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Abstract. We study the dynamics of systems with a polar dynamic preferred direction. Examples include
the pattern-forming growth of bacteria as well as shoals of fish, flocks of birds and migrating insects.
Due to the fact that the preferred direction only exists dynamically, but not statically, the macroscopic
variable of choice is the macroscopic velocity associated with the motion of the active units, which are
typically biological in nature. We derive the macroscopic equations for such a system and discuss novel
static, reversible and irreversible cross-couplings connected to a second velocity as a variable. We analyze in
detail how the macroscopic behavior of an active system with a polar dynamic preferred direction compares
to other systems with two velocities including immiscible liquids and electrically neutral quantum liquids
such as superfluid *He and *He. We critically discuss changes in the normal mode spectrum when comparing
uncharged superfluids, immiscible liquids and active system with a polar dynamic preferred direction. We
investigate the influence of a macroscopic hand (collective effects of chirality) on the macroscopic behavior

of such active media.

1 Introduction

The collective dynamics of active systems has attracted in-
creasing attention of the physics community over the last
few years. These are (predominantly) biological systems
that are driven out of equilibrium, not by externally ap-
plied driving fields, but internally - typically by chemical
reactions. As long as the internal driving forces are oper-
ating, the units of the active system move, and due to this
motion an ordered spatial structure is created. Examples
are schools of fish or flocks of birds [1-5], pattern forming
growing bacteria (e.g. Proteus mirabilis) [6-14], biological
motors (myosin and actin) [15-20], or general suspensions
of active particles. They are all internally driven by chem-
ical reactions, e.g. the ATP to ADP consumption, the an-
imals’ metabolism, or any other feeding mechanism. If the
internal drive stops, e.g. due to lack of nutrients, the sys-
tem becomes passive, with no motion and no remaining
localized collective spatial structures, anymore [21].

Here we will describe the cooperative dynamics of such
active systems on the macroscopic level by means of hy-
drodynamic equations. In particular, we focus on cases,
where the spatial structure induced by the active units is
of the polar type, i.e. there is a specific preferred direction
in space that allows to discriminate head and tail, or front
and rear, or forward and backward within the structure.
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Quite recently, we have given a similar description for the
case of axial, non-polar spatial order [22].

Orientational order is, of course, also present through
spontaneous breaking of a continuous symmetry in equi-
librium systems, like nematic and polar nematic liquid
crystals, representing the two different cases, non-polar
and polar symmetry mentioned above. In these equilib-
rium systems, the spatial structure is static in nature.
Similarly, static orientational order can be induced in some
systems by strong external (magnetic or electric) fields or
mechanical stresses. In these cases the spatial structure
and its dynamics is described by a second rank orienta-
tional tensor (which can be used to define a director) [23]
or a polar vector [24,25]. These quantities are static in
the sense that they do not change under time reversal. In
Refs. [26,27] also active systems have been described by
these quantities.

Here, we will take a different point of view and describe
the active structure as dynamic, created by the motion
of active units. The natural candidate for the variable to
describe the dynamic structure is then (in the polar case)
the velocity of the active entities. Since there is generally
also a non-active background, we are left with two different
velocities, the non-active one and the active one, which
is finite in the active state. Since we will not deal with
the transition from the active to the passive state, we do
not need to provide the (system specific) link between the
feeding process and the active velocity. For an analysis of
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models incorporating such a transition we refer to [28,29].
For a comprehensive discussion of the nonlinear two-fluid
hydrodynamics in passive systems, cf. Ref. [30].

The active polar media analyzed here should also be
contrasted to uncharged superfluids including superfluid
4He and the superfluid phases of 3He. In this case the ad-
ditional hydrodynamic variable characteristic of superflu-
ids, the superfluid velocity, v, is associated with a spon-
taneously broken continuous symmetry, namely gauge in-
variance [31-36] Therefore there is an additional propagat-
ing normal mode, second sound, that vanishes in the long
wavelength limit, but is associated with a finite velocity. In
this paper we will critically compare similarities and differ-
ences in the normal mode spectrum of active polar media
and superfluids. We find in particular (compare Sec.3 be-
low) that the active systems studied here have only one
pair of left-right propagating modes (sound) in the hy-
drodynamic limit, but show additional non-hydrodynamic
propagating modes at higher frequencies.

To explain our model in more detail, we will set up
the two-fluid active polar hydrodynamics in Sec. 2.1 and
discuss the static (Sec. 2.2, 2.3) and dynamic aspects, sub-
sequently (Secs. 2.4 — 2.6). In section 3 we discuss some
simple solutions of our equations including a discussion of
the changes in the structure of the normal modes when
compared to simple fluids and superfluids. In addition, we
will deal with the case of a chiral polar active system (Sec.
2.7).

2 Nonlinear two-fluid active dynamics
2.1 Relevant dynamic variables

As discussed above, we choose the relative velocity F', be-
tween the active entities and the passive background as
the additional variable describing the active motion and
active polar spatial structure in such systems. This vec-
tor can be decomposed as F = Ff with |F| = F. The
modulus F' is non-zero in an active state and is a measure
of how strong the ”degree of activity” is. We assume that
there are no chemical reactions between the active part
and the background. Hence, the masses are conserved and
the respective mass densities, p; and ps obey conservation
laws separately, as does the total density p = p1 + p2

. (1

prt+ Vi) =0 (1)

p2+ V5 =0 (2)

p+ Vi 31 =0 (3)

with the total mass current j; = ji(l) + ji(z); dots denote
partial derivatives w.r.t. time.

In the absence of external forces the total momentum
is conserved and the total momentum density, g;, follows
the conservation law

gi + VjO'tqt =0

ij

(4)
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defining the (total) stress tensor o{¢". Defining the mean
velocity of the system as v = g/p and the (mass) concen-
tration of the active part as ¢ = p1/p (hence pa/p = 1—¢)
we have the following relations [30]

g = g1+ gy = p1v1 + pav2 (5)
vi=p 'g+(1-9)F, (6)
vo=plg—o¢F (7)

where the relative velocity F is related to the momentum
densities and the velocities of the active and background
part, respectively, by F' = vy — va = g,/p1 — g2/ p2. Ob-
viously, F' transforms as a velocity, i.e. it is a polar vec-
tor (odd under spatial inversion) that changes sign under
time reversal. In Ref. [22] the variable W that describes
a dynamic azial spatial structure also is odd under time
reversal, but even under spatial inversion. There is no con-
servation law connected with F', since relative velocities
give rise to friction and, hence, to dissipation for non-
superfluids.

The kinetic energy density connected with the two ve-
locities and densities can be written as

(8)

1 1 1 1
€kin = ipwf + §p2v§ = 27)92 + §aF2

with o = pp(1 — ¢). Since F? = F? only contains the
modulus, the orientation of f is energetically not fixed.
Thus, the active polar structure breaks rotational sym-
metry, spontaneously. This also implies that rotations of
f are the appropriate hydrodynamic variables. This is in
complete analogy to the passive case [24]. In the passive
case Eq. (8) has the equilibrium ground state g = 0 and
F = 0. However, the active state is not in equilibrium and
as ground state a stationary one, characterized by a finite
Fs > 0 (and g, = 0) and arbitrary f, can be used. To
accommodate this ground state, a fictitious ”active field”
F*' = oF, f can be introduced giving rise to an energy
contribution

€act = —F*" - F = —aF,F (9)
Generally, there can be multiple stationary states, and Fj
might depend on space, but we will not consider these
cases.

Finally, since the system is a thermodynamic one, we
use the entropy density o (with the temperature, T, its
conjugate) to describe thermal effects. The energy density
€ is then not independent, but given by the thermody-
namic Gibbs relation

de —Tdo=1IHdo+ pudp+v-dg+m'-dF
that relates infinitesimal changes of the variables with
those of the energy density. We have introduced the os-
motic pressure II and the conjugate to the relative veloc-
ity, m’. The conjugate quantity m’ = a(F — Fyf) is pro-
portional and parallel to the relative velocity and shares
the transformation behavior of the latter. Decomposing
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m’ = m/f, it becomes obvious that m/' - dFF = m/dF

(due to f-df = 0), with m’ describing the stiffness w.r.t.
changes of the degree of activity F.

In the case of a static polar structure, an external elec-
tric field linearly orients this structure. In the present case
of a dynamic ordering, such an external field, F*** has to
be a velocity-type quantity (polar vector odd under time
reversal), e.g. a flow field that acts only on the active enti-
ties. If such a physical external field exists, an additional
term ~ F*" . dF will appear in the Gibbs relation.

In the Gibbs relation Eq. (10) we have added gradients
of the relative velocity, dV ; F;, that describe deformations
of the polar structure as well as inhomogeneous distribu-
tions of the degree of activity. Since the latter is an intrin-
sic property in an active system, inhomogeneities might
be present, even in a bulk system. An example would be
a finite gradient in the concentration of the nutrient that
fosters active behavior. The conjugate quantity ¥;; has
to be a second rank tensor that is even under spatial in-
version and odd under time reversal, such that the en-
ergy is even under inversion and time reversal. Finally, we
have introduced for completeness contributions to energy
changes due to local rotations of the polar structure, df;,
that arise because of the anisotropy (the f; dependence) of
the material tensors. The so-called molecular field A} has
the symmetry properties of a velocity and is transverse
with hjf; = 0.

In order to guarantee the energy to be a scalar quan-
tity, de has to vanish for any coordinate rotation. De-
scribing the latter by a constant antisymmetric matrix
Qij = —.jS, there is dFl = Qiij and dVJFZ =
2,V Fy + (2,1, V; F), resulting in a compatibility condi-
tion for the conjugate quantities [37]

h;’fj + WkiVij + g/ikkaj = h;fz + lI/ijiFk + g’jkkai-

(11)
There are no contributions from the momenta and veloc-
ities, since g || v and F || m'.

Since the modulus of F' is a non-conserved variable and
its orientation is the hydrodynamic symmetry variable, it
makes sense to decompose it in the Gibbs relation. Ne-
glecting surface effects (i.e. allowing for partial integration
in the volume integral of the total energy E = [ edV') one
can put the Gibbs relation into a form suitable to derive
bulk hydrodynamic equations

de=Tdo+Hdp+ pdp+v-dg+mdF + h;df; (12)
The explicit forms of m and h; are given in Egs. (29) and
(30), below. Note that m is a time-reversal symmetric,
scalar quantity, while h; transforms like a velocity and is
perpendicular to f;. The conjugate quantities are obtained
by partial derivation of the total energy density, which is
discussed in the subsequent section. The full expressions
of the conjugate quantities are listed in Sec. 2.3.

Finally, we will provide an expression for the thermo-
dynamic pressure, p, that enters the hydrodynamic stress
tensor. From the definition p = —0F/JV it is clear that
the pressure contains all intensive quantities, like mass,
momentum, entropy, and energy, but not the extensive
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ones, like concentration or relative velocity [30]

p=—e+To+pu+p 'g® (13)
and its gradient can be written as (Gibbs-Duhem equa-
tion)

Vip=0oV T+ pViu+g;Viv; — I V;9

—m'Vz-F — kajViVij — h;VZfJ (14)
Neglecting surface effects in the Navier-Stokes equation,
the three last contributions can be simplified to —mV,; F —

hiVif;.

2.2 Statics

In a hydrodynamic description statics is the phenomeno-
logical relation between the thermodynamic conjugates
and the variables of the system. What is left in present
case is the connection between the scalar quantities
T, p, IT and the ("molecular”) field h; on the one hand,
with the state variables o, p, ¢ and with V; F; on the other.
This is most easily done by adding three contributions to
the energy, the gradient energy, €444, the state energy,
€state, and the mixed one, €,,;,. Standard symmetry con-
siderations [37] lead to

€grad = 3Kiju (Vi F;) (Vi Fr) (15)
Estate = 3Cpp(0p)” + $Co0(80)” + $¢ps(50)(59)

+ ¢06(0p)(60) + €po (6p)(60) + co¢(00)(66)  (16)
Emiz = (afjkvka+afjkvkp+03kvk¢)(ViFj) (17)

This energy has been written in terms of deviations from
the stationary state with dp = p — ps, do = 0 — 05, and
6p = ¢ — @5, where the stationary values pg, o5, and ¢
are assumed to be constant.

The generalized Frank tensor Kjj;r; has to contain an
even number of f; factors due to time reversal and spatial
inversion symmetry, while the mixed tensors olfj , contain
an odd number for the same reason. In particular we find

Kijr = %Kl ( ijali-_l + ‘Sz'Jl_d]J‘?c) + K2 fpepij fq€qki
+ K fi1fi0i + Kafifi fufi+ Ks fi fr05;
+ 1Ko (fifidi; + fifuli + fifi0m + frfi6i5)

(18)

with 514; = 0;; — fif;. It has the same structure as in
the nematic and static polar case, as well as in the axial
dynamic one. The first three terms are the proper Frank
ones, K, and K5 relate V,;F with each other, while Kg
describes couplings between V;F' and V;f;. The energy
€s¢ contains the standard thermodynamic susceptibilities,
like compressibility, specific heat, thermal expansion etc.
The mixed gradient terms have the same structure as in
the dynamic axial case [22]

ol = ot fififu + 05 fi05% + 0% (fid5; + fud3s)

where = can be either p, o or ¢.

(19)
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In contrast to the dynamic axial case, there is no
static cross-coupling between the momentum and order,
~ g;VjF}, due to the polar nature of F. Because of the
time reversal properties of F', there is no linear gradient
term of the form V;F; possible in the free energy. Such a
term is present in the passive polar case and responsible
for the possibility of inhomogeneous splay phases [38]. In
addition, in the dynamic polar case, there are no couplings
between 0 F, f;V,;F, and divf with the state variables, as
is the case in the static polar case [24].

An external electric (E) or magnetic (H) field inter-
acts with the dynamic polar structure in the same way as
with a nematic order, i.e. through dielectric and diamag-
netic anisotropy and flexo- and order-electricity, respec-
tively

e = 3x0 (F B + 3x. (F - H)* + BV i (20)

with Cijr = C1fifj e + Cafudis + Ca(fi05;, + fi0i%). An ex-
ternal flow field that acts only on the active entities, if it
exists, will add a term, — ez F" - F, to €f.

Finally, the total energy density reads

€ = €kin + €qct T €grad + €state t+ €miz + €f (21)

It has been set up as a sum of bilinear expressions in the
variables. Nevertheless, the resulting state equations are
highly nonlinear, because i) the preferred direction f; in
the material tensors is a dynamic variable, ii) all material
coefficients are a function of the scalar state variables, p, o,
and ¢, and iii) the kinetic energy is manifestly nonlinear.

2.3 Equations of State

According to their definition in the Gibbs relation Egs.
(10) or (12), the thermodynamic quantities are obtained
by partial derivation of the total energy, e.g. by ¥;; =
0¢/OV jF;. Again, we assume that the values of the con-
jugate quantities in the stationary state (T, us, and IIy)
are constant. We only need to consider the deviations from
the stationary state (denoted by 7§ ”, when necessary)

Oe
ij = <8V-Fi) .

= zgklvkﬂ +J”kvkp+0—1]kvka+amkvk¢

o= (22) o <§(i>|s

= Cog00 + Cpg0p + CopdP —

op = ((C;;)... - <§;)|si..

Cppl0p + cp¢6¢> + Cpodo —

(22)

U,WV VkF — *'U

Oe Oe
oIl = —
(5) - (a¢>|s_.
= C¢¢(5¢ + de(SO' + C¢p§p — U,‘fleVkF

+p(1_2¢) ( F— F)+st(1_2¢s)F2 (25)
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where the dots mean, all other variables (out of
{0,9,p,9:, F;,V;F;}) are held fixed, and the subscript ”s”
denotes the Value in the stationary state of that quantity.
In the expressions containing oj’;; we have integrated by
parts.

There are specific dynamic-active contributions to the
state equations in the last lines of Eqgs. (24) and (25),
which are quadratic in F'. They arise from the state vari-
able dependence of « in the kinetic energy Eq. (8). There
is no such contribution in the temperature. These terms
are nonlinear, but come without a (possibly small) phe-
nomenological parameter and are only possible in the case
of active and dynamic order. There are comparable con-
tributions in the axial dynamic case [22].

When deriving m;, the conjugate to F;, one has to
take into account that the material tensors are written for
convenience in terms of f; rather than F;. In particular we
get (suppressing external fields for the moment)

0
mi:(a;) a(F; — fiFs) + F~05h) (26)
with
0 0K,
h;5+(a]fv> - a;{’” (V,;F,)(V.F)
g F7, g
do®

+ X f (Vea)(Valy) (27)

Decomposing F; = Ff; the Gibbs relation Eq.(10)
takes the form
de = TdCT‘FHdQﬁ‘F,LLdﬂ‘F’U : dg + leI/szVJF
+(m’ =+ ![/”ijz)dF =+ FWijdefi

+035 (B}, + WV F)df; (28)
where m; and ¥;; follow from Egs. (26) and (22), respec-
tively.

Integration by parts leads to Eq. (12) with the conju-
gates
Oe
e Loyt
hi = = 035 (hy, — F'V;W;) (30)
6fi F,...

that contain the longitudinal and transverse parts of
the vectors h; and V;¥;;, respectively; the dots contain
{o,6,p,9:}

If electric and magnetic fields are present, the con-
jugates acquire additional contributions according to the
field energy ey

m—m+xJF(E-f)?+x)F(M-f)?  (31)
h — h —|—(5 fj ( anEk+Xa Mij) (32)
and in addition
B, — )+ ag’}?qEqijk (33)
Ui — Wi + Crji Bk (34)
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Of course, external field not only influence the stiffness of
the polar structure, but also m, the stiffness of fluctuations
of the degree of activity.

2.4 Dynamic Equations

Dynamic equations come in two classes, either conserva-
tion laws for the conserved quantities or balance equations
for the non-conserved ones. These equations contain the
currents and quasi-currents, respectively, which are the
sum of a reversible and an irreversible part. This distinc-
tion refers to their time reversal behavior and is linked
to the entropy production: the reversible parts are non-
dissipative with zero entropy production, while the irre-
versible ones are dissipative with positive entropy produc-
tion. The latter can be derived from a Lyapunov func-
tional the dissipation function R, which is closely related
to the entropy production R/T. Within linear irreversible
thermodynamics R is a bilinear function of the thermo-
dynamic forces, which are generally the gradients of the
conjugate quantities discussed in the preceding section.
The phenomenological coefficients of that function are the
transport parameters of the system.

The reversible parts of the currents do not follow from
a Lyapunov functional, but either follow from general sym-
metry, invariance, or thermodynamic principles or are de-
rived phenomenologically from the zero entropy produc-
tion requirement. The latter come with phenomenological
parameters and a well-known example is the flow align-
ment coefficient in ordinary nematic liquid crystal. There
is a considerable number of such reversible transport pa-
rameters in magnetic nematic materials [39,40] and dy-
namically ordered axial systems [22]. The symmetry re-
lated parts are generally nonlinear, but do not come with
a (possibly small) phenomenological parameter. Examples
are the isotropic pressure contribution in the stress ten-
sor, the advective transport contributions to the dynamics
that describe, in the Eulerian picture, temporal changes
of a quantity at a fixed point in space due to material
flow(transport contributions), and the convective parts of
the time derivative describing the rotational behavior of
vectors and tensors (involving the local vorticity).

In a two-fluid description it is a priori not fixed, which
one (or which combination) of the two velocities present
should be chosen in the transport terms. There are phe-
nomenological reversible currents of the form of transport
terms that influence the effective advective velocity [30].
To fix the transport term, special (mostly unproven) mod-
els have to be employed. On the other hand, one is not
completely free in choosing the advective velocity or the
convective part, and a certain choice might have conse-
quences for other properties [30]. One restriction is the
zero entropy production requirement of such terms.

Here we will start with a consistent ansatz, where all
quantities are advected by the mean velocity v and are
convected by curlv. In the reversible dynamics section we
show how phenomenological contributions in the currents
might lead to a different effective transport velocity (and
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convection vorticity) for the particular variables. This pro-
cedure is also compatible with our choice of the total mass
current being identical to the total momentum density,
J = g = pv, which has the further consequence that gra-
dients of the chemical potential V;u cannot be the source
of phenomenological contributions to any current. Under
these provisos the dynamic equations read

R
T
d+viVip+p 'Vijl =0
§i + Vj(vjgi + 6ijp+ ol +035) =0

FZ' + 'UjVjFZ' — Fjwij + X, =0

(5’+V¢(0’U1‘)+vijg= 36

38

(35)
(36)
(37)
(38)
(39)

where the latter can be decomposed

F+uViF+X=0
fi+0;Vifi— fjwij +Yi=0

with X = f;X; and Y; = F‘lékak. In the stress tensor
there is an additional non-phenomenological, thermody-
namic term

(42)

olf = 43 W ViFs + UaViFy)
whose structure resembles the Ericksen stress in ordinary
nematics and which has been symmetrized [37] making use
of Eq. (11). To achieve this goal it is crucial that the con-
vective part of the F' dynamics is expressed by a vorticity
based on the mean velocity, w;; = (1/2)(V, v; — Viv;). As
will be shown below, however, the effective relevant vortic-
ity may be different due to some phenomenological parts
of Xl

The dissipative and reversible parts (superscripts D
and R, respectively) of the phenomenological currents de-
fined in Bqs. (36) — (41), {j7, i, 0u;, Xi} (or rather X,
Y;) will be discussed subsequently.

2.5 Dissipative Dynamics

For dissipative processes the entropy production f R/TdV
has to be positive. Using Eq.(10), this requires

R=—j7PV,T —jPPVl' — B Ay +YPhi+ XPm >0
(43)
with IT = pII’ and the symmetrized velocity gradient
Aij = %(Vivj + Vj’l)i). Note that -Qij = %(Vivj — Vj’l)i)
does not enter Eq.(43), since rigid rotations must not pro-
duce entropy.
Eq.(43) also reveals the stationary state conditions
where the latter conditions mean f; = const. The dissi-
pation function R is a time reversal-symmetric scalar and
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can be written
2R = Ii”(va)(vJT) =+ Dij (VZH/)(V]H/)
—|—2D;-1; (VZ-H/)(VJ‘T) + VijklAijAkl
—I—p,g;-kAijva + ugkAiijH’

+b"65; hihj + &'m® + O(Vm,Vh)  (45)
including heat conduction, diffusion and thermodiffusion
material tensors (k;;, D;j, DiTj, respectively), which are all
of the uniaxial form

Tij = WL(;iJjT + 7T|‘f1'fj (46)
for m € {s, D, DT}. The cross coupling between flow and
temperature and osmotic pressure gradients are specific
for dynamic polar systems and the transport tensors Kk
(z € {T, 1} are of the same form as the of;; in Eq. (19).
For dynamic axial structures, such couplings are only pos-
sible in the chiral case.

The viscosity related to gradients of the mean velocity
is expressed by the tensor v;j;, which is of the conven-
tional uniaxial (nematic) structure with 5 different vis-
cosity coefficients [41]. Orientational relaxation of the po-
lar structure is described by the transport coefficient b”,
while the friction due to the existence of a relative velocity
(or in other words, the relaxation of the degree of activ-
ity, F) is characterized by £’. The two latter processes are
both governed by a scalar quantity (rather than a tensor),
since structure rotations are strictly transverse and the
relative flow (is by definition) strictly longitudinal.

Although there are already dissipative processes re-
lated to h; and m, we will list here additional viscosity-
like dissipative effects that are characteristic for 2-fluid
systems

O(Vm, Vh) = v5F (Vim)(Vm) + vl (Vihi) (Vihy)
+1/-Ff(Vim)(thk) + ugk(vim)Ajk

ik
UL (VT)(V ki) + VIV IT') (V5 hy,)
(Vi) A (47)
with
vEF = vEF fify +vEF S “®)
ijjlccz = 276500 + 5i1630) + v Foepis fa€ami
+vi! fif;0% (49)
VEL = VI (f55 + 10%) (50)
v = v 16k + 10%) (51)
VOl = v (fish + f64) (52)
vEe = VF fifif + V5 i85+ S0F (Fi65 + fr65) (53)
Vifjkl = V{(S%fkfl + %ngj(fk@lz + fidig) + Vi{di#d’fll
+5v4 (05851 + 651657) (54)

From Egs. (43) and (45) we get the dissipative
parts of the phenomenological currents (disregarding
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O(Vm, Vh))

§oP = —OR/OV,T
= —ki; VT — pp(1 — ¢) di;V;IT'

j¢P = —0R/oV,II'
= —pdy;V;II' — pp(1 — ¢)d};V,;T (56)
ol = —0R/0A;j = —viji Vivg (57)
(58)
(59)

(55)

ij
VP = 0R/0h; = b"5}5 h;
XP =0R/Om =¢m

where we have introduced the usual form of the diffu-
sion (D;; = pd;;) as well as the thermo-diffusion tensor
(D} = pp(1—¢) dL). The ratios dT /d, (with = € {L, [})
and d*T /K« are called the Soret and the Dufour coefficients,
respectively (the latter being neglected usually in liquids).
The last equation describes the relaxation of the ampli-
tude F' of the relative velocity to its stationary value Fj,
which is characteristic for active dynamic processes.

Although the dissipation function given above is bilin-
ear in the forces, the dissipative currents contain nonlin-
earities due to the (implicit and explicit) dependences of
transport tensors on the variables.

2.6 Reversible Dynamics

The phenomenological reversible currents (superscript R)
are most easily derived by writing down all symmetry-
allowed contributions to the various currents and make
then sure that the entropy production is zero

R = —jf’RVZvajf”RViH’ — UﬁAij +Y;Rhi +XRm =0.

(60)
The reversible currents have the same time reversal be-
havior as the time derivative of the appropriate variable.
They are either even under spatial inversion, agf, X or
polar vectors, j; ’R, J; ’R, Y/, where the latter is transverse
to f. Typically, zero entropy condition is achieved by can-
cellation of two mutual cross coupling terms, in particular

we find

G = Byfim + BLoh, (61)
gt = Y fim + Vﬂséhj (62)
05 = a;;m + Nijrhi (63)
Vi = 65(BLVGT + 7L VI + iV m) + AwjiAjk
+ Bs0ig [ (Vi Fi) m + Babiy. fiwn; m (64)
XB =B fiViT + 4 £ Vil + aijAij + 165V jhs
— BsOir S5 (Vi Fi)hi + Babip fj winhi (65)

with Qi3 = G,Hfifj +G,J_(SZ-JE and Aijk = )\((531;'](] +5j7€f2) The
latter is the flow alignment term describing orientational
changes of the preferred direction due to shear flow (and
vice versa back flow) as is well known from (passive) ne-
matic liquid crystals. The former couples compressional
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flow to changes of the degree of activity and vice versa. It
has the form o;; ~ f;f;(F' — F;) resembling the so-called
active terms in the nematic and static polar description
of active systems. There are (reversible) cross couplings
linking the heat and concentration currents to changes of
the degree of activity (5),7) and to orientational defor-
mations (8, ,7, ), which in turn lead to temporal changes
of the degree of activity and to structure rotations due to
temperature and osmotic pressure gradients. These cou-
plings are specific for dynamic polar ordering and occur
for dynamic axial structures only in the chiral case.

There are also reversible cross couplings between the
structure and the degree of activity, both linear (5;) and
nonlinear (83, 4). The latter have been kept in Eq. (64),
since they are relevant for the question of transport con-
vection velocities.

2.7 Chirality and Macroscopic Hand

Biologically active systems are very often chiral - i.e.
they are characterized by a pseudoscalar quantity, qo,
that changes sign under spatial inversion. As a result a
mirror image of such a system is not equivalent to the
original (structures cannot be aligned by rotations and
translations, only). In the bulk this leads frequently to a
helical superstructure as a consequence of the collective
handedness. However, even in monolayers, which are of
high biological relevance as well [42], consequences of a
macroscopic hand have been found and analyzed exper-
imentally [42] as well as studied theoretically [43, 44].
Even for isotropic systems containing chiral objects
consequences of a macroscopic hand are of interest [45].

In the present context of an active system with a polar
dynamic preferred direction the reduced symmetry (Coo
compared to the achiral Cn,, case) allows additional terms
in the chiral internal energy

- 1
€chir = € + Ko (f - [V x F] + 5(10) (66)

—qo(f - [V X F] + qo) (1400 + 17,60 + T,0p)

where € is the achiral energy given by Eq. (21). The two
types of contributions represent the linear twist giving rise
to helical structures in the bulk, and the static Lehmann-
type terms coupling structure rotation with concentration,
entropy density and density changes, respectively. The
same types of chiral contributions are present in (passive)
cholesteric as well as in chiral non-polar dynamic active
systems. They also exist for polar cholesterics for which
they have never been discussed in the literature so far.
However, the splay-twist coupling term, (V,F;)F;(V X
F);, the hallmark of (passive) polar cholesterics [46], is
not possible in the present class of active systems, due to
time reversal symmetry.

The dissipative dynamics also shows additional chiral
contributions

Renir = R+ qo € frhy (Vg VIl + o VT + (n Vim
+ Cafidi + CufiVihg) (67)
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where R is the achiral entropy production given in Eq.
(45). The chiral terms in the first row are of the standard
dynamic Lehmann type [47]}, where constant gradients of
the scalar variables give rise to rotations of the preferred
direction 2, well-known from (passive) cholesterics as well
as from chiral non-polar dynamic active systems. In the
former system the analogue to the V;m is a gradient of
the strength of the nematic order parameter S. In addi-
tion, such terms also exist in polar cholesterics, for which
Lehmann-type effects have never been studied in the lit-
erature. The second row constitutes dissipative couplings
among flow and orientation. The first term in the second
row has an achiral analogue for uniaxial magnetic gels [40]
as well as for an axial dynamic preferred direction [22]. It
describes e.g., for a chiral monolayer with planar orienta-
tion of f, that an in-plane shear flow leads to a rotation
of f out of the plane. The last term in the second row is
of higher gradient order than the orientational relaxation
(~ bP) in Eq. (45), but of lower order than the v// term
in Eq. (48).

Finally, reversible couplings between flow and temper-
ature and concentration gradients are possible in the chiral
case

o = %Ogafj(flez‘jk + freiji) A (68)
GAem = %O%fj(fzwk + freijt) Ari (69)
Ug‘mhiﬂ - %Ofl(fjﬁz‘lk + fi€jik) (9o ViT + g4 Vi II') (70)

not possible in the achiral currents Egs. (61)-(63). In ad-
dition, there is a reversible flow contribution to the stress
tensor

R,chir,2 __ R R R R
Tij = qofp(€irpVj; + €jkpVil + EjipVis, + €itpVj1,) Ari
(71)
. R _ R J_ R . . .
with 15 = v1°0;; + v" fi f;. There is an equivalent, albeit

achiral, reversible flow coupling in non-polar dynamic ac-
tive systems [22].

3 Simple solutions, the structure of the
normal modes, and comparison with other
systems

3.1 Transport and convection velocities

The system of dynamic equations has been set up by
choosing the mean velocity as transport velocity for all
variables. This leads to a thermodynamic valid descrip-
tion, which however might not be the physically relevant
one. Assuming the two-fluid systems consists of two only

! From the analysis of ref. [47] it became clear that the orig-
inal experiments of Otto Lehmann on cholesterics droplets in
a temperature gradient [48] revealed a mixture of static and
dissipative dynamic cross-coupling effects.

2 A possible coupling to an electric field, . F;, is not con-
sidered here.
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weakly interacting subsystems. one would expect all vari-
ables belonging to subsystem ”1” (”2”) to be advected and
convected with velocity v; (v2). Fortunately, our choice
for the transport velocity is not unique, since the phe-
nomenological currents derived above can change the ef-
fective transport velocity for some of the variables. E.g.
the ) term on Eq. (62) allows to write the concentration
dynamics Eq. (37) as

¢+Ujv]‘¢+’}/”(1 —29)F;Vip+ ... (72)
where the ... contain all contributions not related to the
transport of ¢. For the mass currents of the individual
densities, Egs. (1) and (2), this means

.]1(1) = plv’gl) —+ (’yH — I)OZFZ' + ...
]L(2) = p21]i(2) — (’}/H — ].)O[FZ — ...

For ) = 0 the transport velocity is v for both of them,
while for 7 = 1 the densities p; and py are advected with
velocity v; and wvs, respectively. This is indeed a choice
that is used in many simple 2-fluid models. For the con-
centration ¢ the transport velocity in this case is the skew
velocity vg, = (1 — ¢)v1 + dva. In real systems with
0 <) <1 the transport velocity is a material property
and cannot be fixed a priori by general symmetry proper-
ties.

The transport velocity of the heat transport can only
be tuned by a nonlinear effect: Assuming a temperature
(entropy) dependence of the reversible transport parame-
ter, B = ﬁﬁ + ﬁﬁo, allows to write Eq. (36) as

(5’+Vj0'(’l)j+ﬁ|1|Fj)+... (75)
leading to an effective transport velocity, e.g. v1, Vg, oOr
vg, for pﬁll‘ = pa, p2 — p1, —pP1, respectively. Since the heat
transport cannot simply be attributed to a specific subsys-
tem, choosing the mean velocity as the transport velocity
(ﬁﬁ = 0) might be reasonable, if the actual value of ,Bﬁ is
unknown.

Similarly, the transport and convection properties of
F (or rather f) are modified by the phenomenological re-
versible currents. Inspection of Eq. (64) reveals that in
Egs. (39) and (41) the effective transport and convec-
tion velocities are v + S3m f and v(1 — B4m/F), respec-
tively. These are nonlinear effects, since m depends on
F — F, and on the distortions of the polar structure. By
choosing B3 = (1/p1) — (1/p2), the advection velocity is
vk + (p1 — p2)Fsf. This choice also has implications to
the advection of the individual momenta g, and g,. In
particular, for a passive system (Fs = 0) it means they
are advected by v; and wva, respectively [30] as is assumed
in many simplified ad-hoc models. In an active system,
however, such a simple advection behavior is not possible.
Similarly, for 84 = p/(p1p2) in a passive system, neither
the relative velocity nor the individual momenta g; and
g, are convected at all, while in an active one this is not
possible.
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Generally, in a two-fluid system the advection and con-
vection velocities are material dependent. In an active sys-
tem, by tuning Fj, the transport and convection velocities
can be varied in an even wider range.

3.2 Normal mode structure and comparison

The normal mode structure of a system reflects its linear
dynamic properties. In most cases it is accessible by exper-
iments and allows an easy connection with the theoretical
description. For the active polar system there are 9 dy-
namic variables, which are coupled on the static as well as
the dynamic level. It is obvious that the resulting ninth-
power algebraic equation, whose solutions are the desired
dispersion relations of the modes, cannot be discussed an-
alytically in any straightforward manner. Since the hydro-
dynamic description is basically a gradient expansion, it is
appropriate to discuss the normal mode structure in terms
of increasing powers of gradients involved.

There is one spatially homogeneous relaxation mode
in the system present, the relaxation of the degree of ac-
tivity F(t) — Fs ~ exp(—&t) with £ = €', cf. Egs. (26),
(40), and (59). A similar relaxation mode is found in the
conventional (passive) two-fluid models (of e.g. immisci-
ble binary mixtures), where a friction force proportional
to the velocity difference of the two subsystems leads to a
homogeneous relaxation of this velocity difference to zero
for long times [30]. There is no homogeneous relaxation
mode in the two-fluid description of superfluids, since the
broken-symmetry origin of the second (superfluid) veloc-
ity leads to an effective conservation behavior and does
not allow for a relaxation [31].

In a second step we discuss the inhomogeneous modes
in lowest gradient order. In this order, no dissipative ef-
fects are present. We assume all variables (or rather their
deviations from the stationary values indicated by the sub-
script ”s”), including V;F', to have a time and space de-
pendence proportional to expi(wt — k- r). Linearizing the
complete set of equations, nontrivial solutions (with finite
amplitudes) are only possible for certain frequency val-
ues w = w(k), the dispersion relations. In lowest order
w(k) ~ k we are conveniently left with 5 dynamic equa-
tions for e.g. p, (;5, o, divo, and Vm, if we assume for
the moment the a;; tensor in Egs. (63) and (65) to be
isotropic (a1 = a)). After some algebra we find for four
modes

wt — w? (cikQ + O/ngﬁ)

+w k‘zk”O/Ql + kzkﬁ(){/@o =0 (76)
where o/ = ¢5(1 — ¢5). The coeflicients Qo 1,2 are com-
binations of products between static susceptibilities (e.g.
Eq. (16)) and the reversible transport parameters 7 and
By, cf. Eqgs. (61), (62), and (65). The expressions are too
bulky to be given here in detail.

Several qualitative conclusions can be drawn from Eq.
(76). First, the modes are anisotropic. For k| = 0 (where
|| refers to the direction parallel to f;) there is first sound
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w1,2 = +c k1, but no second sound, w3 4 = 0. The trans-
verse sound velocity

A =d- o FP(1-2) tadd ()
is different from the ordinary isotropic fluid sound velocity
with ¢ = dp/dp|, due to the presence of activity. If the
wave propagation has a longitudinal component kj, there
is a kind of second sound w3 4 = ¢3 4k, where one can get
an analytical expression for c3 4 in the limit k) <k

a/
€34 = 53 <Q1 +4/Q7% - 401@0) :
=l

As long as Q3 > 4c2 Qo these are two truly propagating
waves, while in the opposite case they are overdamped.
Note that ¢35 # —c4 indicating the broken time reversal
symmetry in an active non-equilibrium state with a finite
velocity F;. This is already manifest in Eq. (76), where
the linear frequency term (~ (1) destroys the w — —w
symmetry. There is no second sound in conventional (pas-
sive) two-fluid models and in superfluids second sound is
a Goldstone mode that is always propagating.

First sound is anisotropic and the longitudinal sound
velocity is different from the transverse one, ¢, , and from
the ordinary isotropic sound velocity, c¢o. For k; = 0 first
sound takes the form w; o = cLQkH with

a/
Clygiﬂ:cl:l: 20<Q2Q20> —

L cl

(78)

Q1
2¢2 (79)
if one assumes that ¢, is the dominating contribution. The
broken time reversal symmetry due to the active velocity
F is reflected by ¢; # —co.

We note that first sound is also becoming anisotropic
in superfluid 3He-A, when the phase transition to the
isotropic phase is approached from below and the mod-
ulus of the order parameter is added to the hydrodynamic
description as a macroscopic variable [49].

There is a fifth, but trivial, mode ws = 0, since
p/ps — /os — (Byps/v0s)¢ = 0 in order w ~ k. Re-
laxing the condition a, = ap—apL =0 introduces a sixth
dynamic equation (for Vo)), but does not change any of
the qualitative results given above. Only another trivial
mode wg = 0 (due to Vdiveo — Av| + (aa/7)A¢ = 0)
is introduced and the coefficient functions Qo ;2 become
even more involved. )

Other, transverse variables, like f; do not contribute
to the sound spectrum in order w ~ k, but are affected
by (first) sound excitations via f~ k,(BLOT 4+~ 01T +
B10m) according to Eq. (64). This feature is unknown in
ordinary nematics, while shear alignment, the orientation
of the preferred direction f; in simple shear flow, is the
same as in nematics.

In order w ~ k? the dissipative effects come into play,
generally leading to complex contributions to the mode
frequencies of the form ~ ik?. However, on this level all
variables are coupled and it is impossible to give an ex-
plicit analytical discussion of the modes.
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3.3 Flow induced heat current

Here we will discuss experimental consequences of a re-
versible coupling term between symmetrized velocity gra-
dients, A;; and the heat current, which is allowed for a
chiral system with a polar dynamic preferred direction.
From eq.(68) we obtain assuming f || 2

.0,R,chir

Ji = qoga'eizkAk:z (80)
One immediately realizes that only for shear or elonga-
tional flows applied in a plane containing the polar dy-
namic preferred direction a heat current arises. And this
heat current is perpendicular to the flow plane. For exam-
ple, for a shear flow in the (y, z)-plane, Viv; = 2505,0;.
with the shear rate S, we find

-0, R,chir
Jz

= _QOgaS (81)
There is the opposite effect that a temperature gradient
perpendicular to the preferred direction (V,;T = 2I0;,)
introduces (elongational) flow in the plane perpendicular
to it, oy, = 0.y = qogsI. We note that a macroscopic
hand or collective chirality, as indicated by the presence
of the factor qq, is a prerequisite for these effects to oc-
cur. For nonchiral systems such effects are not allowed by
symmetry. The effects are reversible meaning the reversal
of the shear velocity will result in a reversal of the heat
current, and vice versa. We would also like to emphasize
that this analysis is not restricted to the coupling of an
extensional flow to the heat current, but is expected to
arise equally well for concentration currents or for electric
currents in case the effect of electric fields is taken into
account.

It is instructive to compare the scenario just discussed
with a similar one that can be found in tetrahedratic sys-
tems, which show octupolar order [50] and thus break
parity symmetry in their ground state. For such (achi-
ral) tetrahedratic systems it has been shown [51,52] that
there are also reversible dynamic contributions coupling
A;; to the entropy current etc., which take the form [51]

7T = DTy Aje (82)
with Tjj, the tetrahedratic order parameter. A simple
shear flow applied in the plane perpendicular to one of
the tetrahedral directions leads to a heat current parallel
to this tetrahedral direction, e.g. applying the flow in the
(y, 2)-plane, that is A;, = S9;,05. with the shear rate S,
we find [51], making use of Fel’s normalization of T}, [50]

o, R,oct _ 45

x 23\/§

Thus the picture emerging for tetrahedratics is quite com-
plementary to that found for a chiral system with a dy-
namic polar preferred direction. While in the latter case
a shear flow applied in the plane containing the polar dy-
namic preferred direction leads to a heat current perpen-
dicular to this plane, for tetrahedratic systems the heat

(83)
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current is parallel to the chosen tetrahedratic direction
and perpendicular to the shear flow.

Furthermore it appears important to stress that for
systems with a polar dynamic preferred direction the re-
versible coupling discussed only exists for a system with
a macroscopic hand. Without chirality such a coupling is
ruled out by symmetry. This observation could pave the
way for finding clear-cut experimental evidence for the
role played by chirality as a collective effect in biological
systems.

4 Summary

By introducing a (second) active velocity we have de-
veloped in this manuscript a macroscopic description of
active systems with dynamic polar order. This approach
is conceptually different from descriptions that use static
(polar) nematic order parameters ( [26,27] and quite re-
cently [53]). As a result, we find a normal mode structure
quite different compared to the static descriptions, as well
as linear couplings between (active) flow and e.g. densities
and concentrations due to the genuine two-fluid transport
derivatives. On the other hand, we get, quite similar to
the static case, a direct linear relation between the stress
tensor and the structure tensor. This prominent ”active”
term is responsible for many active effects, meaning that
our approach is able to describe those effects, as well. In
addition, we also deal with explicit chiral systems, which
are important for many active systems. In particular, we
find an active flow-induced heat current specific for the
dynamic chiral polar order.

The present general description of active dynamic po-
lar order should be applicable to systems, where two differ-
ent velocities, for the active and the passive part, are im-
portant. Among those one can think of bird flocks or insect
(locust) swarms flying in windy air, fish schools moving in
water currents, or bio-convection of bacteria colonies in a
solvent background. In our general treatment of dynamic
polar order we have taken the stationary active velocity as
a given quantity, without specifying how it arises from the
physical, chemical or biological driving forces. The latter
are highly system specific and require additional (often
heuristic) modeling, which goes beyond the scope of the
present manuscript. Such a model for the stop-and-go dy-
namics of growing proteus mirabilis bacteria, based on the
active velocity as order parameter, has been developed re-
cently [29].
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