Active M atter

Gautam |. Menon
The Institute of Mathematical Sciences
CIT Campus, Taramani, Chennai 600 113 INDIA

Abstract

The termactive matter describes diverse systems, spanning macroscopic (e gssifdish
and flocks of birds) to microscopic scales (e.g. migratirg cmotile bacteria and gels formed
through the interaction of nanoscale molecular motors @ythskeletal filaments within cells).
Such systems are often idealizable in terms of collectidriadividual units, referred to as
active particles or self-propelled particles, which takergy from an internal replenishable
energy depot or ambient medium and transduce it into usedtk werformed on the environ-
ment, in addition to dissipating a fraction of this energipiheat. These individual units may
interact both directly as well as through disturbances ggaped via the medium in which they
are immersed. Active particles can exhibit remarkableectilte behaviour as a consequence
of these interactions, including non-equilibrium phasmnsitions between novel dynamical
phases, large fluctuations violating expectations frorncémral limit theorem and substantial
robustness against the disordering effects of thermaluddicins. In this chapter, following a
brief summary of experimental systems which may be clagsifieexamples of active matter,
| describe some of the principles which underlie the mogetihsuch systems.

1 Introduction to Active Fluids

Anyone who has admired the intricate dynamics of a group mfshin flight or the coordinated,
almost balletic maneuvers of a school of swimming fish carrepate the motivation for the
study of “active matter”: How do individual self-driven ugj such as wildebeest, starlings, fish or
bacteria, flock together, generating large-scale, sgatiporally complex dynamical patterns [51]?
What are the rules which govern this dynamics and how do tineiptes of physics constrain the
behaviour of each such unit? Finally, what are the simplessible models for such behaviour
and is there any commonality to the description of theseedgsroblems [46, 47, 48]?

Describing these diverse problems in terms of individugief@s” which evolve via a basic
set of update rules while interacting with other agents joles a general way of approaching a
large number of unrelated problems. These include the iggiser of the propagation of infectious
diseases in a population, the seasonal migration of anioallptions, the collective motion and
coordinated activities of groups of ants and bees and th@sig of shoals of fish [48]. Of these
problems, the subset of problems involving agents whosganical behaviour at a scale larger
than the individual agent must be constrained by local awasien laws, such as the conservation
of momentum, forms a special class [44]. It is these systératsare the primary focus of this
chapter.

Generalizing from the examples above, a tentative defmitibactive matter might be the
following: Active matter isatermwhich describesa material (either in the continuumor naturally



decomposable into discrete units), which is driven out of equilibrium through the transduction

of energy derived from an internal energy depot or ambient medium into work performed on the
environment. Such systems are generically capable of emergent behaaidarge scales. The
hydrodynamic description of such problems should be egaglplicable to situations where the
granularity of the constituent units is not resolved, buichhare rendered non-equilibrium in a
qualitatively similar way [48, 39].

What differentiates active systems from other classesieédrsystems (sheared fluids, sedi-
menting colloids, driven vortex lattices etc.) is that timergy input is internal to the medium (i.e.
located on each unit) and does not act at the boundaries ext@enal fields. Further, the direction
in which each unit moves is dictated by the state of the garéind not by the direction imposed
by an external field.

Figure 1: A school of fish, illustrating the tendency towapdsallel alignment while swimming.
Picture courtesy Prof. R. Kent Wenger

Such individual units are, in general, anisotropic, as @ Ei Collections of such units are thus
capable of exhibiting orientationally ordered states. Aardcal example of an ordered state of
orientable units obtained in thermal equilibrium is the m@mliquid crystal, in which anisotropic
particles align along a common axis. Active systems of sumts gan, in addition, exhibit directed
motion along this axis; a concrete example is illustratefign 1. In the context of active particles
in a fluid, the terminology “swimmers” or “self-propelledniales” is often used, while the terms
“active nematic” or “living liquid crystals” occur in the sicussion of the orientationally ordered
collective states of active particles [39].

Why study active systems? For one, such systems can disp&sep and phase transitions
absent in systems in thermal equilibrium [46, 47]. For aagthActive matter often exhibits un-
usual mechanical properties, including strong instaedibf ordered states to small fluctuations.
Such instabilities may bgeneric in the sense that they should appear in any hydrodynamicytheo
which enforces momentum conservation and includes thesbwler contribution to the sys-
tem stress tensor arising from activity [44]. Fluctuatiomsctive systems are generically large,
often deviating qualitatively from the predictions of sil@rguments based on the central limit
theorem [45, 46, 47, 37]. In common with a large number ofteelanon-equilibrium systems,
some examples of active matter appear to be self-tuned tadimity of a phase transition, where
response can be anomalously large and fluctuations dontireaterage behaviour.



Figure 2: Cells oEscherichia coli labeled with a dye and examined in a fluorescence microscope.
From these images, the behaviour of the flagellae of indalidells can be studied ds coli
swims [49]. Picture courtesy Prof. Howard Berg

The study of active matter spans many scales. The smallalgssitivolve the modeling of
individual motile organisms, such as fish or individual legiet or even nanometer-scale motor
proteins such as kinesin or dyneins which move in a directadmer along cytoskeletal filaments.
Hydrodynamic descriptions of large numbers of motile orgaus operate at a larger length scale,
averaged over a number of such swimmers that is large enougjiefgranularity at the level of the
individual swimmer to be neglected, while still allowing fithe possibility of spatial fluctuations
at an intermediate scale.

Finally, all living matter is matter out of thermodynamic equilibrium. The seusf this non-
equilibrium is, typically, the hydrolysis of a NTP (nucleds tri-phosphate, such as ATP or GTP)
molecule into its di-phosphate form, releasing energy.s'Hmergy release can drive conforma-
tional changes in a protein, leading to mechanical work. Id§jical matter is thus generically
internally driven, precisely as demanded by our definitibactive matter. Understanding the
general principles which govern active matter systemsccthuls provide ideas, terminology and
a consistent set of methods for the modeling of the mechbbetzaviour of living, as opposed
to dead, biological matter. This is perhaps the most subatanotivation for the study of active
matter.

The outline of this chapter is the following: Section 2 par»s some examples of matter which
can be classified as active, using our definition. Sectiomn3nsarizes results on a simple model
for an individual swimmer and summarizes necessary ingregglifor a coarse-grained description
of a large number of swimmers. Section 4 begins by illustgathe derivation of the equations of



motion and the stress tensor of a simple fluid and then goesitudtrate how this derivation may
be extended to describe fluids with orientational ordereckasthermal equilibrium. It then goes
on to discuss how novel contributions to the fluid stressaenan arise from active fluctuations,
deriving an equation of motion for small fluctuations aboyererassumed nematic state. These
calculations lead to predictions for the rheological betawof active systems and the demon-
stration of the instability of the ordered nematic (or pbktate to small fluctuations. In Sect. 5,
the theory of active gels is summarized briefly and some t&efam this formalism are outlined.
Section 6 provides a brief summary.

2 Active Matter Systems. Some Examples

The subsections below list a (non-exhaustive) set of exesgfl active matter systems. The large-
scale behaviour of some of these systems is the focus ofsat#ions.

2.1 Dynamical Behaviour in Bacterial Suspensions

Dombrowski et.al. study the velocity fields induced by beatenotion at the bottom of sessile and
pendant drops containing the bacteri@subtilis[12]. These flows reflect the interplay between
bacterial chemotaxis and buoyancy effects which togetttaoacarry bioconvective plumes down
a slanted meniscus, concentrating cells at the drop edgsiléeor at the drop bottom (pendant).
The motion exhibited by groups of bacteria as a result ofgbhlsconcentration is large-scale at
the level of individual bacteria, exhibiting vortical sttures and other complex patterns as a con-
sequence of the hydrodynamic interaction between swimiaageria. Thus, these experiments
highlight the crucial role of hydrodynamics, coupled witte tmotion of individual active swim-
mers, in generating self-organized, large-scale dyndrflicauations in the surrounding fluid.

2.2 Mixturesof Cytoskeletal Filamentsand Molecular Motors

The influential experiments of Nedelec and collaboratorstwae a limited number of cytoskeletal
and motor elements — microtubules, kinesin complexes arRl-Aih a two-dimensional geometry
in vitro finding remarkable self-organized patterns evadyvirom initially disordered configura-
tions [32]. These include individual asters and vorticewels as disordered arrangements of such
structures, in addition to bundles and disordered statearging values of motor densities. These
are self-organized structures, large on the scale of thgithdl cytoskeletal flament and mo-
tor, which require ATP (and thus are non-equilibrium) in@rtb form and be sustained. Several
hydrodynamical approaches to this problem have been pedp@s in Ref. [23, 41, 2]. These
experiments and associated theory are summarized in R3&f. [1

2.3 Layersof Vibrated Granular Rods

The experiments of Narayanan et.al. take elongated redddpper particles in a quasi-two-
dimensional geometry, and vibrate them vertically in a singB1]. This agitated monolayer of



particles is maintained out of equilibrium by the shakin@jei effectively acts to convert vertical
motion into horizontal motion via the tilting of the rod. Tliparticles are back—front symmet-
ric, and are thus nematic in character. These experimenttagge, dynamical regions which
appear to fluctuate coherently. Similar behaviour is ptedién theories of flocking behaviour
induced purely by increasing the concentration in denseeggdes of particles held out of equi-
librium [51, 48]. These experiments provide a particulatgking signature of non-equilibrium
steady state behaviour in “flocking” systems: the presehoember fluctuations in such systems
which scale anomalously with the size of the region beingayed, i.e., with a power a¥V which
exceeds the central limit prediction of &V behaviour of number fluctuations [48].

2.4 Fish Schools

Experiments of Makris and collaborators use remote sensigiipods on a continental scale to
access the structure and dynamics of large-scale shoakhptbntaining an order of a few mil-

lion individuals [25]. Apart from the relatively rapid tiregcale for the reorganization of the shoal
—around 1-10 min in their experiments — these experimentssde evidence for “fish waves”;

propagating internal disturbances within the shoal whictuo at relatively regular intervals, rep-
resenting disturbances at scales far larger than that ointheidual fish. The speeds of such
waves are larger, by around a factor of 10, than the velsoaitiehe swimming fish. They appear
to represent “locally interconnected compaction evenisilar to the Mexican waves exhibited

through the coordinated motion of spectators in stadia. iftteresting that similar wave-like exci-

tations are predicted in the hydrodynamic theories of Héi.44], where they involve waves of

concentration and splay [47] or splay—concentration amdi (jé4].

2.5 Bird Flocks

The STARFLAG collaboration has imaged large flocks of stgsi(betweeri0? and10* individ-
uals at a time), using computer-aided imaging techniquasderstand the dynamics of individual
birds and how this dynamics is influenced by the spatialibistion and behaviour of neighbouring
birds. Surprisingly, and contrary to what might have beeanahaexpected, birds appear to adjust
to the motion of the flock by measuring the behaviour of togwally (and not metrically) related
neighbours [3]. Thus, at each instant, each bird appears ¢tofmparing its instantaneous position
and velocity to those of the 5—7 birds closest to it, makiregatijustments required to maintain the
coherence of the flock. This strategy appears to have thenth@that reducing the density of the
flock should not then impact the coherence of the flock, simdg mpological and not metrical
relationships are involved, a fact that calls into questiengradient expansions favoured by most
theoretical work which represents flocking behaviour byrsegyrained equations of motion for a
few hydrodynamic fields.

2.6 Marching Behaviour of Antsand L ocusts

lan Couzin’s group at Princeton has investigated the ttiansio marching behaviour in locusts.
Swarms of the desert locusgchistocerca gregaria, in their non-flying form, can exist in a rela-



tively solitary individualistic state as well as a gregasaollective state. In the “gregarious” state,
such locusts can form huge collective marching units whachde all vegetation in their path. This
has a huge social and economic impact on humans, affecery#iihood of one in ten people on
the planet in plague years. These experiments provide ariexgntal example of the collective
transition in simple computational models of flocking bebav. From more recent work from this
group, it appears, somewhat unusually, that the transgiomuced by “cannibalistic” behaviour,
in which a locust is successful in biting the rear-quartéthie locust immediately in front [7, 10].

2.7 Listeria monocytogenes Motility

The bacteriuniListeria monocytogenes is a simple model system for cell motility, which derives
its ability to move from the polymerization of actin, leadito the formation of a “comet tail”
emerging from the rear of the bacterium [35]. Motility apyseto arise from the deformation of the
gel formed by the actin and cross-linking proteins as a aqunsiece of continuing polymerization,
which results in a propulsive force on the bacterium. The-eguilibrium comes from ATP-driven
actin polymerization. Interestingly, many features of éixperiment can be reproduced in in vitro
systems where actin polymerization is initiated at theasefof specially treated beads, which then
exhibit symmetry-breaking motility [29].

2.8 Cdl Crawling

There is a vast and intriguing literature on cell crawlingsabbstrates [8, 9, 14, 50]. Such crawl-
ing appears to have four basic steps: the extension of aelubtrusions, the attachment to the
substrate at the leading edge, the translocation of theboely and the detachment at the rear.
Cell crawling appears to be largely mediated by a meshwogdcbth in gel form, whose fluidity
is actively maintained through the action of myosin motord ather associated proteins [8, 50].
Interestingly, motility has also been observed in nuclewking cell fragments excised by lasers,
over a period of several hours.

2.9 Active Membranes

Experiments on fluctuating giant vesicles containing bamteodopsin (BR) pumps reconstituted
in a lipid bilayer indicate that the light-driven proton ppimg activity of BR amplifies membrane
shape fluctuations[26, 27]. The BR pumps transfer protommendirection across the membrane
as they change conformation upon excitation by light of agjgevavelength. These experiments
have been described in terms of a non-equilibrium “actiesfiperature[26, 27]. Hydrodynamic
theories which interpret the experimenta a description of a membrane with a density of em-
bedded diffusing dipolar force centras. as an “active membrane”, have also been studied in
some detail. It is interesting that several developmentheéntheoretical description of generic
active matter reflect ideas first introduced in the contexdative membranes[33, 38, 42]. A de-
tailed study of a biologically relevant model of an activemigane system which contains a large
number of references to the literature is available in Rf].[



3 TheSwimmer: Individual and Collective

The examples provided in the previous section are indieatisome of the diversity exhibited by
systems which fall under the general category of activeenafihese can broadly be classified into
systems in which the role of mechanical conservation lavgs {(er momentum) are important and
systems in which, typically, only the conservation of numbeelevant.

The flocking model of Vicsek and collaborators [51], recasterms of hydrodynamic equa-
tions of motion by Toner and Tu [46, 47, 48], is an agent-basedel in which cooperativity is
driven by a density dependent interaction which tends tenbrindividual units in the direction
in which their neighbours move. The environment — the groand vegetation for the moving
locusts, for example, provides merely the background m¢hse and has no other dynamical sig-
nificance. In the case of the flock of starlings the commuiuodietween individual starlings does
not appear to be primarily via the medium, but through viswaltact.

The case of the motile bacterium and the swimming fish, on therdhand, are cases where
the medium plays an important role in transferring momentoi@and from the swimmers and in
determining the interactions between swimmers. This cabdevdiscussed below, first for the
situation of the individual swimmer and then for collecsasf swimmers, modeled via a hydrody-
namic approach.

3.1 Thelndividual Swimmer

The central idea in the modeling of individual swimmers iattthe system must be force-free,
when averaged over lengthscales larger than the chastmelimension of the swimmer [39, 6].
This is a consequence of Newton’s third law, which imposasttie force exerted by the swimmer
on the fluid must be equal and opposite to the force exertetéiiuid on the swimmer. Thus, if
one considers the swimmer as a source of forces locally mitte fluid which act upon the fluid,
such a source cannot have a monopole component but may hagela @r higher multipole)
component.

Depending on the character of the swimmer, more distinsteoa possible [6, 39]. Contractile
swimmers or pullers (such as bacteria propelled by flagéllaeahead of the organism) pull fluid
in along the long axis and push it out along an axis normal &ir timidpoint. Tensile swimmers
or pushers push fluid out along their long axis and pull fluidiong the midpoints. They are
propelled from the rear, justifying the terminology of pash

Consider a simple model for a microscopic swimmer. In thé&k&dimit, time does not enter
these equations explicitly and the velocity field is comgliespecified by the boundary conditions
imposed on the flow. (The use of the Stokes limit is genegigabtified in the case of bacteria,
where characteristic Reynolds numbers at the scale of éegpagticle are of the order da)—* or
smaller.) Reversing the velocity field at the boundariesughcetrace the velocity field configu-
ration, implying that the trajectory assumed by the swimmaets configuration space cannot be
time-reversal invariant. The helical or “corkscrew-likebtion of the flagellae of the bacteriuin
coli (see Fig. 2), discussed by Purcell [34], provides a padrtykattractive example of how the
limitations on directed motion at the low Reynolds numberguired for the Stokes limit approxi-
mated to be valid can be overcome.



Averaging over multiple strokes of the swimmer simplifies trescription: the broken tempo-
ral symmetry required for translation in a flow governed by 8tokes equations can be replaced
by a broken spatial symmetry. This singles out the direatiomotion of the swimmer. Following
a model introduced recently by Baskaran and Marchetti (@magations and treatment we follow
closely in this section), the swimmer is modeled as an asymionggid dumbbell [6]. This dumb-
bell consists of two differently sized spheres, of ragji(large) andug (small), forming the head
and the tail of the swimmer. The lengthof the swimmer is the length between the two centers.
The orientation of the swimmer is given by the unit vecipdrawn from the smaller sphere to the
larger sphere.

Thus, the equations of motion of the two spheres, with locatt; ., andr ., are given by

atrLOl - u(rLa)
atrSoz = u<r5a>7 (1)

where the constant length between the two spheres is imfinysind constraint that;, — rs, =
(v, and the velocity field is given bu(r). The no-slip condition at the surfaces of the spheres
requires that the sphere move with the velocity of the fluixt te it.

The velocity field obeys the Stokes equation and is congtddty incompressibility,

T}V2U(r) = Vp + Foctive + fNois&
V-u(r) = 0, 2)

where the “force” terms which enter on the right hand sidecareposed of a term which is associ-
ated purely with activity (i.e. vanishes in thermal equiliion) as well as of a second “noise” term
modeling the fluctuations in fluid velocity arising from plyr¢hermal fluctuations. Such noise
terms do not conventionally enter the Navier-Stokes eqoafibut must generically be included in
a coarse-grained description. Detailed expressions é&setforces are available in Ref. [6].

To solve the Stokes equations, we insert a delta functiorefd(r)F on the right hand side,
representing a fundamental source term from which more t®ofprce configurations can be
constructed. In Fourier space, the incompressibility d@omdis imposed ag - u(q) = 0, while
the Stokes equations arejq*u(q) + iqp(q) = F(q). This then gives

1 (q- F)q)
=—(F-——), 3
u(r) ng’ < ¢ 3)
with F
pa) =i 5 (@)
These are inverted by
1 6 rr

Thed symbol is the unit tensor. In a Cartesian basig ¢fk it is

5 =ii+jj+kk (6)



The quantity acting on the force on the right hand side is theed tensor, defined through

Oij(r) = (d5; + 7575) [8mnr (7)
for |r| > ar g, with 7 = r/|r| a unit vector. The Stokes equations are solved by the sugiégro
ui(r) = £ [04(r = Tra) = Oi(r = r0)] Py - (8)

The divergence at short distances is eliminated throughefiaition: O;;(|r| < ar s) = 0;;/CL.s,
where(;, ¢ = 6mnay, s.

The dynamics of aextended body in Stokes flow follows from translation of the hydrodymia
centre and rotations about the hydrodynamic centre. (THeolaynamic centre refers to the point
about which the net hydrodynamic torque on the body vanjsihésus plays the same role in
Stokes flow as the centre of mass in inertial dynamics.) Foptbblem of a rigid dumbbell in an
external flow, the hydrodynamic centre is obtained from

¢ _ GLrL +GsTs _ arrp +asts
(L + (s ar +ag
The equations of motion for the translation and rotatiorhefltydrodynamic centre follow from

(9)

1
0xl = v+ =3 Fog+Ta(t)
BFa

we = CLR > Tas +TE() (10)

where the angular velocity describing rotations about grdrddynamic centre is defined by
Ol = Uy X Wa (11)

and
¢ =(CL+¢s)/2,¢r=17C . (12)
The random forceg,, andI'Z lead to diffusion at large length scales [6].
The forcesF, 3 and the torques,s arise from hydrodynamic couplings between swimmers.
An isolated swimmer is propelled at speed
fAa

Y= _87r7)€a (13)

with velocity vor. This velocity arises purely as a consequence of the fatthlkahydrodynamic
and the geometric centers do not coincide. For symmetrimavers, this velocity is zero and the
swimmer is a “shaker” as opposed to a “mover”.
The interactions between swimmers can be calculated iniline dmit by a multipole expan-
sion, yielding
Fiy ~ 2fal [3(fg - 02)* — 1] % (14)
12



for the hydrodynamic force exerted by théh swimmer on thevth one. In addition, expressions
for the hydrodynamic torque between swimmers in the dilaté tan be derived and are presented
in Ref. [6].

The hydrodynamic force decays agr?,, as follows from its dipole character. The torque
consists of two terms: One is nonzero even for shakers agdsaiwimmers regardless of their
polarity. The second term vanishes for symmetric swimmssying to align swimmers of the
same polarity. A more detailed discussion of the structdiria® forces and torques for pushers
and pullers is available in Ref. [6].

3.2 Multiple Swimmers

The coarse-grained version of the many swimmer problemfisetethrough the following local
fields[4, 5]. First, we must have a density of active parictéefined microscopically in terms of

cr,t) = () _o(r =) - (15)

Second, in the case in which the axes of a fore—aft asymmstilmmer are largely aligned
along a common direction — as in a magnet — we can define a lethldescribing polar order in
the following way:

P(r.f) = - (1}7 5 <; Pad(r —1C(1))) . (16)

Third, and finally, when one considers ensembles of intergswimmers, we must also con-
sider the possibility of additional and more subtiacroscopic variables representing orientational
order. An ensemble of individual particles, each alignedaeerage, along a commauis, is fa-
miliar in soft condensed matter physics. Such systems &ged to as nematics and the ordering
as nematic ordering. In suctematic order, the alignment is along a common axis but a vectorial
direction is not picked out.

Orientational order in the nematic phase is generally desdroy a second-rank, symmetric
traceless tensap,;(x, t), defined in terms of the second moment of the microscopiatai®nal
distribution function. This (order-parameter) tensor barexpanded as

Qop = gS <nan5 — %5(15) + %T (lalg — mamg) . a7
The three principal axes of this tensor, obtained by diatiging ), in a local frame, specify
the direction of nematic ordering, the codirectod and the joint normal to these, labeled by
m. The principal values$ and7 represent the strength of ordering in the directiomandm,
guantifying, respectively, the degree of uniaxial and laibematic orders.
In thermal equilibrium, the energetics @f,s is calculated from a Ginzburg-Landau functional,
first proposed by de Gennes, based on an expansion in r@yimvariant combinations af) .5



and its gradients [11]. The Ginzburg-Landau-de Genneditumal ' is

F = /d3X[%ATTQ2 + %BT’/’Q3 + iC’(TTQz)2 (18)

b OBErQY + L (0aQ0) (0Q)]

Here,A = Ay(1 — T'/T*) T* denoting the supercooling transition temperatutgjs a con-
stant,, is an elastic constant and 3, v denote the Cartesian directions. Other elastic terms can
also be included; this simple approximation corresponadshat is called the one Frank constant
approximation.

Two simplifications are possible and often convenient. tFik® may assume uniaxial rather
than biaxial order, since this is by far the more common fofrardering. In the ordered nematic
state, the average orientation occurs along a direc¢tidrhis is the nematic director, defined to be
a unit vector. We can thus work within a description in whibk tomponents af),; are written
out in terms of the components of the nematic direator his gives us

35 1
Qa,@ = 7 <nmj — géw) . (19)
The energetics of small deviations from the aligned staddiained, in this representation, from a
Frank free energy appropriate to uniaxial nematics:

1 1 1
fro = §Kl(div n)? + §K2(n -curln)? + §K3(n x curl n)?* . (20)

Here K is the splay elastic modulus, associated with a splay defbomV - n, K, is the twist
elastic modulus and&; is the bend elastic modulus. The Frank const&#tskK, and K5 have the
dimensions of a force and can be represented as the ratioarfeagy to a length scale. We can
assumex; ~ kpT./a wherea is a molecular length of ordérnm. Note that this description uses
three elastic constants (which can be reduced to the sitaggecoefficient of Eq. 19 by assuming
thatK1 = Ky = K.

With this background, the definition of a local field repraggmnematic order follows from [11],

1

Q= g5 (Bt = 38010 (1) @)

«

4 Hydrodynamic Approachesto Active Matter

A class of questions relating to the modeling of active nmasteoncerned with (a) whether forms
of collective ordering are at all possible in ensembles t&rewcting active particles and (b) whether
such ordering, if assumed to preexist, can be shown to b&esghinst fluctuations. Our defini-
tion of the single swimmer associated a direction with therswing motion, the direction of the
axis formed by connecting, say, the center of the small spteethe center of the large sphere.



The question is thus whether the axes or orientations oéreifft swimmers can be aligned as a
consequence of their interaction.

In subsections below, the problem of deriving equationsatiom for the nematic order param-
eter field and the construction of a stress tensor appregoat nematic fluid are briefly examined.
Results for the active nematic are summarized and the signie of these results for the rheolog-
ical properties of active matter briefly outlined.

4.1 Equationsof Motion: Fluid and Nematic

Identifying conservation laws and broken symmetries isaheeial first step in constructing hy-
drodynamic equations of motion for the relevant fields in pheblem. For both conserved and
hydrodynamic fields, the relaxation of long wavelength fhations proceeds slowly, with the rele-
vant timescales for the relaxation of the fluctuation diweggs the wavelength of the perturbation
approaches infinity.

For a simple fluid with no internal structure, the consenvataws for the local energy, the
densityp and the three components of the momentum deggsigye

Oe .

a - _v] 3

dp

a - v g,

g

;’; = —V,m;, (22)

wherej“ is the energy current and; is the momentum current tensor, related to the stress tensor
The conserved momentum density itself acts as a currennfithar conserved density, the mass
(equivalently, number) density, a relation which is respble for sound waves in fluids.

The hydrodynamic description of fluids with internal ordsuch as the nematic or polar fluid)
must account for additional hydrodynamic modes arisingbtlte fact that the ordering represents
a broken symmetry. For small deviations from equilibriumeaerives an equation for entropy
generation and casts it in terms of the product of a flux and@foSuch fluxes must vanish at
thermodynamic equilibrium. Close to equilibrium, it is seaable to expect that fluxes should
have a smooth expansion in terms of forces.

As an illustrative example, consider the simple fluid in theence of dissipation. We have,
with u the velocity field,

g = pu,
Tij = POij +u;9; = —055 + puiu;
. pu?
i = (e+pu= €0+p+7 : (23)
The mass conservation equation is just
dp
= = V- (pu), (24)

ot



while the momentum conservation equation is

0gi . dpu;

8t = 81& = —Vjﬂ'ij = —Vip — Vj(puzuj) . (25)
This is Euler’s equation, usually written as
—1
N Vyu= vy (26)
ot P

The dissipative contribution to the stress tensor is adealfor by adding a term;j to the stress
tensor,

!

Tij = Poij + puuj — oy

. (27)

Dissipation can only arise from velocity gradients, sinog eonstant term added to the velocity
can be removed via a Galilean transformation. The dissipatefficient coupling the stress tensor
to the velocity gradient is most generally a fourth rank tens

!

Uz’j = mjklvkul . (28)
However, symmetry requires that
2

oy =n(Viu; + Vu; — 352‘J‘V -u) + (65 V - u . (29)
This gives the Navier-Stokes equations. Assuming incosgilodity, we have
@:Oz—v-(pu):—v-u. (30)
ot
Thus,
ou 2
Por +p(a-V)u=-Vp+nV-u, (31)

along with the constrairiZ - u = 0. The velocity field thus has purely transverse components.

How is this to be generalized for a nematic fluid? First, foreanatic fluid, we must have
an equation of motion for the directar (or, equivalently, for the,s tensor) in addition to the
equations for the conservation of matter, momentum andggnérn, 43]. Second, distortions
of configurations of the nematic order parameter field alsdrdmite to the stress tensor of the
system [11, 43].

The director is aligned with the local molecular field in diduium; local distortions away from
the molecular field direction must relax in order to minimike free energy. The local molecular
field is defined in the equal Frank constant approximation as

h; = KV*n, . (32)
Also, the director does not change under rigid translatadreonstant velocity. Thus, the leading
coupling ofn to u must involve gradients ai. This can then be written as

8ni

e NijiVjug + X, =0, (33)



whereX' is the dissipative part of the current. This dissipative pan be written as

/ 1
X, = 53]7;@ , (34)
where~ is a dissipative coefficient and the projector isolates comepts of the fluctuation in the
plane perpendicular to the molecular field direction.

The constrainh - On/0t = 0 implies that there are only two independent componentseof th
tensor),;;. These can be taken to be symmetric and antisymmetric, defini

1 1
Aijk = iA((sgnk + 0hn;) + §>\2(5£nk — 0hny) (35)
where
Under a rigid rotation,
T :wxnzé(VXu)xn, (37)

mandating that the coefficient of the antisymmetric part must be -1.
Thus the final equation of motion for the director, the Oseagraéon, takes the form [11, 43]

h;
atni +v- V?’LZ -+ wijnj = 53; ()\u,-jnj + ;) . (38)
whereu;; = (1/2)(0;u; + 0;u;).
The stress tensor of the nematic consists of three partfirshis the thermodynamic pressure
p, while the second is the viscous stress, given by the tensor

’

oy = aanmngngAg + aangN; + aznNj + as Ay + asngng Ay, + agning Ajr , (39)
constructed from symmetry allowed terms, whéreepresents the symmetric part of the velocity
gradient as before and the vectoy = n; + %(ﬁ x curlu); is the change of director with respect
to the background fluid. One relation, due to Parodi, cormtinet coefficients; . . . ag; there are
thus 5 independent coefficients of viscosity in the nematig.|

The third contribution to the stress tensor is the stat&sf@t) contribution arising from defor-

mations in the director field [11], i.e.,

oF
e — _ M . 4
0’” 8ankVan ( O)

A more detailed discussion of the equation of motion of theaiéc order parameter and the stress
tensor is available in Ref. [11].



4.2 ActiveOrientational Order and itsInstabilities

The central idea behind the modeling of the active nematitasout of thermal equilibrium, new
terms enter the equation of motion for the nematic directowall as the stress tensbiThese
terms are more “relevant” than the terms mandated by theyneodic approaches, in the sense
that their effects are stronger at long wavelengths andreg tones, i.e. in the thermodynamic
limit. To demonstrate this, assume nematic or polar ordpeagticles, given by a unit director field
n. The “slow” or hydrodynamic variables are (i) the concetitra fluctuationsic(r, ¢), (i) total
(solute and solvent) momentum dengifyr, t) = pu(r,t) and broken symmetry variables whose
fluctuationséin, = n — 2. For polar ordered suspensions, there is a non-zero didgtie vyn.
The momentum density evolves via

Jgi

ot

= —V,oij , (41)

with o;; the stress tensor.
What is special about self-propelled particle systemsasttie active contribution to the stress
tensor is proportional to the nematic order parametey, i.e.

o5 X (nmj — %62-3-) . 42
Pascals law is thus violated in the active nematic, sincastainon-zero deviatoric stress. Also,
crucially, terms obtained from the standard near-equilibranalysis are of higher order, since
they involve gradients of the nematic order parameter.
This result can be derived from a microscopic calculatiangithe simple model for a single
swimmer discussed above, by simply Taylor expanding thelditferm which appears in the force
density, about the hydrodynamic centre. This yields

a CLL+CL5

Uij = 5 fC(I',t) (nmj — %523) y (43)

wherea;, and g were defined earlier in the context of the single swimmer. ¥&ime an initially
aligned state in which the director points, on average, gl Z direction. Fluctuations away
from this are given byn, = n — Z. Fluctuations about the averaged value can be parameterize
by
ony
m=| dn, . (44)
1

Also, we can expand the velocity fieldin terms of fluctuations about its mean valug

OUy
ou = o, . (45)
ug + 0u,

1In this section, we follow the treatments of Refs. [44, 15jselly.



Finally, we must allow for concentration fluctuations, via
c(r,t) = co + dc(r, t) . (46)
Using the equation of motion for the velocity field, definetbtilghu = g/p, we get

(ar +as) i)(co + dc(r, 1)) (nin; — 152‘]') _ (47)

6%u.::——VQ- B (p 3

This then gives, once we insert the expressions for smatLfions and retain terms to the lowest
order

dou, = L) Ly s,
2 p
Obu, = (ar ;— as) (%)coﬁzcmy
oou. = 2 D000, 40, + LT Dyosern . ag)
which we can write as
oou; =~ wyo,on
Obu, ~ weV,y -on, + ad,ic(r,t), (49)

wherea =~ fa/p andw, ~ coa anda ~ 21 We must now impose incompressibility, which
requires that
Viou, +0,u, =0. (50)

In Fourier space, this is
iq) -ou,(q,t) +iqu,(q.,t) =0. (51)

Incompressibility implies that the velocity field must begly transverse, a condition that is easily
imposed by using the transverse projection operator

daqp
Phs = <5a6 TP ) : (52)

Operating this projection operator on a vector field isadk®se parts of the field which have no
longitudinal component. Doing this yields

2

Oou, = —iwg(l — Z—z)qzénx - %qzény — ia%(qﬁnx + q,0n, + g.dc)
2
. dzq q
Odu, = —Zwo(—?y)qzénx +(1- q—g)qzény
R (qw0n, + q,0n, + q.0¢) (53)

q2



which can be written in the compact form

dou . q
atJ_ = —1Wp{q, (1 — 2QJ_QJ_/q2) 51’1J_ — ’L%Oz((h_éc) . (54)
Number conservation implies
ddc .
ot -V-j, (55)
wherej = cvgn = cvg(dn, + 2), SO
0 0
(a + UO@) oc+ covgV, -on=20. (56)

The equation of motion for polar-ordered particles whoseration is described by contains

a term representing advection by a mean drift, a term desgrithe consequences of a non-
equilibrium osmotic pressure and other terms familiar froon brief description of nematody-
namics close to equilibrium in the previous section[44],

— oV, dc+ %8(6;—; - VJ_UZ) + %’YQ(agl’:J_
Taking the curl of this equation as well as the equation forde gives coupled equations
for the dynamics of twis¥/ x n; and/or vorticityV x u, . Related results follow from taking the
divergence of these two equations, resulting in coupled®gps forV-n , V-u,; andVdéc, which
are complicated but have also been analysed [44]. Thesdetbaguations have been shown to
possess wave-like solutions.
The results of these calculations are summarized in theviolg:

e A linearized treatment, ignoring viscosity, for the polarapolar cases at lowest order in
wave number, yields propagating modes with a charactemstability in the case of purely
apolar active particles.

¢ Retaining viscosity, in the steady Stokesian limit whereeterations are ignored, polar and
nematic orders at small wave numbers are generically dézembby a coupling of splay (for
contractile particles) or bend (for tensile particles) m®tb the hydrodynamic velocity field.
In this limit, for nematic order, this instability has beesfarred to as a generic instability.
(A physical picture for the origins of this instability isquided in Ref. [39].)

e Any mechanism for introducing screening into the hydroagitainteraction will suppress
the instability, such as introducing boundaries into thetey [6, 39] or applying a shear [30].

e Number fluctuations in ordered collections of self-propeibarticles are anomalously large [46,
47]. The variancé(dN)?), scaled by the meal, diverges asV?/3 in three dimensions in
the linearized treatment of Ref. [44]. Physically, this isansequence of the fact that (a)
orientational fluctuations (director distortions) produnass flow and (b) such fluctuations
are large because director fluctuations arise from a brok@am®try mode.



In a more general context, activity provides new currenth for matter and momentum,
beyond those which would be predicted from a theory basedrail perturbations away from
thermodynamic equilibrium. It is these new currents whiok the source of the novel results
indicated above.

4.3 Rheological Predictions

The following predictions for the rheological propertidsagtive nematics are obtained from [15]
and the discussion here follows that reference closelyalseg24, 1, 22]. The active contribution
to force densities within the fluid follows from

F*'=V.o°. (58)

The activity contributes to traceless symmetric (deviajatress through
1
ot — nga ~ WQ+ W,Q?, (59)

wherelV; andW; reflect the strength of the elementary dipoles. The fullssttensor has contri-
butions from the fluid4*) as well as the order parameter fietd*), giving

oc=0"40"+0. (60)

The time-dependence ef is assumed to be slaved to the time-dependence of the ondeneter
field Q. The equation of motion fo®, upon linearization, should take the form
0 1
QG DVQ 4 MA L (61)
ot T
wherer is an activity correlation time] is a diffusivity, \q is a kinetic coefficient and higher
order terms have been dropped in favour of the lowest-ondes.oUsing these, we can calculate
the stress response to a shear inathglane. In Fourier space, this is

a+ W)X
O

_ _G’(w) — iG”(w)Z,A

o

2y > (62)

defining the storage and loss mod@fi(w) andG” (w). The important results which follow from
this analysis are the active enhancement or reduetjon« Wr (depending on the sign of the
parameten?’) of the effective viscosity at zero shear rate. The theosp @redicts strong vis-
coelasticity as increases. For passive systeWis= 0. For active system$}’ is non-zero and the
storage modulus then behaves as

Gwr>1)~W. (63)

All these effects are expected to be enhanced if the transiito a polar ordered phase, rather
than to a nematic.



5 ActiveGels: Summary

A parallel line of activity, centered on models for specifiolbgical phenomena such as the
symmetry-breaking motility exhibited by beads coated withymerizing actin and the dynamical
topological defect structures obtained in mixtures of motnd microtubules, outlines a descrip-
tion of active matter in terms @lctive gels[13, 17, 19, 20, 16].

The philosophy of these approaches is the following: Ratth@&n begin from a microscopic
model for a swimmer or individual moving particle and themgelize from the microscopics to
realize symmetry-allowed equations of motion for the fluedoeity field and for the local con-
centration of swimmers, one can start with a coarse-gramoetinuum model for a physical vis-
coelastic gel which is driven by internally generated, eoplibrium sources of energy[16]. The
equations of motion for the stresses in this gel as well afofmal order-parameter-like quantities
describing, for example, polar order at a coarse-grainald gge constructed using the basic sym-
metries of the problem. The non-equilibrium character ¢f groblem follows from the fact that
such equations of motion do not derive from an underlying freergy.

The passive gel has a viscoelasticity whose simplest reptaison is via a Maxwell model,
exhibiting solid-like behaviour at short times and fluikdibehaviour at long times. In this model,
the deviatoric stress,; is related to the strain rate tensqy; = % (Onup + Oguy), Whereu is the

velocity field in the gel, via
0%5 Oap

6t + T = 2Eua5 s (64)
whereFE is a shear modulus obtained at short times. The simple timieatige must be augmented
by convective terms, as well as terms representing thetsff#fclocal rotation of the fluid, to
enforce Galilean invariance and the appropriedene independence.

Polar order in such gels is assumed to be weighted by a frexgpeiike expression obtained
from the theory of polar nematic liquid crystals. This takies form:

0

n
fz/dr [%(V-p)2+%(p-(v><p))”%(px(pr))2+kv-p—7'p2 . (65)

There are three Frank constants for splay, twist and benith, th® nematic case. The (non-
zero) constant is permitted by the vectorial symmetry of the polar case. dimglitude of local
order is parametrized by the constaﬁt

The hydrodynamic theory of active gels begins by identdyialong classical lines, fluxes
and forces. The hydrodynamic description contains phenoiogical parameters, called Onsager
coefficients. These fluxes are the mechanical strggsssociated with the mechanical behaviour
of the cell, the rate of change of polar order (the polarigtiP and the rate of consumption
of ATP per unit volume r. The generalized force conjugateht ATP consumption rate is the
chemical potential differencé& ;. between ATP and the products of ATP hydrolysis, while the
force conjugate to changes in the polarization is the loedd fh, obtained from the functional
derivative of the free energy, i.b = —§F /ép. The force conjugate to the stress tensor is, as

2A summary of these results can be found in [17], from wheretmbthis material is drawn.



usual, the velocity gradient tens@yug. This can, as is conventionally done, be expanded into its
traceless symmetric, pure trace and antisymmetric partsimilar expansion can be made for the
stress tensor.

The next step is to construct equations of motion for theatevic stress, using the convected
Maxwell model with a single viscoelastic relaxation timéaelequation must couple the mechani-
cal stress and the polarization field as well as include a taupling activity to the stress. It takes
the form

151

2
_<pahﬁ +p6ha - _h'ypfy(saﬁ)} ) (66)

D
2nuaﬁ = <1 + TE) {Uaﬁ + CAMQQﬁ + TAaﬁ - 9 3

where the co-rotational derivative is

D 0 0
D8 = (E + uvﬁ—n) Oap + [Wary Oy + Wpy0sal ; (67)
the tensot4,; describes geometrical nonlinearities arising out of galiEations of the Maxwell
model to viscoelastic fluids, anfls = %(pap — %pzéaﬁ). The antisymmetric part of the stress
tensor leads to torques on the fluid and is obtainable from

1
Oap = 5 (Pahp — psha) (68)

2
The viscoelastic relaxation timeis the coefficient;, describes the coupling between mechanical
stresses and the polarization field, while the paramgterthe coefficient of active stress gener-
ation, acting to couple activity to the stress. The second flefined from the rate of change of
polarization is given by

. DP
P=—. 69
D (69)
The Onsager relation for the polarization is
b, _1 ho + AMipa A % (70)
Dtpa - - « 1Pa Al NUappPp NugpPa -

These include several phenomenological parameters, suthearotational viscosity; which
characterizes dissipation from the rotation of the polian as well as the constantsandr;.
Then, we must have an equation for the rate of consumptio Bf Ahis takes the form

r= AA:LL =+ Cpapﬁuaﬁ + C_uaa + )\lpaha . (71)

These are simple but generic equations representing tihedyssmetries of the problem[16].
They can be shown to have interesting and surprising coesegs: an active polar gel can exhibit
spontaneous motion as a consequence of a gradient in theopddat parameter, as well as defects
in the polar ordering which are dynamic in character [17]e3énideas have been applied to the
study of the motion of the cell lamellipodium and to the origation of microtubules by molecular
motors[16].



The generality of these equations follows from the fact thaty are motivated principally
by symmetry considerations. Thus, even though they desaniiinsically non-equilibrium and
highly nonlinear phenomena, for which the rules of congingceffective, coarse-grained equa-
tions of motion for the basic fields are not as well developsitha theory for the relaxation of small
perturbations about thermal equilibrium, the “unreastmelfectiveness of hydrodynamics” may
well hold in their favour.

6 Conclusions

This chapter has provided a brief review of the field of whatugently called active matter. The
emphasis has been on attempting to clarify the basic ideahwhve motivated the development
of this field, rather than the details of the often intricatel womplex calculations implement-
ing these ideas. Much recent and important work, includimgnerical calculations — illustrative
references are Refs. [40, 28, 36] — has been omitted entietizte sake of compactness.

As indicated in the introduction, the importance of thisdialould appear to be that it might
suggest ways of thinking about the response and dynamigsinng Isystems, while providing a
largely self-consistent framework for calculations. Sal@on-trivial insights have already been
obtained from these calculations, particularly in the td@ration of the generic instability of po-
lar or nematically ordered states in the presence of the-tanged hydrodynamic interaction,
the connection between microscopic models and their hyaraaic limits, as well as a compre-
hensive theory of active gels, generalizing ideas from rienpdaysics. The precise relationship
between macroscopic, symmetry-based hydrodynamic emsatepresenting active nematics and
an underlying microscopic theory has been substantiadlyfidd, as in the work of Ref. [6] and
references cited therein. To what extent further developsia this field may aid the increasingly
active dialogue between physics and the engineering sciencesanthhand and the biological
sciences on the other remains to be seen.

| thank Sriram Ramaswamy and Madan Rao for many enlightening and valuable discussions
concerning the physics of active matter. Conversations at various points of time with Cristina
Marchetti, Tanniemola Liverpool, Jacques Prost, Karsten Kruse, Frank Julicher, David Lacoste,
Ronojoy Adhikari, P. B. Sunil Kumar, Aparna Baskaran and Jean-Francois Joanny have also
helped to shape the material in this chapter. This work was supported by DST (India) through
a Swarnajayanti Fellowship, by the DST Nanomission [ Grant SR/S6/NM- 10/2006], by the Indo-
French Centre for the Promotion of Advanced Research (CEFIPRA) [Grant No. 3502] as well as
by the PRISM project, IMSc. The hospitality of ESPCI and the Institut Henri Poncare is gratefully
acknowledged.



References

[1] Ahmadi A, Marchetti MC, Liverpool TB (2006) Hydrodynauos of isotropic and liquid crys-
talline active polymer solutions. Phys Rev E 74:061913

[2] Aranson IS, Tsimring LS (2005) Pattern formation of noitrbules and motors: Inelastic
interaction of polar rods. Phys Rev E 71:050901(R)

[3] Ballerini M, Cabibbo N, Candelier R et al (2008) Interiact ruling animal collective behav-
ior depends on topological rather than metric distancalenge from a field study. Proc Nat
Acad Sci 105:1232-1237

[4] Baskaran A, Marchetti MC (2008), Enhanced Diffusion a@dlering of Self-propelled
Rods. Phys. Rev. Lett. 101: 268101

[5] Baskaran A, Marchetti MC (2008) Hydrodynamics of selépelled hard rods. Phys Rev E
77:011920

[6] Baskaran A, Marchetti MC (2009) Statistical mechanicsl daydrodynamics of bacterial
suspensions. Proc Nat Acad Sci 106:15567-15572

[7] Bazazi S, Buhl J, Hale et al (2008) Collective motion amamibalism in locust migratory
bands. Current Biology 18(10):735—-739

[8] Bershadsky A, Kozlov M, Geiger B (2006) Adhesion-medatmechanosensitivity: a time
to experiment, and a time to theorize. Curr Opin Cell Bio4l/2-81

[9] Bray D (1992) Cell Movements: From molecules to motiliBarland Publishing, New York

[10] Buhl J, Sumpter DJT, Couzin ID et al (2006) From disortteorder in marching locusts.
Science 312(5778):1402-1406

[11] de Gennes PG, Prost J (1993) Physics of liquid crys?ald,edn. Clarendon, Oxford

[12] Dombrowski C, Cisneros L, Chatkaew L et al (2004) Selficentration and large-scale co-
herence in bacterial dynamics. Phys Rev Lett 93:098103

[13] GiomilL, Marchetti MC, Liverpool TB (2008) Complex sptameous flows and concentration
banding in active polar films. Phys Rev Lett 101:198101

[14] Gruler H, Dewald U, Eberhardt M (1999) Nematic liquigstals formed by living amoeboid
cells. Eur Phys J B 11:187-192

[15] Hatwalne Y, Ramaswamy S, Rao M et al (2004) Rheology tif/egarticle suspensions.
Phys Rev Lett 92:118101

[16] Joanny JF, Prost J (2008) Active gels as a descriptitmeohctin-myosin cytoskeleton. HFSP
Journal, 3(2):94-104



[17] Jdlicher F, Kruse K, Prost et al (2007) Active behawbthe cytoskeleton.Phys Rep
449:3-28

[18] Karsenti E, Nedelec F, Surrey T (2006) Modeling michatle patterns. Nature Cell Biology
8:1204-1211

[19] Kruse K, Joanny JF, Jllicher F et al (2004) Asters,iged, and rotating spirals in active gels
of polar filaments. Phys Rev Lett 92:078101

[20] Kruse K, Joanny JF, Jllicher F et al (2005) Generic thed active polar gels: a paradigm
for cytoskeletal dynamics. Eur Phys J E 16:5-16

[21] Lacoste D, Menon GI, Bazant MZ, et al (2009) Electrdstahd electrokinetic contributions
to the elastic moduli of a driven membrane. Eur Phys J E 28:283

[22] Lau AWC, Lubensky T (2009) Fluctuating hydrodynamicglamicrorheology of a dilute
suspension of swimming bacteria. Phys Rev E 80:011917

[23] Lee HY, Kardar M (2001) Macroscopic equations for patteormation in mixtures of mi-
crotubules and molecular motors. Phys. Rev. E 64: 056113

[24] Liverpool TB, Marchetti MC (2006) Rheology of activedihent solutions. Phys Rev Lett
97:268101

[25] Makris NC, Ratilal P, Symonds DT et al (2000) Fish popigia and behavior revealed by
instantaneous continental shelf-scale imaging. Scieh&e680-663

[26] Manneville JB, Bassereau P, Ramaswamy S, Prost J (28€tiMe membrane fluctuations
studied by micropipet aspiration. Phys. Rev. E 64: 021908

[27] Manneville JB, Bassereau P, Levy D, Prost J (1999) Awtiof Transmembrane Proteins
Induces Magnification of Shape Fluctuations of Lipid Menmtas Phys. Rev. Lett. 82: 4356

[28] Marenduzzo D, Orlandini E, Cates ME et al (2008), La&tRoltzmann simulations of spon-
taneous flow in active liquid crystals: The role of boundaoyditions. J Non-Newt Fluid
Mech 149:56-62

[29] Marcy Y, Prost J., Carlier MF et al (2004) Forces gerstaturing actin-based propulsion:
a direct measurement by micromanipulation. Proc Nat Acad &c5992-5997

[30] Muhuri S, Rao M, Ramaswamy S (2007) Shear-flow-indusetfopic to nematic transition
in a suspension of active filaments. Europhys Lett 78:48002

[31] Narayanan V, Ramaswamy S, Menon N (2007) Long-livechigrmumber fluctuations in a
swarming granular nematic. Science 317:105-108

[32] Nedelec FJ, Surrey T, Maggs AC et al (1997) Self-orgatinin of microtubules and motors.
Nature 389:305-308



[33] Prost J, Bruinsma R (1996) Shape fluctuations of actigebranes. Europhys. Lett. 33:321
[34] Purcell EM (1977) Life at low Reynolds number. Am J Ph{s3+-11

[35] Rafelski SM, Theriot JA (2004) Crawling toward a unifiesbdel of cell motility: spatial and
temporal regulation of actin dynamics. Ann Rev of Biochenm2®3-239

[36] Ramachandran S, Sunil Kumar PB, Pagonabarraga | (200&}tice-Boltzmann model for
suspensions of self-propelling colloidal particles Euy®h E 20:151-158

[37] Ramaswamy S, Simha RA, Toner J (2003) Active nematica @nbstrate: giant number
fluctuations and long-time tails. Europhys Lett 62:196—202

[38] Ramaswamy S, Toner J, Prost J (2000) Nonequilibriunctiltions, Traveling Waves, and
Instabilities in Active Membranes. Phys. Rev. Lett. 84: 849

[39] Ramaswamy S, Rao M (2007) Active filament hydrodynamiastabilities, boundary con-
ditions and rheology. New J Phys 9:423

[40] Saintillan D, Shelley MJ (2008) Instabilities and paitt formation in active particle suspen-
sions: kinetic theory and continuum simulations. Phys Ret 100:178103

[41] Sankararaman S, Menon GI, Kumar PBS (2004) Self-omgpahpattern formation in motor-
microtubule mixtures (2004) Phys. Rev. E 70: 031905

[42] Sankararaman S, Menon GI, Kumar PBS (2002) Two-comipioiiid membranes near re-
pulsive walls: Linearized hydrodynamics of equilibriumdamonequilibrium states. Phys.
Rev. E 66: 031914

[43] Stark H, Lubensky TC (2003) Poisson-bracket approadhé dynamics of nematic liquid
crystals. Phys Rev E 76:061709

[44] Simha RA, Ramaswamy S (2002) Hydrodynamic fluctuatiand instabilities in ordered
suspensions of self-propelled particles. Phys Rev Le@®2:01

[45] Simha RA, Ramaswamy S (2002) Statistical hydrodynarafordered suspensions of self-
propelled particles: waves, giant number fluctuations asthbilities. Physica A 306:262—
269

[46] Toner J, Tu Y (1998) Long-range order in a two-dimenaiatynamical XY model: how
birds fly together. Phys Rev Lett 75:4326-4329

[47] Toner J, TuY (1998) Flocks, herds, and schools: a qtaie theory of flocking. Phys Rev
E 58:4828-4858

[48] Toner J, Tu Y, Ramaswamy S (2005) Hydrodynamics and gshad flocks. Ann Phys
318:170-244



[49] Turner L, Ryu WS, Berg HC (2000) Real-Time Imaging of élescent Flagellar Filaments
J Bacteriol 182:2793-2801

[50] Verkhovsky AB, Svitkina TM, Borisy GG (1999) Self-palaation and directional motility
of cytoplasm. Curr Biol 9(1):11-20

[51] Vicsek T, Czirk A, Ben-Jacob E et al (1995) Novel type dfage transition in a system of
self-driven particles. Phys Rev Lett 75:1226-1229



