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Active suspensions, such as suspensions of self-propelled microorganisms and related
synthetic microswimmers, are known to undergo complex dynamics and pattern formation
as a result of hydrodynamic interactions. In this review, we summarize recent efforts to
model these systems using continuum kinetic theories. We first derive a basic kinetic
model for a suspension of self-propelled rodlike particles and discuss its stability and
nonlinear dynamics. We then present extensions of this model to analyze the effective
rheology of active suspensions in external flows, the effect of steric interactions in
concentrated systems, and the dynamics of chemotactically responsive suspensions in
chemical fields.
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RESUME

Les suspensions actives, telles que les suspensions de micro-organismes auto-propulsés ou
autres nageurs microscopiques artificiels, sont connues pour leur dynamique complexe et
la formation de motifs en raison d’interactions hydrodynamiques. Nous résumons dans cet
article les derniéres avancées dans la modélisation de ces systémes a I'aide de théories
cinétiques continues. Dans un premier temps, nous développons un modéle cinétique
élémentaire pour une suspension de particules auto-propulsées alongées et considérons
sa stabilité et sa dynamique non linéaire. Nous présentons ensuite des extensions de ce
modéle pour analyser la rhéologie effective des suspensions actives en écoulement externe,
l'effet des interactions stériques dans les systémes a forte concentration et la dynamique
de suspensions chimiotactiques dans des champs chimiques.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Biophysics, synthetic chemistry, colloidal physics, and materials science have all contributed in the last decade to the
creation and study of active suspensions. These are systems in which a suspended microstructure exerts active stresses upon an
immersing fluid, which itself provides a coupling medium through which to create large-scale dynamics. By active stresses,
we mean those that arise not from the passive mechanical responses of the microstructure to thermodynamic fluctuations
or to flow forcing (e.g. shearing), but rather from the conversion of energy from one form, say chemical, to another so as to
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typically yield a change in shape. Shape change is the basic element of biological locomotion [1], and many studies of active
suspensions have arisen from studying collective dynamics in biology, such as in bacterial baths or coordinated metachronal
waves on ciliated organisms [2,3]. On the former, experiments on suspensions of swimming bacteria such as Escherichia coli
or Bacillus subtilis have shown striking dynamics [4-7]. This includes complex flows characterized by large-scale vortices
and jets with sizes and speeds much greater than those associated with swimming individuals [5,8-10]. Other observations
have included the formation of spatial inhomogeneities [5,7], locally correlated motions [11,12], enhanced particle diffusion,
enhanced fluid mixing and passive tracer diffusion [4,13-15].

Synthetic chemists and colloidal physicists have also become more and more adept at creating microscopic synthetic
particles that can propel themselves, in some instances autonomously, such as through catalytic chemical reactions at their
surfaces [16-21], or in a more directed fashion, say through interactions with externally imposed magnetic fields [22-
25]. While these systems are distinct from biological ones, they may prove to provide paradigmatic examples that are
not complicated by organismal sensing and behavior. Finally, not all active suspensions have microstructures that swim
(at least by design). Recent experiments have also created synthetic active suspensions that are fluids filled with biological
elements, such as microtubule or actin bio-polymers, motor-proteins, and fuel (ATP). There, large-scale dynamics are seen
to arise instead from direct interactions between bio-polymers induced by motor-protein coupling and transport [26-28], or
through interactions with substrate-bound motor-proteins [29,30].

Along with these experimental developments have been efforts by theorists to explain and predict the dynamics evinced
by these systems. This has included large-scale simulation studies that seek to model the dynamics of the immersed ac-
tive particles directly and to capture their interactions through the surrounding fluids. Graham and coworkers developed a
“minimal” swimmer model [31], in which a particle is represented as a rigid dumbbell exerting equal and opposite localized
forces on the fluid, thus creating the far-field force dipole induced by self-propulsion [32-34]. Coupling many such particles
together hydrodynamically, they were able to reproduce observed features such as correlated motions at high concentra-
tions and enhanced tracer diffusion [31,35]. Pedley and coworkers developed detailed Stokesian dynamics simulations of
interacting “squirmers”, propelled by a prescribed surface slip velocity, and also reported motile particle and tracer diffusion
[36,37], and the development of coherent structures in their suspensions [38,39]. Recently, we also developed a detailed
model in which hydrodynamically interacting rodlike particles propel themselves through a prescribed tangential stress on
their surfaces [40,41]. In semi-dilute suspensions of rear-actuated particles, we observed large-scale roiling flows taking
place near the system size, the enhancement of mean swimming speeds, and strong motile particle diffusion [40]. We also
observed dependencies on actuation type (rear- vs front-actuated), and sharp transitions to flow instability as a function of
particle concentration or system size [41].

Such particle-based models are invaluable. They yield dynamics in qualitative agreement with experiments that can be
analyzed statistically and probed for scaling laws. However, because of their computational expense, they are difficult to
study systematically, and because of their fundamentally discrete nature, they are difficult to plumb for analytical insights.
To address this, we and others have found it very useful to study active suspensions as complex fluids, and to employ
the tools of continuum mechanics, statistical physics, and coarse-graining to posit or derive continuum partial-differential-
equation models [42-48]. Those models closest to first principles are often in the form of kinetic equations coupled to the
equations of hydrodynamics [43,44,46]. These nonlinear systems of partial differential equations can often be reduced to yet
simpler descriptions that yield insight into the dynamics, can be analyzed for stability near physically relevant steady states,
or can be directly simulated to discover the nonlinear dynamics that they capture or predict.

In this exposition, we will discuss our work on nonlinear continuum modeling of active suspensions. In a first-principles
approach, we begin in Section 2 with a microscopic description of a swimmer moving against a background fluid flow, per-
haps created by other swimmers, and calculate how this particle moves and the stresses it creates in the surrounding fluid.
Then, using a coarse-graining approach we calculate the macroscopic fluid flows that are created by many such swimmers,
and this is used to derive a Smoluchowski equation for the distribution function of particle positions and orientations. This
kinetic-hydrodynamic model for an active suspension is surprisingly elegant and can show a rich variety of phenomena. We
discuss its analytical structure, its predictions for the development of large-scale flows and dependencies on swimmer type,
and illustrate the complex dynamics that it generates. We also discuss the application of this model to study the surprising
rheology of active suspensions in Section 3 and its extension to capture ordering steric interactions amongst swimmers at
high volume concentration in Section 4. We then turn to our work on chemotactically responsive active suspensions in Sec-
tion 5, where swimming particles modulate their dynamics in response to chemical fields that may be externally supplied
(such as oxygen) or secreted and transported by the swimmers themselves.

2. Active suspension model
2.1. Smoluchowski equation and single-particle model

We outline the derivation of a kinetic theory for the hydrodynamics of a dilute suspension of motile rodlike particles
[43,44]. This model closely resembles that of Doi for passive rod suspensions [49,50]. Like Doi, we evolve a distribution
function ¥ (x, p,t) of particle positions X and orientation vectors p (satisfying p-p = 1) through a Smoluchowski equation
that expresses conservation of particle number:

QW + V- (RW) + V- (p¥) =0 (M
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Fig. 1. A schematic of the simple rodlike swimmer model that underlies the continuum Kinetic theory of Saintillan and Shelley [43,44]. The swimmer of
length ¢ swims along its director p due to a motive stress prescribed upon its posterior surface. A no-slip condition is applied on the leading anterior half.

where V, = (I — pp) - (3/9p) denotes the gradient operator on the unit sphere of orientations £2. Here x and p denote the
conformational fluxes in space and orientation, expressions for which can be obtained by analyzing the dynamics of a single
motile rod in a background flow with velocity u(x, t).

To this end, consider a straight and slender rod of length ¢, thickness b, and aspect ratio r = £/b > 1 that is suspended in
a Newtonian fluid of viscosity 7 and moving against a background flow u(x, t). The rod position is described by its centerline
with equation X(s, t) = Xc(t) + sp(t), where s € [—£/2, £/2] is arclength, X. is the rod center-of-mass (at s =0), and p is the
particle orientation vector, which also describes the direction of swimming. We assume that the rod is density-matched to
the fluid and that fluid and particle inertia are both negligible. Hence, the Stokes equations govern the fluid motion, and
the particle exerts zero mean force and torque on the surrounding fluid.

Local slender-body theory for the Stokes equations [51-53] relates the velocity d:X(s, t) of a point along the rod to the
force per unit length f(s, t) exerted by the rod on the fluid. To leading order,

w[3X(s, t) —u(X(s, 1)) ] = A+ pp) - f(s, t) (2)

where p =47 n/In(2r). As a simple model for an elongated swimmer (see Hohenegger and Shelley [54]), we consider rods
upon which a constant propulsive tangential stress — f;;p = —27bgp, where g is the stress magnitude, is prescribed upon
the posterior half (—¢/2 < 's < 0), whereas a no-slip condition is imposed upon the anterior half (0 < s < ¢/2) as depicted in
Fig. 1. To accommodate the prescription of the motive stress, we must also allow a slip velocity ugp along the posterior half.
The model described here corresponds to a so-called pusher particle, such as the bacteria Escherichia coli and Bacillus subtilis,
which push their cell body (the anterior) forward through the fluid through the turning of their flagellar bundle (located on
the posterior end). In the case of a puller particle, such as the micro-alga Chlamydomonas reinhardtii, the situation is reversed,
with the motive stress exerted on the anterior half of the rod and a no-slip condition on the posterior. A related but more
sophisticated single-swimmer model was also used in the numerical simulations of Saintillan and Shelley [40,41].

As is standard in deriving continuum models (though not in particle simulations), we assume that the particle is suf-
ficiently small that the macroscopic velocity, itself produced by boundary conditions and by the collective effect of all the
other suspended swimmers, is well represented by its local linearization. Under the assumptions made above, the slender-
body relation, applied to the posterior and anterior halves of the rod, respectively, yields:

W[k + usp+ sp — u(xe) —sp- Vuxc)| = A+ pp) - fp 3)

X + sP — u(xc) — sp- Vuxo) ]| = A+ pp) - fa (4)

The force distribution in Eq. (2) is here decomposed as f(s, t) = Hse[—¢/2,0)fp(S, t) + Hse(0,¢/21fa(s, t) where H denotes the
Heaviside function. From the condition of zero net torque, fp and f4 must both point in the direction of p. Applying the
condition of zero total force, it is then straightforward to derive expressions for the center-of-mass and angular velocities of
the rod as:

Xc = Vop +u(xc) (5)
p=(>0-pp) Vuxy)-p (6)
from which the force distributions fp and fa are then obtained as:
B
fo(s) = (—fu BRELLE Vu(xc))p (7)
B
fa(s) = (fn — S5 PP: Vu(xc)>p (8)

Here, the single-rod translational velocity is given by Vo = k£g/n where k3 is a geometric constant dependent upon the
aspect ratio r [54], and more generally upon the particular shape of the motile particle. Eq. (6) is known as Jeffery’s equation
[55] and describes how the slender rod is rotated by the velocity gradient of the background flow. Since the rod rotates
without change of length, there is also a corresponding “constraint force”, proportional to pp : Vu, that appears in Egs. (7)-
(8) for the force distribution. In the absence of an external flow, however, we note that the force distributions fp(s) and
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Fig. 2. Alternate models for single self-propelled particles: (a) minimal model of Graham and coworkers [31,35,58,59], in which a rigid dumbbell propels
itself by exerting an off-centered force F on the fluid that balances the drag on the spheres; (b) rigid ellipsoid model, which generalizes the model of (a)
by replacing the dumbbell by a rigid ellipsoid [60-64]; (c) classic spherical squirmer model [65-68], in which a prescribed slip velocity on the surface
of a rigid sphere causes it to swim; (d) generalizations of the squirmer model to anisotropic shapes (spheroids) and more complex boundary conditions
(prescribed tangential stress instead of prescribed slip) [69].

fa(s) are simply given by =+ f)p, and that the net effect of these force distributions on the fluid is therefore that of a Stokes
dipole, whose sign depends on the type of swimmer (pusher vs puller). This net force dipole is a fundamental feature of
neutrally buoyant microswimmers and is at the origin of the active stress that drives the large-scale dynamics in these
systems.

The version of Jeffery’s equation obtained from slender-body theory in Eq. (6) is strictly valid in the limit of infinite
aspect ratio, and does not capture the effect of the particle thickness b on the angular dynamics; in particular, it predicts
asymptotic alignment of a particle in a simple shear flow, unlike the expected Jeffery’s orbits [56]. The more general and
classic form of Jeffery’s equation can be substituted instead to account for finite particle thickness [55]:

p=(1-pp) - [BEX) +W(Xo)] - p (9)

where E = (Vu+ Vu')/2 and W = (Vu — Vu')/2 are the rate-of-strain and vorticity tensors, respectively, and the di-
mensionless parameter B8 depends on the particle shape. For a spheroidal particle of aspect ratio r, it is obtained as
B =(@%—1)/(%+1), though the validity of Eq. (9) extends to any axisymmetric particle shape [56].

From these calculations, we can now take the fluxes in the Smoluchowski equation (1) to have the form

x=Vop+ux) — DVyln¥ (10)
p=0d-pp) - [BEX) +WX)| - p—dV,In¥ (11)

where the latter terms are diffusive fluxes that capture the effects of translational and rotational stochastic fluctuations, for
which D and d are the corresponding diffusion coefficients. These diffusion processes can have varied origins. In the case of
colloidal artificial microswimmers, they capture the effects of Brownian motion on the dynamics. In the case of biological
swimmers, thermal fluctuations are typically too weak to result in significant Brownian motion, but intrinsic diffusion may
still arise as a result of imperfections in the shape or swimming actuation of the particles [34,57]; in addition, particle-
particle hydrodynamic interactions also result in an effective diffusion at long times [31,41].

2.2. Alternate micromechanical models

The micromechanical model described above, based on the self-propulsion of a slender particle with anisotropic drag as
a result of a prescribed surface stress, is only one of many theoretical or computational swimming models that have been
proposed over the years, some of which we review here.

In an early computational study of collective dynamics, Graham and coworkers [31,35,58,59] developed a minimal swim-
mer model that captures many of the important features of the hydrodynamics of self-propelled microorganisms. In this
model, the body of a swimmer is represented as a rigid bead-rod dumbbell as illustrated in Fig. 2(a). Propulsion arises as
a result of a “phantom flagellum” that exerts a force on the fluid at an off-centered point along the axis of the dumbbell.
This force on the fluid results in the translation of the dumbbell at a swimming velocity of Vo = F/2¢ + O(a/¢), where
¢ =6mna is the drag coefficient of each bead, a is the bead radius, and ¢ is the characteristic size of the swimmer; in
this expression for V, hydrodynamic interactions between the two beads are neglected and would modify the velocity to
order O(a/¢). Because the propulsive force exerted by the phantom flagellum is exactly balanced by the total drag force
on the dumbbell, the leading effect of a swimmer on the fluid is that of a force dipole, as in the swimming rod model
presented in Section 2.1. In addition, the anisotropy of the dumbbell guarantees that its orientation dynamics can also be
captured by Jeffery’s equation (9), so that the dumbbell model displays similar dynamics and hydrodynamic interactions as
the swimming rod model. This dumbbell model was deployed in numerical simulations of confined active suspensions by
Hernandez-Ortiz et al. [31,35], where it was shown to capture many of the qualitative features of experiments on bacterial
suspensions, including enhanced diffusivities and large-scale correlated flows. It was also used as a theoretical model by
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Underhill et al. [58,59] to derive predictions for the diffusivities, correlations and stress fluctuations in dilute suspensions of
swimmers.

The dumbbell model of Graham and coworkers was also generalized by others to include a spheroidal body shape, as
shown in Fig. 2(b). Such a model was proposed by Haines et al. [60,61] in their study of the dilute rheology of active
suspensions (see Section 3), where the authors made use of the exact analytical expressions for the mobility coefficients of
a rigid spheroid [70]. This model was then later applied by the same group in numerical simulations at finite concentration
to study the effect of particle hydrodynamic interactions on the dynamics and rheology of swimmer suspensions [62,63].
A similar description of self-propulsion was used in recent numerical simulations in two dimensions by Decoene et al. [64].

In an entirely different class of models, propulsion is not the result of a force exerted by a flagellum on the fluid but
rather of a prescribed surface slip velocity distribution (see Fig. 2(c)), which could be a coarse-grained description of the
velocity imparted on the fluid by an array of cilia distributed on the swimmer surface [71]. This so-called “squirmer” model,
which was first developed by Lighthill [65] and Blake [66] and later refined by Pedley and coworkers [67,68], is appropriate
to model the dynamics of ciliated microorganisms such as Volvox [32,72] or Paramecium, though it has often been used
as a generic model for self-propelled particles. For an axisymmetric swimmer with zero swirl, the tangential surface slip
velocity has no azimuthal component and is fully defined by a scalar function ug(0) of the angle 6 from the leading pole of
the sphere, which can take on several forms to model different types of swimmers and is best represented in terms of an
expansion as:

us() =) Bugpn(cos0) (12)

n>1

where the orthogonal basis functions ¢, are defined in terms of the Legendre polynomials Pp:

¢n(cosh) = " sind P, (cosH) (13)

2

n+1)
It can be shown that the swimming velocity of a force-free swimmer is given by Vo =2B1/3, and that the sign of the
ratio Bp/B1 determines the type of swimmer (positive for pullers, negative for pushers). The mathematical simplicity of this
model allows for an analytical solution of the fluid velocity around an isolated swimmer based on Lamb’s general solution
of the Stokes equations [70,73]. The model was also used in numerical simulations to study pair hydrodynamic interactions
[74], as well as diffusion [37], collective motion [38,39,75], and rheology [36] in semi-dilute suspensions. The behavior of
spherical squirmers in flow differs from that of rodlike swimmers owing to the shape isotropy, which corresponds to the
special case of 8 =0 in Jeffery’s equation (9): such squirmers rotate with the flow vorticity, but there is no mechanism for
them to preferentially align with the axis of extension of the strain rate tensor as in the case of rods. This seemingly small
difference has profound consequences on hydrodynamic interactions between swimmers, and in fact the hydrodynamic
instabilities described below in Section 2.5.2 vanish in the limit of 8 — 0, as do the effects of activity on the rheology of
the suspensions. Collective motion has nonetheless been reported in simulations of interacting spherical squirmers [38,39,
75], though its origins have yet to be fully elucidated and may be the result of near-field interactions or of other types of
multipolar interactions not included in our basic kinetic model.

Blake’s basic squirmer model has also been extended to account for shape anisotropy and more complex boundary
conditions. The basic features of hydrodynamic interactions of spheroidal squirmers were recently analyzed theoretically by
Spagnolie and Lauga [76], who showed a subtle dependence of hydrodynamic interactions with a rigid no-slip wall on the
basic flow singularities driven by the particle, which are related to the distribution of surface slip. In a more detailed model,
Kanevsky et al. [69] considered prolate spheroidal squirmers propelling themselves by prescribing the tangential stress on
their surface (rather than the slip velocity), which can be thought of as a more accurate version of the basic rod model
of Section 2.1. They derived an analytical solution for an isolated particle, and also performed numerical simulations using
the boundary element method to study hydrodynamic interactions. A spheroidal squirmer model was also recently used to
analyze locomotion in polymeric liquids [77].

It is interesting to note that all the models discussed here, with the exception of the spherical squirmer model (for which
B =0), show qualitatively similar dynamics as the rigid rod model of Section 2.1. In particular, orientational dynamics can
always be captured by Jeffery’s equation with an appropriate value of 8 depending on the exact shape of the particles [56],
and the fluid flow driven by an isolated swimmer is expected to be that of a force dipole, at least sufficiently far away
from the particle surface. The validity of the kinetic description of a suspension by means of the Smoluchowski equation (1)
coupled to the flux equations (10)-(11) is therefore quite general as long as the swimmers are anisotropic and exert a
non-zero force dipole on the fluid.

2.3. Coarse-grained active stress

To close the system of kinetic equations posed in Section 2.1, it remains to calculate how the velocity and its gradient are
determined from the distribution of particle positions and orientations. This is accomplished by calculating the extra stress
induced in the fluid by the motions of the force- and torque-free swimmers. Batchelor [78-80] provided the necessary
analysis, and showed that the effective stress induced by a suspension of particles can be expressed as the volume average
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of the force dipoles, or stresslets, exerted by the particles on the fluid. More precisely, given M rodlike particles suspended
in a control volume of volume V, the volume-averaged extra stress produced by their motions is given by:

v 42
1
T=-%) / £ic(5)X (s) ds (14)
k=1_y
Applied to a single rod in the absence of any background flow, this formula generates the rank-one tensorial contribution:
Yo = oopp, where the stresslet og is a measure of the force dipole exerted by a swimmer on the fluid and is expressed as
00 = —k1£3g where k; is another geometric constant [54]. It is straightforward to show that the stresslet is positive for a

puller, but negative for a pusher. Assuming that M is large, and passing to a distributional limit, we approximate the active
stress X° due to swimming as:

2(x,t) =00/W(x, p.t)(pp —1/3)dp (15)
2

where we made X° tracefree by subtracting an isotropic tensor that only modifies the pressure, but does not affect the
flow. Here, the distribution function ¥ is normalized such that:

é//ll/(x,n,t)dpdx:n (16)
Vo

where V is the volume of the system containing a total of N swimmers and n = N/V is the mean number density in the
suspension.

In this discussion, we have neglected contributions to the extra stress from the constraint forces appearing in Eqs. (7)-
(8). In a dilute suspension where only swimmer-generated flows are accounted for, the single-particle contribution to the
stress is indeed the dominant one. When there is an externally imposed flow (as when investigating rheology in Section 3),
or when the swimmer density is high (as discussed in Section 4), the constraint forces must be accounted for in the extra
stress and yield an additional stress contribution X/ expressed in terms of the fourth moment in p of the distribution
function contracted against the rate-of-strain tensor; see Eq. (45). That said, when the swimmer concentration is high,
our expression for the stress is not entirely consistent since the single swimmer model still assumes that the mean-field
hydrodynamic velocity can be locally linearized and that near-field interactions with other swimmers need not be accounted
for.

2.4. Basic kinetic model

We now have a closed system of equations for evolving the distribution of swimmer positions and orientations, which we
recapitulate here in dimensionless form. The distribution function ¥ (x, p, t) is evolved through the Smoluchowski equation:

*W + Vi R¥) +V, - (p¥) =0 (17)
where the fluxes in position and orientation are expressed as:

X=p+uXx)— DVylny (18)

p=A-pp) - [BEX) +WX)] - p—dV,In¥ (19)

Egs. (17)-(19) are coupled to the forced Stokes equations for the mean-field (volume-averaged) pressure g and fluid veloc-
ity u:

V.u=0, V?u-Vp=V.53" (20)
where the flow is driven by the swimmer-generated active stress tensor:
0= [ p.0mp-1/3)dp @1)
Q

Here, we have made the equations dimensionless by scaling space on a characteristic length I and time on Vg/I.. Assuming
that the system size is characterized by a linear scale L, so that the system volume is expressed as V = L3, a natural choice
of length scale is Ic = £/v, where v = N¢3/L3 =n¢3 is an effective volume concentration of swimmers in the system. Upon
this choice, the stresslet strength o characterizing the magnitude of the active particle stress is replaced with the purely
geometric coefficient o = £k /K. It is easy to see that this coefficient is negative for pusher particles (« < 0), but positive
for puller particles (o > 0). It can be shown that « also provides a relation between the stresslet magnitude and swimming
speed of a single swimmer as a = 0¢/nVof?.
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2.5. Mathematical aspects of the kinetic model

2.5.1. The relative conformational entropy
The difference that the swimmer type (pusher vs puller, as captured by the sign of o) makes in the dynamics is seen
very directly in the evolution of the system'’s relative conformational entropy, which is an energy-like quantity defined by:

Z(t) = / (/W) In(W/ W) dp dx (22)
Ve

Here ¥y = 1/4m is the constant value of ¥ for a uniform and isotropic state. The entropy . (t) is non-negative, and is zero
if and only if ¥ = ¥, so that departures of . from zero provide a global measure of the level of fluctuations away from
uniform isotropy. The time derivative of the entropy obeys:

. 6
471,5”:——/E:de—//[DWXlnlI/lZ+d|Vplnl1/|2]l1/dpdx (23)
o
v Ve
The first term arises from the identity:
[2E:de=—/E:stx (24)
1% v

which expresses the balance between the rate of viscous dissipation and the active power input to the system by swimming,
and is easily derived by performing a mechanical energy balance on the Stokes equations (20). The second negative definite
term arises from diffusive processes which serve to decrease the entropy. Note that if o < 0, i.e. if the particles are pushers,
then the first term on the right-hand side of Eq. (23) becomes positive and can drive . away from zero. When « > 0,
the active stress term is now negative definite and only serves to drive the system towards equilibrium in concert with the
diffusive processes. The positivity of o, and decay of the conformational entropy, is shared by the extra stress generated by
rotational thermal fluctuations in the theory of passive rod suspensions of Doi and Edwards [50].

2.5.2. Steady states and their stability

Two states of special importance in studying active suspensions are the aligned and isotropically ordered states. Aligned
suspensions and their stability bear on questions of collective behaviors and flocking and were first considered in this
context by Simha and Ramaswamy [42] using a phenomological theory for active nematics. Considering plane-wave pertur-
bations of an aligned state, they concluded that for each perturbation wavelength there were perturbation wavevectors that
gave rise to instability. This suggested that globally aligned steady states could not exist, at least in the Stokesian limit.

We also reexamined this question using the dilute kinetic model presented above [43,44]. For this, we sought special
solutions of Egs. (17) and (20), having set D =d = 0, where the distribution of swimming directions is everywhere concen-
trated as a Dirac delta function:

(X, p,t) =c(x, 1) §[p—n(x,1)] (25)

Here, c(x,t) is the local concentration and n(x, t) the polar director field (or local swimming direction), both defined in
Eq. (30) below. Both quantities are evolved by advective partial-differential equations derived without approximation from
Egs. (17) and (20). These equations support the globally aligned steady state ¢ =1 and n =z, where Z is an arbitrary unit
vector defining the direction of alignment. We considered plane-wave perturbations and derived a dispersion relation for
two growth rates A+ as functions of the wavenumber k and of the angle @ of the perturbation wavevector from z:

8ik sin@ coso ) 1/2]

 wf(d) cos226 (26)

Ay = —%f(@)cosze [1 + (1

where f(6) = (8+1) cos26 — (8—1)sin? 6. For k > 0 it is straightforward to show that A and A_ have real parts of opposite
sign regardless of swimmer type. This analysis then predicts that plane-wave perturbations are unstable for any choice of 6,
k, or «. In the long-wave limit k — 0% and for slender swimmers (8 = 1), the growth rates become A4 = —o cos? 6 cos 260
and A_ =0, where A is the growth rate previously found by Simha and Ramaswamy [42]. Another important effect missing
in this theory is rotational diffusion, which if included would yield temporal broadening of an initially sharply aligned state.
In Section 4, we model steric interactions between swimmers, and show that at high concentrations these interactions can
induce a local nematic alignment amongst swimmers that can balance the effect of rotational diffusion, yielding aligned
states whose stability we then study [81].

In dilute suspensions, it is more relevant to analyze the stability of the isotropic, uniform state for which ¥ =¥y =1/4rx.
The entropy analysis above suggests that this homogeneous state is globally attracting for suspensions of pullers (where
o > 0), but allows for instability for pushers. This expectation is borne out by linear stability analysis. Considering plane-
wave perturbations of the homogeneous state leads to an integro-differential equation for the evolution of eigenmodes
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Fig. 3. The real (a) and imaginary (b) parts of the complex growth rate for a plane-wave perturbation to the state of uniform isotropy (i.e. ¥ =¥y =1/4m)
as a function of the normalized perturbation wave number k. In the normalizations, | is the swimmer length, Vo the swimmer speed, and n the mean
swimmer number density. Adapted from Ref. [44].

upon the unit sphere of orientations [43,44,82]. An important simplification follows from observing that the active stress
that drives instability contributes to the eigenmode evolution only through the first azimuthal mode upon the sphere [82].
All other eigenmodes are damped or neutrally stable. This suggests that this instability, at least in the linear regime, will
drive local nematic alignment, and a physical mechanism for this effect was proposed by Subramanian and Koch [46], who
noted that the hydrodynamic flow resulting from a weak nematic perturbation to particle orientations tends to further
reinforce the perturbation via Jeffery’s equation in the case of pushers.

Fig. 3 shows the computed real and imaginary parts of the normalized growth rates for a suspension of pushers near
uniform isotropy, as functions of the normalized wavelength of perturbation [43,44]. Here, translational and rotational diffu-
sion have been neglected, though it is straightforward to see that translational diffusion only modifies the growth rates by
an amount of —Dk?. At very long waves, the real part shows a double-branched structure that collapses to a single branch
at shorter length scales, which is coincident with the imaginary part becoming double-branched and non-zero. The single
branch of unstable growth-rates ceases to exist upon crossing the k-axis for k > k¢, with k. ~ 0.56 [82]. In the absence of
diffusive processes, these graphs are universal as the only remaining parameter, ¢, can be set to 1 (that is, up to its sign)
by rescaling space and time by |«]|.

Hohenegger and Shelley [82] studied the linear system further by using asymptotic methods to investigate the nature
of solutions for k >> 1 where solutions to the growth-rate eigenvalue problem do not exist, while also demonstrating that
rotational diffusion restores the existence of the negative branch while shifting it down in value. Finally, by assuming that
the rotational diffusion of swimming particles scales linearly with particle concentration, and that translational diffusion
scales inversely, as is consistent with Brenner’s generalized Taylor dispersion theory [83] and with our numerical simulations
based on slender-body theory in the semi-dilute regime [40], they predicted that homogeneous suspensions of pushers
would be unstable to large-scale hydrodynamic flows if

L
VK (27)

and stable otherwise. Here, K is a constant depending upon the diffusion scalings and on the details of swimmer actuation
and shape. This criterion therefore predicts instability if either the system size L (normalized by the swimmer length £) or
the effective volume concentration of swimmers v = n¢3 becomes sufficiently large. This criterion was confirmed qualita-
tively in numerical simulations of many interacting motile rods [41], and is also consistent with the current experimental
evidence [10].

One very important aspect of the linear stability analysis is that it does not predict the growth of concentration fluc-
tuations. Indeed, concentration fluctuations are predicted to decay as a result of translational diffusion. However, it is the
orientational instability that drives the system into the nonlinear regime where concentration fluctuations then appear. It is
to this regime that we now turn.

2.6. The nonlinear dynamics of active suspensions

As a computational model, Egs. (17) and (20) are quite challenging to evolve. In three dimensions, there are three in-
dependent positional variables corresponding to the spatial coordinates (x, y,z), and two orientational variables for the
parameterization of the orientation vector p. For this reason, highly resolved simulations have been restricted to two
dimensions with one angle of orientation [43,44]. Nonetheless, fully three-dimensional simulations are possible using mul-
tiprocessor computing [81,84,85], though with resolutions that are modest relative to the two-dimensional case.

One such three-dimensional simulation is shown in Fig. 4(a), which for triply periodic boundary conditions shows the
swimmer concentration field for a suspension of pushers (¢ = —1) that begins in a state of near uniform isotropy. As
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Fig. 4. (a) The evolution of the three-dimensional concentration field for a suspension of pushers, beginning near the state of uniform isotropy. (b) The
background fluid velocity in a slice across the computational box. The simulations were obtained using the simulation method of Alizadeh Pahlavan and
Saintillan [84].

predicted by the linear theory, there is growth away from homogeneity manifested first by increased local orientational
order. As the flow becomes more nonlinear, concentration fluctuations appear in the form of sheets of relatively high swim-
mer concentration. The growth of concentration fluctuations, which does not occur in the linear regime, can be attributed
to a source term of the form —cV - n in the equation for the concentration field (see Eq. (32) below), which can cause
swimmers to aggregate spatially as a result of their swimming velocity [44]. While persistently observed, these sheets are
transitory and show continual folding, stretching, and reformation. Fig. 4(b) shows the background fluid velocity, calculated
from Eq. (20), in a slice across the computational volume: velocity fields in unstable pusher suspensions are unsteady and
chaotic, and strongly correlated on the scale of the system as can be expected based on the linear stability results of Fig. 3,
where the longest wavelength is always expected to be the most unstable. Unsurprisingly perhaps, these complex flows
emerging in pushers suspensions have very good mixing properties, as we previously characterized in our two-dimensional
kinetic simulations [44] and in our three-dimensional many-particle simulations of swimming rods [41].

The roots of the persistent flow instability for pushers can be seen in Eq. (24), which shows the balance of swimmer
input power with the rate of viscous dissipation. We expand this equation as

/2E:de=—a//(pp:£)l1/(x,p, t)dpdx (28)
1% Ve

Hence, the local active power density is given by

px,t) = —cx/(pp :E)¥(x,p,t)dp (29)
2

which, for & < 0, will be maximized when swimmers are oriented in the direction of maximal fluid rate of strain. However,
it is a property of Jeffery’s equation (6) that slender rods rotate toward the direction of maximal strain rate, and it is
through this propensity that suspensions of pushers continuously power the growth of fluctuations. Though not shown
here, the configurational entropy .#(t) in simulations shows initial growth from being nearly zero, and eventually achieves
saturated quasi-oscillatory dynamics that reflect a balance between the growth of fluctuations and their destruction by
diffusive processes [44]. As already implied, similar simulations of puller suspensions show monotonic decay of both the
entropy and input power towards zero.

2.7. Approximations and extensions

2.7.1. Moment equations and closure approximations

To circumvent the complexity arising from the high-dimensionality of the kinetic model of Section 2.4, a number of
approximate models have been derived that rely on equations for orientational moments of the distribution function ¥.
Of particular interest are the zeroth, first, and second moments, which correspond respectively to the concentration field
c(x, t), polar order parameter n(x, t), and nematic order parameter Q(x, t) defined as follows:

B P _(pp—1/3)
c(x,t) = (1), nXx,t) = XD’ Qx,t) = 7c(x, D (30)
where (-) denotes the orientational average:
(h(p))=/h(p)¢'(x, p.t)dp (31)
Q

Evolution equations for ¢, n, and Q are readily obtained by taking moments of the Smoluchowski equation (1):
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Dic=—V - (cn) + DV?c (32)

D¢(cn) = —[V - (cQ) + (1/3)Vc] + DV2(cn) + (cIn — (ppp)) : (BE + W) — 2dcn (33)

D¢(cQ) = —[V - (ppp) — (1/3)V - (cm)] + DV?(cQ) + Bc[E - (Q+1/3) + (Q+1/3) - E]
+c[W-Q—Q-W]—25(pppp) : E—6dcQ (34)

where Dy = 9; +u - V is the material derivative. Also note that the hydrodynamic velocity u, and the rate-of-strain tensor
E and the vorticity tensor W depend on the nematic order parameter Q via the active stress tensor X° = «cQ forcing
the Stokes equations (20). Unsurprisingly, the system of Egs. (32)-(34) also involves higher moments of the distribution
function, and specifically its third and fourth moments (ppp) and (pppp). To close the system, these two moments must be
expressed in terms of ¢, n, and Q by means of closure approximations. Several closure models have been proposed in the
context of liquid crystals and particle suspensions, and we present of few of them here.

One of the simplest closure model perhaps can be interpreted as a severely truncated expansion of the distribution
function ¥ on the basis of spherical harmonics:

W p.0) ~ c(x,t)

15
[1 +3p-n(x,t) + 7pp 1 Q(x, t)] (35)
in which the coefficients of all harmonics of degree 3 and higher are neglected. By calculating third- and fourth-order

moments of Eq. (35), this can be shown to be equivalent to the following closure relations for (ppp) and (pppp), in index
notation:

(N8 +n;jdik + nidij) (36)

(ST e}

(piPjpk) ~
c c
(piDjprp1) & E(aijskl + 0ikdji + dudjk) + 7 (6ij Qu + 8ik Q ji + 81 Q jk + 8k Qit + 81 Qik + Sk Qij) (37)

where we see that the closure corresponds to linear approximations of (ppp) and (pppp) in terms of n and Q, respectively.
Substituting these expressions in Eqs. (33)-(34) for n and Q then yields closed evolution equations, which can be used for
analysis or simulations. This closure model was used by Baskaran and Marchetti [47] in their model for the hydrodynamics
of bacterial suspensions, and a variant was also recently applied by Brotto et al. [86] to study instabilities in confined active
suspensions in two-dimensions. Note, however, that the truncation of Eq. (35) does not depend on the flow field at all
(even though particle orientations are affected by it through Jeffery’s equation), and is only a good approximation if the
distribution function ¥ is nearly isotropic.

Other types of closures have been proposed for the fourth moment (pppp). First, Doi [49] suggested a quadratic depen-
dence of the fourth moment on the second moment as

1

(pipjpp1) ~ - {Pipj) (Pkp1) = ¢(Qij + 8ij/3)(Qii + Ski/3) (38)
This model has been commonly used in theories for passive and active liquid crystals, e.g. [49,87-92]. However, the approx-
imation of Eq. (38) is clearly ad hoc and does not originate from a self-consistent solution for the orientation distribution or
from a consideration of the local flow field. A more rigorous approach was adopted by Hinch and Leal [93] in the context
of passive Brownian suspensions. Hinch and Leal derived the following composite approximation for (pppp) : E based on

asymptotic solutions for the orientation distribution in the weak and strong flow limits:
1
5

where the second moment (pp) appearing on the right-hand side is then related to the nematic order parameter as (pp) =
c(Q+1/3). A model based on this approach was recently used by Woodhouse and Goldstein [94] in two dimensions to
model an apolar suspension of active filaments (n = 0), where spontaneous circulation was predicted to emerge under
confinement as a result of activity.

(ppPP) ~ = [6(pP) - E - (PP) — (PP)(PP) : E — 2I({pp)* : E + 21(pp) : E] (39)

2.7.2. Run-and-tumble dynamics of wild-strain bacteria

The motion of motile bacteria, such as Escherichia coli and Bacillus subtilis, not only involves swimming as a result of
self-propulsion and transport by the local fluid flow, but is also affected by their so-called run-and-tumble dynamics, by
which periods of directed swimming (“runs”) are interspersed by random reorientation events (“tumbles”) resulting from
the rapid unbundling and rebundling of their flagella [95,96]. As will be discussed in Section 5, these tumbling events, which
occur with a characteristic rate A, play a central role in chemotaxis, or the ability of bacteria to migrate towards or away
from chemical cues or nutrients in the suspending fluid. As discussed by Subramanian and Koch [46], who derived a kinetic
model very similar to that of Section 2.4, these run-and-tumble dynamics are well approximated as a Poisson process with
frequency A, which modifies the Smoluchowski equation as
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Fig. 5. Basic mechanism for the effect of activity on the effective viscosity of a suspension of particles in shear flow (after Hatwalne et al. [97]). In the case
of passive particles (rods, polymers), the flow induces a dipole that tends to resist stretching. The permanent dipole due to swimming is of the same sign
for pullers, but of opposite sign for pushers.

WY + Vi R¥Y) + Vp - (P¥) = —AX, P, ¥ + / A(x,p . t)K(p,p)¥(x,p.t)dp/ (40)
2

In this equation, the first term on the right-hand side models bacteria that tumble away from orientation p with charac-
teristic frequency A(x, p, t), whereas the second term models bacteria that tumble from orientation p’ to p with frequency
A(x,p’,t). The function K(p,p’), or “turning kernel”, captures the correlation between pre- and post-tumble orientations.
Indeed, the average change in orientation for Escherichia coli is approximately 68.5°, indicating a correlation in the forward
direction [46,95]. Subramanian and Koch [46] proposed the following form for the turning kernel:

, BeB(P'D/)
K(p,p')=—F"— 41

(pp) 47 sinh B (41
where the parameter B characterizes the correlation in orientation. In the limit of B — 0, K = 1/4m and pre- and post-
tumble orientations are completely uncorrelated. In the absence of any chemoattractant (or repellant), the tumbling rate
assumes a constant value XAq that is independent of x and p; when chemotaxis occurs, such a dependency may arise and
will be discussed in more detail in Section 5. The effect of particle tumbling on the instability of the isotropic uniform state
discussed in Section 2.5.2 was also analyzed by Subramanian and Koch [46], who showed that it has a stabilizing effect on
the dynamics at all wavenumbers much like orientational diffusion, and can give rise to an intrinsic critical volume fraction
for instability that no longer depends on system size.

3. Rheology and external flows

A simple and direct consequence of the active stress derived in Section 2.3 is that it modifies the effective rheology
of a suspension of active particles in an external flow. This was first recognized by Hatwalne et al. [97], who proposed
the simple mechanism illustrated in Fig. 5. In an imposed shear flow, an elongated particle subject to diffusion undergoes
tumbling dynamics [56] but assumes a mean orientation close to the flow direction in the first flow quadrant. In the case
of a passive particle, such as a rigid rod or a flexible polymer, the extensional component of the flow tries to stretch
the particle, which resists by exerting a contractile force dipole on the flow that effectively increases the viscosity of the
suspension, especially at low shear rates; this contractile force dipole can be understood from the flow-induced constraint
forces appearing in Egs. (7)-(8) in the model of Section 2.1 for a slender rigid rod. In the case of an active particle, this effect
still persists, but in addition the particle exerts a permanent dipole due to swimming, whose sign depends on the swimming
mechanism. In the case of a puller, the swimming dipole is of the same sign as the flow-induced dipole (contractile),
whereas a pusher exerts a permanent dipole of opposite sign (extensile). As a result, we expect a further increase in
viscosity in puller suspensions (with respect to a suspension of passive particles of the same shape), whereas a decrease in
viscosity is expected in suspensions of pushers.

A number of models with various levels of complexity have been constructed to calculate the effective viscosity of
such suspensions in the dilute regime, e.g. [60,61]. Here, we describe the simple theory of Saintillan [98,99] for shear
and extensional rheology, which extends previous classical work on passive suspensions of rodlike particles [93,100-102]
and also evaluates normal stresses. As can be anticipated from the mechanism described in Fig. 5, a key component of
the theory is the determination of the orientation distribution of the particles in the imposed external flow, from which
the stress tensor is obtained in terms of orientation moments as described below. If interactions between particles can
be neglected (for instance in the dilute limit), the configuration of the suspension is simply represented by an orientation
distribution function ¥ (p, t), which satisfies a simplified Smoluchowski equation:

¥ + V- P¥Y)=0 (42)
where ¥ is now normalized as

/!I/(p, tHydp=1 (43)

2
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Fig. 6. Shear rheology of an active suspension (adapted with permission from Saintillan [98]): (a) intrinsic viscosity, (b) first and (c) second normal stress
difference coefficients, as functions of shear rate y for a rodlike particle of aspect ratio r. Some of the variables are made dimensionless using the rotary
diffusivity d. The plot shows results for passive particles (oo = 0), pushers (o < 0), and pullers (og > 0).

In Eq. (42), particle rotations result from the external flow with rate-of-strain and vorticity tensors Eg and Wy, respectively:

p={d-pp) - (BEo +Wo) - p—dV,In¥ (44)

Here, we focus on the steady-state orientation distribution, which is simply obtained by setting p = 0. In extensional flows,
an exact analytical solution for ¥ (p) can be obtained [99,103]; such is not the case in simple shear flow, where either
numerical solutions [98,104] or approximate asymptotic solutions in the limit of weak or strong flows can be derived [93].

Once the steady orientation distribution is known, it is used to evaluate the particle extra stress in the suspension as
¥P =3/ 4 »b 4 ¥5 where the three stress contributions arise from the external flow (constraint forces in Eqgs. (7)(8)),
Brownian rotations (in the case of colloidal particles), and the permanent dipole due to swimming. These stress tensors are
evaluated in a similar fashion as in Section 2 by taking a configurational average of the force dipoles (or stresslets) exerted
by the particles on the flow [78,80], and can be expressed as:

I I I
- §<pp>] :Ep, % =nkT[<pp> - 5], xs =nao[<pp> - 5] (45)
In Eq. (45), the various stress tensors are found to depend only on the second and fourth moments of ¥ (p); n denotes the
mean number density, kT is the thermal energy of the fluid, and A is a constant depending on the shape of the particles
that can be evaluated as A = wn¢3/6In(2r) for a slender particle of length ¢ and aspect ratio r [51,79]. Once the stress
tensor has been calculated, the intrinsic viscosity np, as well as the first and second normal stress difference coefficients vp
and «p are easily obtained. For instance, in a shear flow of the form u(x) = y yx:

= nA[(pppm

sp %P b _ 5P
e = 3xy. , Vp = xx3 .Zj/y’ Kp = J/Y3 'Zzz (46)
né>ny né>ny ne>ny

where n¢3 denotes the effective volume fraction. Results for np, vp and kp in a simple shear flow are plotted in Fig. 6 as
functions of imposed shear rate y, for pushers, pullers, and passive rodlike particles. Suspensions of passive rods exhibit
shear thinning, a positive first normal stress difference and negative second normal stress difference. The effects of activity
are strongest at low shear rates, where the intrinsic viscosity increases in suspensions of pullers but decreases for pushers,
in agreement with the basic mechanism of Fig. 5. In suspensions of pushers, this can even result in a negative intrinsic
viscosity at low shear rates. An analytical expression for the zero-shear-rate intrinsic viscosity can be derived as [98]:

BIn(2r)og
5mne3d

where the first term on the right-hand side is the zero-shear-rate viscosity in a suspension of passive rods, and the second
term arises from activity and is linear in the active stresslet strength op. The effect of activity is also visible in the normal
stress difference coefficients, which are enhanced for pullers, but change sign in the case of pushers. Qualitatively similar
trends are also observed in irrotational extensional flows [99].

Detailed experimental measurements of the effective rheology have been scarce but qualitatively support the results of
the dilute theory. Two significant hurdles in these measurements are the low viscosity of the suspending fluid (typically
water) and the low shear rates at which the effects of activity manifest themselves. Sokolov and Aranson [105] considered
suspensions of Bacillus subtilis, a pusher bacterium, and used a clever technique based on the rotation of a magnetically
actuated rotor placed in a free-standing film of a bacterial suspension. By measuring the viscous torque on the particle, they
inferred the effective viscosity of the suspension, which was found to be less than the viscosity of the fluid in the dilute
regime, but was found to increase again at higher concentrations. The case of pullers was addressed by Rafai et al. [106],

. . 1
o = lim np(y) = —(1+38) + (47)
y—0 15
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who performed conventional rheometry on suspensions of the micro-alga Chlamydomonas reinhardtii over a wide range of
concentrations, and found a net increase in viscosity with respect to a suspension of dead cells at the same volume fraction.
More recently, Gachelin et al. [107] devised a microfluidic rheometer based on the deflection of the interface between two
coflowing streams of a suspension of Escherichia coli and of clear fluid in a Y-shaped channel. The results they reported
on the effective viscosity were once again consistent with Fig. 6(a): they observed a negative intrinsic viscosity in weak
flows (at least in the dilute limit), followed by a maximum of the viscosity at an intermediate value of y and finally by
a shear-thinning regime in strong flows. Normal stresses in either pusher or puller suspensions have yet to be measured
experimentally.

The theory described above, as well as other related models, has focused on the dilute limit where hydrodynamic in-
teractions between particles are negligible. Attempts at understanding the effects of such interactions in the semi-dilute
regime have used direct numerical simulations based on simplified swimmer models. Ishikawa and Pedley [36] performed
Stokesian dynamics simulations of sheared suspensions of spherical squirmers that swim as a result of a prescribed slip
velocity on their surface. In the case of non-bottom-heavy squirmers, they found no effect of activity on the viscosity; this
is easily understood as there is no mechanism for such particles to assume an anisotropic orientation distribution. In the
case of bottom-heavy squirmers, which are subject to a buoyancy torque, anisotropic orientations become possible and a
non-Newtonian rheology was observed, including non-zero normal stress differences. More recently, Berlyand and coworkers
[62,63,108] performed direct numerical simulations of collections of model elongated swimmers representing bacteria. They
noted that hydrodynamic interactions between particles result in an effective noise which plays the same role as rotational
diffusion in the model described above, and observed a decrease in viscosity in the dilute regime, followed by an increase
as volume fraction further increases, in agreement with the experimental observations of Sokolov and Aranson [105]. One
key question, which has yet to be addressed in detail, is the precise influence of the large-scale collective motions arising
in semi-dilute suspensions on the rheology. Understanding this influence requires modeling of the effect of the external
flow on collective motion. This point was addressed both theoretically and computationally within the kinetic framework
of Section 2 by Alizadeh Pahlavan and Saintillan [84], who found that an external shear flow has a stabilizing effect on the
instability and chaotic dynamics observed in quiescent suspensions as a result of the alignment of the particles in the flow.

A number of studies have also focused on the rheology of active liquid crystals (polar or apolar) and active gels [92,109-
113], which share many similarities with active suspensions. These studies are typically based on evolution equations for
the polar and nematic order parameters n(x,t) and Q(x,t), such as the equations presented in Section 2.7.1. In addition,
these models often include nematic elasticity, which captures local nematic alignment as a result of steric interactions
between particles as discussed next in Section 4. Similar findings have been reported within this framework, including
negative intrinsic viscosities and oppositely-signed normal stress differences in contractile systems. Additional interesting
effects have also been described, such as hysteresis [112,113] and shear-banding [92].

4. Modeling concentration effects

The basic kinetic model described in Section 2 focuses on long-ranged hydrodynamic interactions between particles,
and demonstrates that such interactions can lead to instabilities and the emergence of coherent structures in sufficiently
concentrated active suspensions. In experiments on bacterial suspensions, collective motion is also observed to only occur if
the volume fraction is sufficiently high [7,9,114]; however, at such volume fractions, steric interactions resulting from direct
contacts between particles are significant and can hardly be neglected. This was noted by Cisneros et al. [114], who observed
a transition to local directional order and pattern formation in concentrated suspensions of bacteria. The importance of steric
interactions is also very clear in swarming experiments, where bacterial colonies are allowed to grow on agar substrates
[115-117]: in such experiments, long-ranged hydrodynamic interactions are likely negligible, but correlated motions in the
form of large swirls and jets are still observed and must be primarily a consequence of near-field steric effects. This raises
the question of the respective roles of hydrodynamic and steric interactions in the collective dynamics of concentrated active
suspensions.

In passive suspensions of Brownian rodlike particles and liquid crystals, it is well known that increasing concentration
results in a transition from an isotropic state to a nematic state in which particles align locally with their neighbors as
steric interactions overcome the randomizing effect of rotary diffusion [50,118]. At the particle level, this transition can be
explained as an entropic effect, as the effective volume taken up by a particle in the isotropic phase is larger than in the
nematic phase, and a simple scaling based on this argument suggests that the transition should occur when nb¢? ~ 0(1),
where b and ¢ are the characteristic thickness and length of a particle, respectively. In suspensions of active swimmers, such
as rod-shaped bacteria, a similar effect is also expected to take place and is likely to have an influence on the dynamics.

In continuum models for active liquid crystals and active gels, the effect of steric interactions is generally accounted for
by means of a free energy resulting from distortions from the uniformly aligned state. Phenomenological expressions for
the free energy can be constructed based on symmetry arguments. In nematics, the Landau-de Gennes free energy .% is
commonly used [88,89,118,119], and more specifically its one-constant approximation with density given by:

K
f= Eainjainj (48)

This free energy modifies the evolution equation for the nematic order parameter Q (for instance Eq. (34) together with one
of the closure models discussed in Section 2.7.1) by addition of a term of the form I"'H on the right-hand side, where I" is
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a constant modeling collective rotational diffusion, and the second-order tensor H is the so-called molecular field obtained
from the free energy as:

g T % 0T
YT8Q;5 3 9Quk

A vectorial molecular field can also be constructed and added to the evolution equation for the polar order parameter n in
the case of a polar liquid crystal [120,121].

The kinetic model of Section 2 can also be modified to account for steric interactions. One such extension was attempted
in nearly two-dimensional geometries by Aranson et al. [122], who described steric effects based on a pairwise collision op-
erator, which has the effect of aligning two swimming particles coming into contact. The form of this operator is motivated
by experimental observations of Bacillus subtilis in thin liquid films, where two colliding cells are found to subsequently
swim as a pair. One significant difficulty in this formulation is that a correct description of these interactions involves the
pair probability distribution function in the suspension, which in the model of Aranson et al. is approximated as the product
of two singlet distributions. Aranson et al. are then able to derive moment equations for the concentration ¢ and polar order
parameter n, from which a Landau-type bifurcation is predicted for the order parameter above a critical volume fraction.

More recently, Ezhilan et al. [81] proposed a more direct extension of the kinetic theory of Section 2 for concentrated
suspensions, in which steric interactions are captured using a mean-field model inspired by the Doi and Edwards theory
for the isotropic-to-nematic transition [50]. Precisely, steric interactions are modeled by means of an additional torque in
Eq. (19) for the angular flux, causing particles to align locally:

(49)

p=>0-pp)  (BE+W) -p—V,Z(x,p.t) —dVpIn¥ (50)
The interaction potential % is expressed as:
U X, p,t) = / v (x,p.t)U(p.p')dp’ (51)
Q

where a convenient choice of the kernel U is given by the Maier-Saupe potential [123]: U(p, p’) = —Uo(p - p'). Using these
expressions for %7 and U, it is easy to rewrite Eq. (50) in the simple form:

p=A—-pp)  (BE+W+2UocQ) -p—dV,In¥ (52)

It is clear from this form that the effect of the steric torque at every point in space is to align the particles nematically with
the principal axis of the nematic order parameter tensor Q, which corresponds to the local preferred direction of alignment.
In addition to this simple modification, the particle stress tensor in concentrated suspensions must also be modified: two
additional stress contributions arising from the inextensibility of the particles in the flow they generate and from the steric
torques on the particles must also be accounted for and can be evaluated based on slender-body theory in the case of a
high-aspect-ratio particle [50,81] (E. Lushi has also developed a numerical method for suspensions of interacting discrete
swimmers that accounts for steric interactions and for this extra stress contribution; personal communication). Both of
these stress tensors can be shown to depend quadratically on volume fraction, unlike the active stress that has a linear
dependence.

The leading effect of the steric torque is to drive the isotropic-to-nematic transition when the dimensionless parameter
& =2Ugn/d (where n is the number density) comparing the strength of steric interactions to rotary diffusion is increased.
Specifically, two types of uniform steady base states of the form ¥ (x, p, t) = ¥(p) can be solved for by setting the angular
flow p in Eq. (52) to zero: the isotropic base state ¥y(p) = n/4m is always an exact solution of the equations, but at
sufficiently high values of & two additional axisymmetric nematic base states also exist, which are both of the form

Y(p) = ¥ (0) = Cexp[8(§)cos 20| (53)

where C is a normalization constant. In Eq. (53), 6 is the angle between p and the direction of nematic alignment, which is
indeterminate. The coefficient §(£) can be obtained by solving a nonlinear equation [81], which has two non-zero solutions
corresponding to the nematic states only when & > 13.46. A full linear stability analysis of these various base states was
performed by Ezhilan et al. [81], and the stability results are illustrated in Fig. 7 for pushers (¢ < 0), pullers (« > 0),
and movers (o« = 0, i.e. particles that swim without exerting any active stress). In the case of movers, the isotropic base
state is found to be stable up to & = 15; of the two nematic states, one is always unstable, and the second one, which is
also the most energetically favorable, is weakly unstable as a result of the steric stress tensor, though this state is likely
to be stabilized by translational diffusion in real systems. Active stresses in suspensions of pushers are destabilizing, and
all branches are found to become unstable before the isotropic-to-nematic transition even occurs. Pullers, however, have
a stabilizing effect: the isotropic state has the same stability as in the case of movers, and one of the nematic states is
stable over a finite range of £ near the nematic transition, but becomes unstable at high values of &. This last result differs
fundamentally from the dilute case discussed in Section 2, in which suspensions of pullers were found to be always stable.
In both suspensions of movers and pullers, there exists a range of values of & near the transition over which both isotropic
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Fig. 7. Stability of the isotropic (§(¢) = 0) and nematic (§(§) # 0) base states as a function of & =2Ugn/d, according to the analysis of Ezhilan et al. [81].
Results are shown for: (a) movers (i.e. particles that swim but do not exert an active stress), (b) pushers, and (c) pullers.
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Fig. 8. Nonlinear simulations of the dynamics in concentrated active suspensions (adapted with permission from Ezhilan et al. [81]): (a)-(c) show results
for the concentration field c(x, t), nematic parameter N(x, t) (defined as 3eq /2 where eq is the largest eigenvalue of Q), and nematic alignment direction
(defined as the direction of the eigenvector of Q with eigenvalue eq ) in the case of pushers (o« = —1); (d)-(f) show the same quantities in the case of
pullers (o = +1). Both simulations were obtained for & =2Uon/d = 26.92.

and nematic states are stable: as previously discussed by Doi and Edwards [50], this may result in hysteresis or phase
separation.

Ezhilan et al. [81] also confirmed the results of this stability analysis by three-dimensional fully nonlinear simulations of
the kinetic equations in a periodic domain. These simulations support the predictions of the stability analyses, and typical
patterns observed in the nonlinear regime in unstable pusher and puller suspensions are illustrated in Fig. 8. Unstable pusher
suspensions show very similar patterns and dynamics as in the dilute regime, and the leading effect of steric interactions
is to enhance local particle alignment. The case of unstable puller suspensions is, however, distinct: the morphology of the
observed patterns is different, and the dynamics are found to be significantly slower than in pusher suspensions at the same
volume fraction.

The models discussed above highlighted the important effect of steric interactions on the dynamics in concentrated
active suspensions, where direct contacts between particles tend to cause them to align. However, other effects not captured
by these theories are also expected to come into play: at very high concentrations, describing velocities in the fluid and
particle phases in terms of a single velocity field u(x, t) is likely inaccurate, and a more realistic theory would account for
both phases separately, for instance using a two-fluid model. Such models have been developed successfully to describe
concentrated suspensions of inert particles [124-126]; a first attempt at describing active suspensions in this manner is due
to Wolgemuth [45], though more work remains to be done in this area.
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5. Chemotaxis

Bacteria rarely evolve in idealized environments in which they only interact via hydrodynamic (and possibly steric)
interactions: they often grow and develop in confined spaces where they also interact with chemical cues or seek oxygen
and nutrients. Understanding how chemotaxis (or directed motion of bacteria towards or away from a chemical species) is
affected by hydrodynamics and mixing by self-induced flows is therefore an important problem for the modeling of chemical
transport and communication in bacterial suspensions, and likely bears consequences on more complex phenomena such as
biofilm formation. A clear experimental study of some of these effects was performed by Sokolov et al. [10], who studied
the dynamics of suspensions of the bacterium Bacillus subtilis in thin free-standing liquid films, where oxygen was free to
diffuse from the boundaries into the suspension. They were able to image the bacterial concentration profiles across the
film thickness, and made the following observations. In very thin films (with thickness L < 100 um), they found that the
concentration profile reached a steady state with a fairly weak migration of the bacteria towards the interfaces where oxygen
concentration is the highest. As film thickness was increased (L 2 200 um), a transition to three-dimensional chaotic motion
was found to occur, with much stronger migration towards the surfaces, and unsteady plumes of bacteria penetrating into
the bulk and enhancing transport.

The directed migration of swimming bacteria such as Escherichia coli or Bacillus subtilis along a chemical gradient is
achieved as a result of their run-and-tumble dynamics introduced in Section 2.7.2. Bacteria are able to modulate the char-
acteristic frequency A of their tumbling events according to experienced changes in concentration of a chemoattractant (or
repellant), which results in an effective biased random walk in the direction of the gradient. In the case of a chemoattractant
(such as oxygen or a nutrient), the tumbling rate is observed to decrease (with respect to its base value Ag in the absence
of a gradient) as a bacterium is moving towards regions of high concentration, and increase otherwise; these dynamics are
reversed in the case of a repellant. The precise dependence of the tumbling rate on the concentration s(x, t) of the chemical
cue was studied experimentally by Brown and Berg [127], who measured the following relation in the case of Escherichia
coli:

InA=Inxg — CPy (54)

where C is a constant and Py is the fractional amount of bound chemoreceptors, which, at low concentrations, is expected
to be proportional to the chemoattractant concentration in solution. In cases where the concentration varies with both space
and time (for instance when the chemoattractant field is being mixed by the swimmers), this suggests the following form
for the stopping rate:

A= roexp(—¢ Zs) (55)

where ¢ is the chemotactic response strength and %;s is a Lagrangian derivative capturing the rate of change of the
chemoattractant concentration s as experienced by a bacterium moving with velocity Vop + u:

Ds=ds+ (Vop+u) - Vs (56)

A linearized version of Eq. (55) in the limit where |¢ Z;s| < 1 has also been used [128]: A = Ag(1 — ¢ %s), which further
simplifies to A = Xo(1 — ¢ Vop - Vs) in the case of a constant and uniform gradient in s and in the absence of a mean-field
hydrodynamic flow.

Motivated by the experiments of Sokolov et al. [10], several recent studies have considered the case of chemotaxis in an
externally imposed gradient of a chemoattractant such as oxygen. Koch and coworkers [129,130] focused on linear stability
analyses in the case where the oxygen field is prescribed and is not affected by the flow, which is a good approximation
if the oxygen Péclet number is high. First, Subramanian et al. [129] considered the case of an infinite suspension of run-
and-tumble bacteria in a constant and uniform oxygen gradient, which they analyzed using a model very similar to the one
described here. They first noted that the run-and-tumble dynamics result in an anisotropic orientation distribution, with
a net polar alignment in the direction of the gradient. They then performed a linear stability analysis, where they found
that chemotaxis has a destabilizing effect and tends to reduce the critical bacterial concentration for instability that they
had previously derived in the absence of the tumbling bias [46]. More recently, Kasyap and Koch [130] examined a situa-
tion closely related to that of the experiments of Sokolov et al. [10]: they analyzed theoretically the stability of a confined
suspension of run-and-tumble bacteria when a chemoattractant gradient is prescribed in the direction of confinement. By
assuming that the full distribution function can be approximated as the product of a density field c(x,t) and of an orien-
tation distribution v (p, t), and using lubrication theory for the fluid flow inside the film, they predicted a long-wavelength
instability in which active stresses drive flows that tend to reinforce density fluctuations in the plane of the film.

The effects of oxygen transport and of nonlinearities were recently modeled by Ezhilan et al. [85], who simulated the
full nonlinear kinetic and flow equations of Section 2 coupled to an advection-diffusion-reaction equation for the chemical
concentration field s(x, t):

3S +u(x, t) - Vs — DgV?s = —kc(X, t)s(X, t) (57)

Here, the chemoattractant (for instance oxygen) is transported by the flow, diffuses, and is consumed by the bacteria accord-
ing to a second-order reaction. Simulations were performed in a doubly-periodic thin film geometry, with a free-shear-stress
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Fig.9. Dynamics in thin films of aerotactic bacteria (adapted with permission from Ezhilan et al. [85]): (a) bacterial and oxygen concentration fields in a film
of thickness L = 600 um in the unstable regime; (b) average bacterial concentration profiles in films of various thicknesses; (c) comparison to the results
of the linear stability analysis of Kasyap and Koch [130], which predicts an instability when g8 = —3X,,L/2nUq4 exceeds a critical value B¢ expressed in
terms of Pep, = 3LUdA0/V§ (where Uq = Vp prLI/dp is the aerotactic drift velocity).

condition for the velocity field on the boundaries, and a no-flux condition for the concentration field. Ezhilan et al. observed
dynamics quite similar to the experimental findings of Sokolov et al. [10], as illustrated in Fig. 9. In particular, both bacteria
and oxygen were found to approach steady concentration profiles in thin films; above a critical film thickness, a transi-
tion to three-dimensional chaotic dynamics was observed, in which dense plumes of bacteria penetrated the bulk of the
film as shown in Fig. 9(a), thereby enhancing both bacterial and oxygen transport and mixing. In very thick films, a dense
bacterial layer was also observed near the centerline in agreement with experiments, and was attributed to the nearly uni-
form oxygen concentration in this region, where chemotaxis ceases. The onset of instability in these nonlinear simulations
was compared to the linear stability analysis of Kasyap and Koch [130], and showed favorable agreement as illustrated in
Fig. 9(c).

A different situation arises when the chemoattractant is secreted by the swimming bacteria themselves, as was recently
modeled by Lushi et al. [131]. Their study was motivated by previous studies of bacterial self-concentration as a result
of chemotactic focusing [132], as well as communication processes in bacterial colonies via quorum sensing [133,134].
This situation was studied in the past using the celebrated Keller-Segel model [135] and its many variants [136-138],
though these models had all neglected the effect of the fluid flow generated by the swimmers. As discussed by Lushi et al.,
a transport equation similar to Eq. (57) can be used in this case:

3s + u(x, t) - Vs — DgV2s = —bys(x, t) + bac(X, t) (58)

where the consumption term on the right-hand-side has been replaced by two first-order reaction terms for chemoattractant
degradation (with rate constant b1) and production by the bacteria (with rate constant b;).

One steady state for this system is uniform isotropy for the swimmers, with a balance of production and degradation
in the chemoattractant concentration. Linearizing around this state for a simplified version of the model, Lushi et al. found
two uncoupled stability problems for chemotactically-driven aggregation and alignment-driven large-scale flows. As a func-
tion of tumbling frequency, they identified different regimes where instabilities to aggregation, or alignment, or both, are
dominating.

The nonlinear development of these instabilities is illustrated in Fig. 10 from near steady-state uniformity. The bare
dynamics of a suspension undergoing chemotactic aggregation without hydrodynamic coupling (i) shows a pattern of coars-
ening into larger and larger aggregates. Curiously, chemotactic pullers (ii) also show an initial aggregation which is then
stopped at a particular length scale. The resulting near-circular aggregates appear to be mutually repelling through the
development of small-scale hydrodynamic flows. Finally, (iii) shows chemotactic pushers for system parameters where hy-
drodynamic flows are suppressed, at least near steady state, but where the system is unstable to aggregation. What is
seen here is that aggregation can drive swimmer concentration up and induce locally unstable flows. Unlike the first two
cases, the flows are now highly dynamic and fragmented. One central lesson from this study seems to be that the intrinsic
flows generated by swimmers can limit the self-aggregation. In very recent work, Lushi et al. [139] also found very similar
dynamics in a chemotaxis model for swimmers that execute turns, rather tumbles, in response to chemotactic sensing.

6. Concluding remarks

Biologically active suspensions have generated much excitement over the last decade in several research communities,
from biology and physics to engineering and applied mathematics. The complexity of the dynamics and patterns that emerge
in these systems as a result of seemingly simple interactions are quite fascinating, and a variety of mathematical models
have been developed to elucidate the origin of these phenomena. As is apparent from this review, these models are based
on simplifying assumptions, which can be viewed as either a strength or a limitation: on the one hand, they allow one to
explore the roles of the different types of interactions between swimmers, while on the other hand they will never fully
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Fig. 10. Structure and dynamics of swimmer concentration in chemotactic suspensions at long times. (i) is for chemotactic swimmers without hydrodynamic
interactions; (ii) is for chemotactic pullers; (iii) is for chemotactic pushers. Lower figures are corresponding flow streamlines and polar order parameter n.
Reproduced with permission from Lushi et al. [131].

capture all of the effects at play in biological experiments, which often also involve complex chemistry and signaling. On
the experimental side, the prospect of using synthetic autonomous microswimmers [16,17,19,20,140,141] such as chemically
powered nanorods may offer an opportunity to test predictions from kinetic theories and other models more quantitatively,
though such swimmers have yet to be deployed in large enough numbers to undergo collective motion.

It is interesting to recall the close analogy between active suspensions and a number of other active biophysical systems,
including: actin-myosin beds [29] and networks [142], cytoskeletal networks [27], motor-protein-microtubule complexes
[26], to name a few. In all of these systems, individual components have the ability to draw energy from their environ-
ment (generally in the form of ATP) and to convert it to mechanical energy by exerting forces on their surroundings (other
particles, medium, or substrate). When the components of the system also have the ability to move and orient, either au-
tonomously or as a result of interactions or fluid flow, collective dynamics often ensues as in the case of active suspensions.
It is quite remarkable how similar the mechanisms and models for the dynamics in these varied systems can be, and this
has prompted researchers in these areas to classify them under the general label of “soft active matter” [143,144].

While much of the research work, both experimental and theoretical, in the area of active suspensions and related
biophysical and artificial systems has been fundamental in character, the curious behavior of these suspensions is likely to
bring about a wealth of technological applications. The ability of bacteria to efficiently mix fluid in the absence of inertia
has previously been reported in microfluidic flows [13], and the non-Newtonian rheology and mechanical behavior of these
suspensions, notably their ability to reduce the apparent viscosity of the suspending fluid, is also quite unusual though it
has yet to be exploited in engineering devices. Another natural though technically challenging use of these systems consists
in harnessing the mechanical energy imparted by active swimmers on their surroundings to perform engineering tasks: for
instance, the ability to use bacteria to pump fluid [145], power gears [146,147], transport and assemble micron-sized objects
[148], has already been demonstrated.
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