if it is, this
swim force is not a ‘true’ force. However, this is a misunderstanding about what is

force-free motion and the nature of hydrodynamics at low Reynolds numbers.

The steady, non-accelerating motion of any body is force-free. At low Reynolds
numbers Re = pUa/n < 1, where p is the density of the fluid, 7 is its viscosity, and
U and a are the characteristic velocity and length scales of the motion, respectively,
the acceleration of the fluid is negligible compared to the viscous and pressure forces
and all motion is thus force-free. (We also specify that the inertia of the particle is
negligible, which is characterized by the Stokes number St = p,/p X Re < 1, with
pp the particle density.) What is meant when one says that self-propulsion at low
Reynolds number is force-free is that there is no external force causing the body to

move. There are, however, internal forces that cause it to move.

In the simplest description of self propulsion, consider a body of fixed overall shape
but whose surface can deform —a ‘squirmer.” A paramecium is the classic biological
example and phoretic colloidal particles can also be modeled as being propelled by
a local slip velocity at their surface (Anderson, ; Blake, ). At a point x
on the surface of a the body, the fluid velocity u(xz) = U + Q X (x — X) + v’ (x),
where u”’ is the ‘slip’ velocity, X is the body center, and U and € are the rigid-body

translational and rotational motion of the body about its center. The slip velocity
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can be expanded in moments u’(x’) = E*- o’ + B*: (:n’a:’ - I(x’)z) + .-, where
x’ = x — X, and the tensors E°(t), B*(¢), etc. are, in general, functions of time
and are determined by the swimming gait. Here «’ is the point in the swimmer’s
surface. The linearity of low-Reynolds number or Stokes flow allows a familiar
moment expansion (Kim & Karrila, ) of the total hydrodynamic force/torque

FH on the swimmer
FH=_Rryy-U-Rsp: ES—Ryg0BS— -, (A.1)

where we have grouped the force/torque together as a single vector in the same
fashion as in Stokesian dynamics (Durlofsky et al., ), FH = (FH, L"), and
similarly for the translational/rotational velocities: U = (U, Q). The hydrodynamic
resistance tensors Rsq;, R, etc. are functions of the body geometry only and

couple the force to the velocity, to the ‘squirming set’ E°(¢), B*(¢), etc.

In the Stokes flow regime, the rigid body’s motion is overdamped and thus force-
free: ¥ + F¢¥ = 0, where F “* is any external force such as gravity or an external
torque. For a passive (i.e. non-swimming or non-active) body when ¢ = 0,
FH = 0 and there is no motion. For a swimmer when F¢ = 0, FH4 = 0 is

still true, but U # 0 in (A.1); the drag, —R#q, - U, cancels the swimming part,

~Rsp: ES— Ry © B® — ... Indeed, we can define
FWiM = _Rep: ES—Rpg OB —--, (A.2)
and
Fras = _Ryqr- U, (A.3)

and then the required force-free motion 7 = Fdrag 4 Fswim — () gives
U=Rg, F™". (A.4)

Equation (A.2) is the definition of the swim force (and torque). The reorientation of

anonBrownian swimmer that gives rise to its random walk arises from the squirming
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set E2°(t), etc. changing direction (relative to the body fixed coordinate system).
That the swim force is a real measurable force can be appreciated by recognizing

that if one wanted to keep the swimmer from moving, the force required is F*¥"

We have considered the simplest model for self-propulsion, namely a squirmer.
However, as shown by Swan et al., ( ) the exact same structure applies for
swimmers that propel by large deformations of their body shape — the hydrodynamic
resistance tensors are now also functions of time but the definitions, (A.1) - (A.3),

apply at each instant.

It is important to note that a nonzero swim force does not imply that the fluid
velocity disturbance caused by the swimmer decays as 1/r as it would for a body
with a nonzero hydrodynamic force. This is most clearly seen from the integral
representation for the solution to the Stokes equations. The velocity field outside a

particle in Stokes flow can be expanded in force moments to give
wi(w) = — JijF]' - %EijkvkjilL]H
-1 (VkJ,-j+v,-J,-k)5ﬂ (A.5)
1

- QVijJilQﬁd -,
where the Stokeslet, 8xnJ;j(x) = 6;;/r + x,-xj/r3, is evaluated at the particle
center. The hydrodynamic force and torque are given by their usual expres-
sions: F# = [o-ndS, L¥ = [’ x o - ndS, and the stresslet is given by
SH = %f [*'0-n + o-nx’ - 2n(u'n + nu’)] dS, with o the fluid stress tensor;

there is a corresponding expression for the hydrodynamic quadrupole Q7 etc.

Since the drag force %% balances the swim force there is no hydrodynamic
force or torque on the swimmer: 7 H -0 (FH" =0, L" = 0), and the velocity
disturbance decays at leading order as 1/r? coming from the stresslet S. If the slip
velocity does not generate a stresslet, then the leading order velocity disturbance
decays as 1/r> corresponding to the quadrupole Q. And so on depending on the

nature of the propulsive mechanism and the body geometry. There is no difficulty (or
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ambiguity) in speaking about a swim force and a drag force for a self-propelled body
and the velocity disturbance generated by the swimming body decaying faster than
1/r. In fact, Blake, ( ) and Ishikawa et al., ( ) expanded the hydrodynamic
interactions between two squirmers in a series of surface radial and tangential
velocity modes. These modes may cancel such that the velocity disturbance decays

as 1/r", which can be very fast for large n.

Even for a single particle, hydrodynamics can also generate a single particle contri-
bution to the active stress o, ~ n{Uya{qq), which scales as n{Upa, as opposed to
the swim stress that scales as n{ UOZTR. As discussed by Takatori et al., ( ) for

fast swimmers (Peg — 0), o,/ ~ Upa/(Ugtg) = a/(Uytg) = Peg — 0.

Considering other forces that affect the motion of active particles, the overdamped

Langevin equation of a set of swimmers can be written as,
0= 7_~drag + 7_~swim + 7_~B + 7_~ext + 7_~P’ (A6)

where F8 = 2kgTRs¢,6(t) is a Brownian force with zero mean, ¥ ¢ is any
external force, and F7 is a particle-particle interactive or collision force. The
resistance tensors are now functions of both the individual swimmer body shape
and the relative separation and orientation of all the swimmers, as is standard in

Stokesian dynamics.

In the simplest case where the hydrodynamic interactions among the swimmers are
neglected and only translational swimming is relevant, the hydrodynamic resistance
tensor R, can be simplified to an isotropic drag tensor £ I, so that F¥¢ = —;U,
Fsvim = rUyq, and we have the ‘Active Brownian Particle’ (ABP) model in the
main text. Here, q(¢) is the orientation vector for the swimming direction and
is subject to run-and-tumble motion or rotational Brownian diffusion, which are
equivalent (Cates & Tailleur, ), and comes from the torque balance in (A.6).
For a spherical swimmer, { = 6ria and the swim force arises from the quadrupole

squirming set B*(t).
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In this work we focus on this ABP model, with both translational (D7) and rotational
(Dg) diffusivity. In this case the time scale is set by 1/Dg (= 1), and the reorien-
tation Péclet number (Takatori et al., )Per = aDg/Uy = a/€ controls how far
the swimmer travels in one reorientation time — its run length £ = Uptg — compared
to its size a. The ratio Dy/(a*Dg) controls the relative strength of translational

Brownian diffusion and reorientational diffusion.

With 7" defined in (A.2), the suspension stress (Brady, ; Batchelor, )

in the absence of macroscopic shearing and external torques is:
(@)= ~(ppI + (™™ +(®) + ("), (A7)

where —(ps)1I is the isotropic (incompressible) fluid pressure, (V™) is the swim
stress, (0% = —nkpT1 is the Brownian stress (Brady, ), and (a¥') is the particle
collision stress. The swim stress (o***) can be anisotropic if the swimmers’
reorienting process is biased by, for example, an external torque. For the ABP
model, (*"""") has been thoroughly discussed in both the isotropic (Takatori et al.,

) and anisotropic (Takatori & Brady, ; Yan & Brady, ) cases. In
the text, we have written the ‘particle stress’ (a?)) = (&™) + (8) + (oF) as is

customary in colloidal dynamics.
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Appendix B

ANISOTROPIC STRESS UNDER H FIELD

In this section we follow the convention by Frankel & Brenner, ( ) to derive the
anisotropic swim diffusivity D" and ideal gas swim stress o*"" = —n/ D*"™,
Similar methods have also been used in Zia & Brady, ( ) and Takatori & Brady,
( ). In the theory by Frankel & Brenner, ( ), q is a local degree of freedom.
For the swimmers considered here, q is the orientation vector of each swimmer. The
steady state distribution, P°(q), is analytically solvable from the Langevin equation
for q:
dq

E:Qquﬁﬂj, (B.1)

where H is the unit vector in the direction of the orienting field, Q. is its magnitude,

and 7 is the rotational Brownian motion characterized by Dg.

The oreintation-average velocity is defined as:

<U>=/P8°(q)U(q)dQ- (B.2)
q

By decomposing AU (q) = U (q) — (U ), the effective diffusivity is given by

D = /q P (@ B(@)AU (q)dg, (B.3)
where the B field is the solution to
Vg [uPyB - d-Vq(PyB)| = AUP, (B.4)
/ PP°Bdq =0, (B.5)
q

with appropriate BC in g space. Here v and d are velocity and (intrinsic) diffusivity
in q space, respectively. For swimmers in this work, u is the torque applied by the

H field, and d = DgI is the rotational diffusivity.
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In a 2D system, g = (cos 6, sin #), and we define H =(0,1). The steady probability

distribution P°(6) is:
exp(—xrcos )

P 6 = = Cen)

(B.6)

and the average orientation is

I (xRr)
Io(xr)’

(qz) = (B.7)

where yr = Q.1 = Q./Dg, and Iy, I, I,, . . . are Bessel functions.

With the mathematical expansion

exp(zcos0) = Ip(z) +2 Z 1,(2) cos(nd), (B.8)

n=1
we have

ppn 2§l
+ nxrlo(xr)

/” exp (—x g cos 0) sin 0 sin(nd) 40
- 2nlo(xR) .

n=1

(B.9)

The parallel diffusivity, Dﬁmm, is more complicated. First define

fp) == (p+mi(xr) —sinply(xr)+

Ii(xr) sinp
Io(xr)

N Zln(_)(R)( _ hi(xg) sin(np)
n=2

Li(xr) (p+7r+2 +cospsinp)

nlo(xr)
N cos(np) sin p — ncos p sin(np) )

B.10

and
0
By (0) = / exp(xrcosp)f(p)dp. (B.11)

Finally,

D™ =/ﬂ (cos9 + II(XR)) x
. Io(xRr)
exp(—xrcosf)
) B (0)de. (B.12)

These expressions are used for the anisotropic swim stress in the text.
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Appendix C

CLOSURE OF THE SMOLUCHOWSKI EQUATION

The moment expansion of the Smoluchowski equation for the probability density

for finding a swimmer at & with orientation q is:

0
8—’:+V~jn:0 . j.=Uym—DrVn,  (C.1)
om . ~
B +V-93u+2Dpm =0 , 3, =U00Q — DrVm, (C.2)
0 - ~
(9_? +V-jo+ 6Dr[Q - —nI 0 ., Jp=UB-DrVQ. (C.3)

Here, we have written the second moment as Q(x,1) = f qqP(x, q,t)dq, and

B = [ qqqPdq is the third moment.

In the simplest situation of no temporal or spatial variation, a uniform concentration
n and no polar order m = 0 are solutions of (C.1)-(C.2), and the second moment
has solution Q = %n I. This leads to the natural definition of the nematic order field
Q=Q+ %nI ,or Q(z,1) = [(qq - %I)P(sc, q,t)dq. The conservation equation
for Q is

0Q

E+V-jQ+6DRQ:O, (C.4)

which now does have the solution of no nematic order @2 = 0O in the uniform case.
The flux expressions now become: 3, = Uym—DrVn, 3, = U0Q+%U0n I-DyVm

and jo = UpB - 1Uym I — D7VQ.

We shall discuss the B-field and its closure in a moment, but we can already
appreciate why closing the equations with Q = 0 leads to a very good approx-
imation as demonstrated by the results presented in the main text. First, we are
not setting the second moment to zero; we are approximating the second moment

with the ‘isotropic’ distribution Q ~ %n I. Second, (C.4) shows that the QQ-field
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is screened like the m-field, but with a temporal decay that is 3-times faster and
a screening length that is V3 shorter. Third, as we show below, when variations
are slow, like the m-field where m ~ —%(UO/DR)Vn, the nematic order goes as
Q ~ —(Uy/Dr)Vm ~ (Uy/Dg)*VVn, and thus Q ~ O(¢/L)*n which is small.
Finally, for the 1D flat wall problem, the value of the concentration at the surface,
n®(1 + %(f /6)?), follows directly from the full Smoluchowski equation and is in-
dependent of the closure. Thus, it is perhaps not surprising that the simple closure
Q = 0 works very well except when the body curvature is on the order of the

microscopic length 6 = VDr1g.

The equation for the third moment is

0B _ - .
W+V-jg+12DR[B—%a-m]:O , 35 =UoC - DrVB, (C.5)

where a@;jx; = 6;j0x; + 6ix0j; + 6,10 is the fourth order isotropic tensor and C =

f qqqqP(x, q)dq is the fourth moment.

The proper ‘isotropic’ B fieldis B = B + %a -m, and the equation for B becomes

0B .
5 TV s+ 12DkB =0, jg=UpC - U - [Q + 3nI]1 - DVB. (C.6)

In the examples where we included the nematic field @, we closed the equations
by setting B = 0, which follows the same reasons as for setting ¢Q = 0. With this

closure the Q-field flux is
jo = tUola = 3II1-m - DrVQ, (C.7)

which was used in the examples presented in the main text. With this constitutive

equation for the flux, for slow variations we see that @ ~ (£2/135)(VV — 11V*)n.
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Appendix D

PRINCIPAL CURVATURES

For a curve on a 2D plane, described by a parametrized curve (x(¢), y(¢)), the

curvature is well-known:

|x/y// _ x//y/|
K=— (D.1)

For a smooth surface in 3D space, at any point the planes of two principal curvatures
and the tangent plane are perpendicular to each other (Edwards et al., ). The
mean curvature non-dimensionalized by L is simply determined by the surface

normal vector n:

= ——V ‘n. (DZ)

The details about how to build a curvilinear coordinate system and all the expansion
of operators can be found in the Appendix of the work by Edwards et al., ( ).
Without going to the tedious algebraic details, here we only include the relevant

leading order expansion of operators:

. Of 5\

VJ_EZn+OGﬂ), (D.3a)

. of 5\

V.- f=-W —~ +0|—], D.3b
femUsf g (lRl) (D.3b)

2 2
of é)f+0(6), (D.3¢)

Vif=- (JS)@ + 9,2 Rl
where Js = 2H, and V. is the nabla operator in the (orthogonal) curvilinear co-
ordinate system qi, ¢», ¢, defined on the curved surface shown in Fig. 4.2. ¢,
follows the direction of the surface normal vector n. ¢; and ¢ are on the curved

surface, and are located in the two planes associated with the two principal vectors,

respectively. It is clear that to leading order O(6/|R]), there is no need to deal with
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the gradients on ¢, ¢» directions. The formulation of (D.3) is consistent with the

work in literature (Cox, ; Yariv, ) in solving the curved boundary layers.

The expansion of operator V. beyond the leading order relies on a rigorous algebra
of the full curvilinear space. Mathematically, the second order expansion relies not
only on the mean curvature H, but also on the variations of curvatures. The full
expansion may include up to 21 curvature coeflicients (Panaras, ), and probably

forbids any analytical work.
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Appendix E

THE NOTATION FOR ROTATIONAL FLUX IN 3D SPACE

Rotation is mathematically challenging to describe. In this work we follow the
convention of Brenner & Condiff, ( ), by defining a nabla operater in orientation
space V. The evolution of a spherical ABP with orientation g by torque and
Brownian motion can be described in a spherical coordinate system (0 < 6 < 7,0 <

¢ < 2m):

q = sinf cos ¢e, + sin 6 sin pe,, + cos fe;. (E.1)

0
The rotational gradient operator Vg = g X 30" Here we have:
q

of6.¢) of 1 of
=epg—— + ——eyp—— E.2
oqg 80 Tsneag E2)
of of 1 of
Vo = e 2L -, E.3
R=4X 54 7%%0 ~ 5ino " a¢ (E-3)
Also, the operators are usually used with its derivatives:
0
g9 =199 (E4)
q
g 0 0
= .q=0,— =0, E.5
U 50 "0q 17 %5471 (E.5)
0
(q X —) Xq=-12q, (E.6)
dq
0 0
=== E.7
q % (q X aq) 9q (E.7)
1 0 0 1 0?
Ve - Vg=——|=sinf—= |+ ———. E.8
ROVR sine(ae o 00)+sin296¢2 (=8

For a orientational potential energy U (q), the torque and angular velocity are:

1
L =-VgU, w=—1L, (E.9)
{R
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where we assumed the isotropic orientational drag {g. The general case comes from

linearity of stokes flow: w = Mg, - L. The angular velocity is interpreted as:

qg=-qXuw. (E.10)



222

Appendix F

FAXEN LAWS FOR A HOMOGENEOUSLY REACTIVE
PARTICLE

Consider uniform reaction everywhere on the particle surface, 2(n) = 1. With the

first order reactive boundary condition (6.5) for n-jg, the multipoles of particle «

become:
o = — K/ScdS, (E.1)
S, =(Dg — KaR)/SncdS, (F.2)
Q, = (2aRDR - Kalze) (/S nncdS - %/SchS) . (F.3)

Thus, we need 3 surface integrals of ¢: [ cdS, [(ncdS and [(nncds.

For any point  on the surface S of some particle @, the integral (Bonnecaze &

Brady, ) that represents the solution to Laplace’s equation can be written as:
c(z) — ' (x) - ct(x) (F4)
1 . 1 -y
=— rR(Y)— +c(y)—)~n dsy. (E.5)
4r Js, (J Y Drlz —y] lz-yl?)

Here c denotes the actual field value, ¢’ and cF refer to other particles’ perturbation

and the imposed external field respectively, and y is a vector on the particle surface.

Take integral |, s, dS of both sides. For the left side we have

/[d@—dwme@Lw (F.6)

Sy

= / cdS — 4na* (¢’ + cE)l,aa, (F.7)
S

where (¢’ + cf )|r, means that the value of ¢’ and cE are evaluated at the center of

particle a, r,. The right side becomes a double integral over both  and y on the
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surface. By exchanging the order of integration, we have:

/cdS —4na*( + By, (F.8)
s
ip-ndS = — (F.9)
- ‘n = —q, .
Dnr SJR DRq

from which we get the Faxen laws for monopole g. One can easily check that if
we put only one particle in infinite field with condition ¢, the Faxen laws give
q = —[4nDa/(1 + Da)] Drac®™, which is the consumption rate of reactant on the
particle surface and coincides with solution given by traditional methods, e.g.,

separation of variables.

The S, and Q, relations can also be derived in the same way, but require some
lengthy math. We shall not repeat the process here. Also, the factor Da/(1 + Da)
covers both reaction-limited and diffusion-limited cases. In the diffusion-limited
case (Da — o0), Da/(1 +Da) — 1 and the Faxen laws reduces to the relations given
by Bonnecaze & Brady, ( ). In the reaction-limited case Da — 0 and therefore

Da/(1 + Da) — Da, so that g, « Da.
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Appendix G

FAXEN LAWS FOR A JANUS REACTIVE PARTICLE

For Janus particles, the Boundary Element Method (BEM hereafter) is used to
calculate the Faxen laws matrix. We follow the standard BEM convention, and the
problem of a singularity on the boundary, which often occurs in the BEM method,

is appropriately handled (Pozrikidis, ).

The numerical solution is conducted for a Janus particle with its orientation vector

& = 2. Due to symmetry, C (truncated at dipole level) takes the following form:

&0 o0 gL c

0 £ 0 0 |(ve)
- J; . (G.1)
S, 0 0 f3 0o,

Se) \fet 0 0 f )\ (Vo)

q
S

=

where S,, S, and S, are components of vector S. (Vc)y, (Ve), and (Vc), are
components of Ve. The five response functions, fcq, fcqz, oy f3%, f2f, are functions
of Daonly. The BEM solution is done for Dain the range (0.01, 100.0), covering both
reaction-limited (Da — 0) and diffusion-limited (Da — oo0) cases. The reactivity

f functions are fitted by an interpolation form to allow each f to be evaluated for

arbitrary Da:

P 0.72Da’ + 1.98Da + 1 G2)
7 1+Da Da>+326Da+2 '

4xDa 0.46Da? + 0.36Da + 0.38

q9 _ _ G.3
Jez l1+Da Da?+0.82Da+1 (©3)
Da—-2.76
X g G4
ex "Da+2.76 (G4
o 4nDa 0.46Da? + 0.39Da + 0.38 G.5)
c 1+Da Da+0.87Da+1 '
Da-7.77
57 _ a (G.6)

2 = Ty S0Da+ 7.70°
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The typical error of these fitting functions is around 2%. Here, we do not pursue
the absolute accuracy because our interest is in the correct scaling of the response

and the correct features of propulsion and interaction.

For particles with £ # £, rotation can be applied to the matrices C"

q q ¢T
C = fc fcz€

= , (G.7)
fEE foxT +(fef = f)€€

where £ is a 3 X 1 column vector.

Similarly, M3 is calculated from the orientation £ and the fitted functions g¢, gZ.

and g7
My = (gi6 gi.] + (g5 — g56€). (G.8)

where

0.36Da? + 2.55Da + 1
g LTI RT (G.9)
Da“ +2.65Da+ 1

47Da 0.16Da? + 0.094Da + 0.13
g§=— mDa a“+ a+ ’ (G.10)
1 +Da Da? + 0.60Da + 1
0.30Da? + 0.95Da + 0.5
Ly _ (G.11
8ez Da% +2.05Da + 1 )
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ALL CONTRIBUTIONS OF & IN THE EWALD SUM

For compactness of the equations, we define:

) = Erfc (;/77{1*)’

and 7 = & — y. Suppose that x is at the location of particle 1, x = y;.
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(H.1)

In the

summation, Y, means all other particles in space. 7 =  — yg = y; — yg, and

denotes the other particles. In this context, V. = Vy = d/0y,, Vo = Vg = d/0ys.

The realspace sum, wavespace sum, and the self-correction terms are:

c(y1) =(c)

1 eff 1 @)
E -S5-Vi+=-Qp:V
+ 47TDR ﬁil(qlg B V1 2Qﬁ 1 )f(i")

1 eff 1 @)
+ E E -85 Vi+=-Qp:V
4nDrVp i (qﬁ BV 2Qﬂ )

) —{nk?
Ak (yp—y) €
wk?

1 1
Vel =35 )@ V1= Sp V7 + 5Qp: Vi F()
B#
1 eff @, 1 3)
+ Vi-85V7+=-Qp: V
4nDRVOZZ(qﬁ 1= SV 5@ V)
k+0 g
—rk?
o2k (ys—y) € ‘
k2
+( )ST,

_3DR§3/7~

(H.2a)

(H.2b)

(H.2¢)

(H.2d)

(H.2e)

(H.2f)

(H.2g)



227

] 1
andVVc(yl)—4 B Z( JIy@ - SV +5Qp: VIV)f(r)  (H2h)

1
e ‘7 2 3 4
§ E (q fIa@ _ Vg) CQB: Vg))

47TDRV()
—¢nk?
2rik-(yg—y1) € .
kI (H.2i)
+ (——=I¢") + (————=)T: Q). (H.2j)
3D 53/2 1 5DR§5/2

Here V® means to take V operator i times, which gives the correct tensor structure.
Tr is the trace operator, and T' is the 4th order isotropic tensor: T;jx; = (6% +

0ik0j1 + 0i10jk)-
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Appendix I

FEEDBACK FACTOR F¢

In this part, the ‘feedback factor’ F, from c is derived. It is, the perturbation ¢’ as a

function of the perturbation in numberdensity #’, controlled by the ¢ equation (7.12):
62 21
~Dg(Vi, + —=)c =[S - ke(z = 0)/ P(x,y,0)do] 5(z). (L1)
dz? 0

The perturbation in number density in phase space is (7.14). Here because only
[ nd6 appears in the above equation, only the m = 0 mode matters: by = % [ Pdeb.

Also for the simplicity of notion, here we take an arbitrary mode g:

P’ = by (1) exp(—igx), (1.2)

and the response of ¢’ is assumed to be:
c'(x,¥,2,1) = A(2)bgo(t) exp(—igx). (1.3)

In the following, the Fourier transform in the z axis and in the xy plane will be
considered independently, to overcome the difficulty due to the monolayer geometry.

In short, A(z = 0) is solved.

Substitute ¢’ into (7.12), and the perturbation around the steady state ¢, P satisfies:
_Dp (_qZA(Z)e—iqx + A//(Z)e—iqx)

(14)
= —6(2) (K2rPoA(2)e™ 1" + 2mkbyo(t)coe™4")

where we used the fact that in linear perturbation, change in S is on second order,

thus negligible.

Take Fourier transform of A(z) in above equation, follow the convention:
flw) = / f(R)e ?Mwidy, (L5)
f(2) = / fw)e™*dw. (L6)
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We get:

Dg (q*A(w) + 4r’w* A(w)) = —2nPokA(z = 0) — kco2rbgo(t), (L)

with solution:
2k PoA(z = 0) + byo(t)co

A(w) = - 1.8
(@) Dg q* + 4m’w? (18
Transform back to real space with w — z:
2nk e It
AR === (PoA(z = 0) + bao(t)co) R (1.9)

which means, high frequency (large g) components decay faster away from the z = 0

plane.

Let z = 0, we get:

KCoTt

A(z7=0) = ——— 97
=0 Dgrqg + nkPy

bgo(t) = Febyp(1), (1.10)

KCom

S s Pomner ol the ‘feedback factor’ defined in the main text.
Rq+1TKkPo

where F, =
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Appendix J

LINEAR DYNAMIC SYSTEM

The general theory of linear dynamic systems (Guckenheimer & Holmes, , ch.
1) is briefly reviewed here for reference. A linear dynamical system is a group of

first order ODEs which can be represented by a linear algebraic form:
d (1) = Az(1) (J.1)
—x(t) = Ax(1), .
dt

where x(¢) is an N-dimensional vectorial function of time ¢t and A is a constant
N x N matrix. The initial condition is (¢ = 0) = x(. The matrix A is also called

the operator of that dynamical system. In this work ‘matrix” and ‘operator’ are used

interchangeably.
When A has N eigenvalues (A1, Ao, . .., Ay) and N linear independent eigenvectors
(v1,v2,...,VyN), a general solution to (J.1) exists:
N
(1) = ) Ciexp(Ait)vy, (1.2)

i=1

where C;s are constants and should satisfy the initial condition:

N
o= ) Coi. (1.3)
i=1
Cis can be uniquely determined because eigenvectors (vy, vy, . . ., vy ) are assumed
to be linearly independent.
When all eigenvalues (11, Ay, . . ., A5) have negative-valued real part, () — O as

t — oo. Therefore the stability of the system (J.1) is completely determined by the

sign of the real part of the eigenvalues.
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Appendix K

PERTURBATION OF EIGENVALUES & EIGENVECTORS OF A
COMPLEX MATRIX: GENERAL THEORY.

In this section the general theory developed by Kato, ( ) is briefly described here,

following Kato’s notations. The detailed theory can also be found in Baumgirtel,

(1985).

Definitions

Resolvent

If A is not an eigenvalue of A, then AI — A is invertible. In this case, A is called a
regular point. The set of all regular points is called the resolvent set and is denoted

by res A. One writes
R(1) =R, A)=(A-aD)™". (K.1)

For 11 # A3, R commutes: R(A;)R(A;) = R(A2)R(A;). Also R(A) is an

operator-valued, differentiable function of A.

Eigenprojection
For an eigenvalue A; of matrix A, we define the eigenprojection corresponding to
A j
1
P, = ——_/ R(A, A)da, (K.2)
27 Jc,

where C; is a positively oriented sphere with center A;, which consists of regular

points and is such that no other eigenvalue lies inside C;.
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Eigennilpotent
For an eigenvalue A; of matrix A, we define the eigennilpotent:
D;=(A-A;)P;. (K.3)

D; has only one eigenvalue: 0. The number m satisfying D;." =0, D;”‘l # 0is

called the index of the eigenvalue A ;.

Canonical form

A matrix A can be represented by A = S + D, where S = Y, 1;,P, and D =
2w D

Perturbation
This part is adapted from Kato’s work (Kato, ,ch. 2).
Assume T'(x) = T + xT} + x*T> + ---. We may suppose that a matrix-valued

function T'(x) is given, which is holomorphic in a given domain Dy of the complex
x-plane. x is the perturbation variable. The unperturbed symbols are denoted as

T, A, etc. The perturbed ones are denoted as a function of x as 7'(x), 4(x), etc.

It can be proved that the number of eigenvalues of T'(x) is a constant s independent
of x, with the exception of some special values of x. There are only a finite number
of such exceptional points x in each compact subset of Dy. This number s is equal to
dimension N if these analytic functions (if there are more than one) are all distinct;
in this case T'(x) is simple and therefore diagonable for all non-exceptional X. If,
on the other hand, there happen to be identical ones among these analytic functions,

then we have s < N; in this case T'(x) is said to be permanently degenerate.

It can be proved that each eigenvalue function A;(x),j € [1,s] is a continuous

function of x.

In general there are several cycles with the same center. All the eigenvalues belong-

ing to cycles with center A are said to depart from the unperturbed eigenvalue A by
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splitting at x = 0. The set of these eigenvalues will be called the A-group, since

they cluster around A for small x.

Let A be one of the eigenvalues of T, with algebraic multiplicity m. Let I" be a
closed positively-oriented curve, say a circle, in the resolvent set P(T") enclosing A4

but no other eigenvalues of 7. Define

1
© 2nmi

P / R(A, A)da, (K4)
&

which is a projection and is equal to the sum of the eigenprojections for all the
eigenvalues of T'(x) lying inside I'. It follows that the eigenvalues of T'(x) lying
inside I' form exactly the A-group. For brevity we call P(m) the total projection,

for the A-group.

The foregoing general results are somewhat simplified in the case in which T'(x) is
linear in x. Then T'(x) is defined in the whole complex plane, which will be taken
as the domain Dy. The algebraic functions 4;(x) (perturbed eigenvalues) have no

pole at a finite value of x. At x = oo they have at most a pole of order 1.

The eigenvalue A will in general split into several eigenvalues of T'(x) for small

x # 0 (the A-group). The total projection P(x) for this A-group is holomorphic at

x=0:
P(x) = Z P (x), PO = p, (K.5)
0
where
1
P®W=__— / R™ (2, A)dA. (K.6)
2ri Jr

It follows that, the weighted mean A(x) of the A-group eigenvalues of T'(x):
Ax) =mTr(T(x)P(x)) = 1+ mTr((T'(x) — A1) P(x)). (K.7)

If there is no splitting of A so that the A-group consists of a single eigenvalue A(x)

with multiplicity m, we have A = A, which is always true for m = 1
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These series give a complete solution to the eigenvalue problem for the A-group in

the case of no splitting, A(x), P(x) and D(x) being all holomorphic at x = 0.

If in particular A is a semisimple eigenvalue of 7'(x), we have D = 0 and the first

terms of series expansion can be explicitly given:

PO =-_prhg_sThp, (K.8)
P? =_pr?8-8T?P + PTVSTVS + STV PTV S

+ 8TV STV P - PTYPTVS? - PTOS2TO P _ S27D PTD P,

(K.9)

PO ... (K.10)

Under the same semisimple condition, with algebraic multiplicity m, the equations

for
A=A+ xAD +x201@ £ 31O 4 41® 4. (K.11)
are:
A 1
AV =— 1TV P, (K.12)
m
o 1
1@ — 1y [T(Z)P _ T(I)ST(I)P], (K.13)
m

A% :% Tr [TOP -TVSTPP -TPSTVP

+TVsTVSTO P - TH ST PTD P, (K.14)
a@ =Ly [TYP-TVSTOP -TOSTPP -TO STV P

m

+TVSTVSTPP + TV STH STV P + TP STV STV P

_ W g2 pr@ p _ M) 2@ prM p _ 7@ 270 p(M) p

~T7YsTHsTH 8TV P+ TV S2TO ST PTD P

+ TV sTH 2O PO P+ THS2TH PTO ST P

- T7OS3TH pT®PpTO P, (K.15)
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Here S refers to the reduced resolvent of T', with respect to the eigenvalue A.
We denote it by S(), which is the holomophic part of resolvent R({) in the
neighborhood of the considered eigenvalue A:
v k-l

P j
R({)=———- ——+50©). K.16
@=L SO (K.16)

Perturbation of eigenvectors

Kato points out that (Kato, , p- 92) ‘Since the eigenvectors are not uniquely
determined, however, there are no definite formulas for the eigenvectors v(x) of
T'(x) as functions of x’. However a special case is enough for the instability
problem considered in this work. When multiplicity m = 1 and 7T'(x) is linear in x

(see Kato, , p- 93),

v(x) =v - xSTWv + x>S(TV - ANSTWp 4 ... (K.17)
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Appendix L

PERTURBATION SERIES: FULL SOLUTION

The expansion series for small P is presented here.

0Py = 2" + PATY + PPATP + - (L.1)

vo(P) = v + Pu{D + P2u{P? 4. (L.2)

Here /lf)P 9 and v(()P 9 are solved in (7.28) and (7.24). The series for Ao(P) are:

A =0, (L.3a)
2 3
2P ©DPrq
0 ncokPoq?(A + 2M) + 2D, ,;(Drq + nkPo)
JTACS kPoq*
B . 2 . 2 ’
(Drg + 7o) (LURLA 1 o, ) (ZYILEIN 4 161,
(L.3b)
A5 =o. (L.3¢)

The full analytical expression of /l(()P Y is too complicated to be listed here. In the
special case of M = A =0:

co’q* (Tco® + 15c0F. P + 8F>Py?)

/lém) __
3
e 32Dy (L.4)
_% Drq’> (nkPo — TDRrq)
32D’ (Drq + nkPo)?

The leading order contributions of M and A are on 0(q6) and 0(q"):

AP o 17C8D13347 ~ 906‘D,2?q6 . chRqS
0 TU\3243D3 3P3 3272D3 k2P2 T 327D3 kP,
L0 KT Lo KT Lot K770
508q6 167CSDRL]7
0 - A (L.5)
2304D%  2304xD?* kP

9C8DR(]7
+O0\~——————M|.
1287 D% kPo

rot
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The series for the eigenvector vo(P) are:

v’V =fi(e1 +e_1) + gi(es +e3), (L.6a)

VP =fr(er +e2) + galea + ea), (L.6b)

where

f1 ~ O(icoDrq* | DyoikPon),  f2 ~ O(=c;Drq’ | D}y kPo),

rot

(L.7a)
g1 ~ O(Ac}q’ I DL, 2 ~ O(Acyq*/D;},).

The full solution is:

icoq2 (ﬂDRKSDo (coq2(3A +4M) + 16Dm,) + JTZACQKZSng + 16D%qu)

h 2 (mcokPoq?(A +2M) + 2D, o (Drq + nkPp))
1
X ,
mcokPoq?(A + 2M) + 8D, (Drq + mkPo)
(L.8a)
inAchPoq3 (Drq + nkPp)
81 =
2 (mcokPog*(A + 2M) + 8D, (Drq + nkPy)) (L.8b)

1
X s
ncokPog*(A +2M) + 18D, (Drq + nkPo)
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and

1

 (7cokPog(A + 2M) + 2Dyor(Drq + 1k Pp))
1

X
(mcokPoq?(A + 2M) + 18D, (Drq + mkPy))
1

(cokPoq2(A + 2M) + 8D, (Drq + nkPy))°
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