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We derive and analyze the dynamic equations for polar liquid crystals in two spatial dimensions in
the framework of classical dynamical density functional theory (DDFT). Translational density variations,
polarization, and quadrupolar order are used as order-parameter fields. The results are critically compared
with those obtained using the macroscopic approach of time-dependent Ginzburg-Landau (GL) equations for the
analogous order-parameter fields. We demonstrate that, for both the microscopic DDFT and the macroscopic GL
approach, the resulting dissipative dynamics can be derived from a dissipation function. We obtain microscopic
expressions for all diagonal contributions and for many of the cross-coupling terms emerging from a GL approach.
Thus, we establish a bridge between molecular correlations and macroscopic modeling for the dissipative

dynamics of polar liquid crystals.
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I. INTRODUCTION

Understanding the dynamic processes in liquid crystalline
systems from a microscopic point of view is important for
designing smart materials with novel optical and rheological
properties. In fact, the key mechanisms of optical displays and
switching devices are controlled by the dynamic response of
liquid crystals to external stimuli [1-3]. Therefore, it is highly
relevant to understand how these processes change in terms of
the molecular interactions. As a first example, the switching
dynamics of the nematic director upon a change in an external
alignment field [4,5] is one of the basic functions in optical
displays. Second, in microfluidic devices, micromixers [6] can
be tailored by the response of a liquid crystalline system to a
rotating external field.

Nonequilibrium dynamic processes in liquid crystals are
also interesting from a more fundamental point of view
since they involve a nontrivial coupling between translational
and orientational degrees of freedom. Therefore, dynamic
macroscopic Ginzburg-Landau (GL) approaches have been
applied to liquid crystalline systems in order to obtain the
basic dynamic equations on a phenomenological level. Apart
from direct computer simulations of molecular systems [7,8],
much less has been done in terms of a microscopic theory.
Such a microscopic approach, which starts from the molecular
interactions, is established by classical density functional
theory (DFT) [9-13]. DFT can be generalized toward dy-
namics for colloidal particles in solution within the so-called
dynamical density functional theory (DDFT) [14-16], which
has been proven to be a realistic microscopic description
for many phenomena, including liquid crystalline dynamics
[5,17-19].

Static DFT constitutes a framework to derive GL equations
from a microscopic level. The idea is to expand the microscopic
one-particle density in terms of order-parameter fields and
to perform a gradient expansion [20-25] of the free-energy
functional. This leads to a GL-type theory, which can also
be called a phase-field-crystal (PFC) model [24-28]. The
phenomenological coupling constants of various terms can
thereby be expressed in terms of generalized moments of
molecular correlation functions.
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In this paper, we perform a similar analysis for the dynamics
of liquid crystals by using DDFT, on the one hand, and
time-dependent GL equations, on the other hand. Therefore,
we provide a microscopic basis for time-dependent GL theory
and derive microscopic expressions for most of the coupling
constants. We do this in two spatial dimensions for polar liquid
crystals by including translational density variations, polar-
ization, and quadrupolar order as the basic order-parameter
fields. We further demonstrate that the resulting dissipative
dynamics can be obtained from a dissipation function. This
DDFT result holds for constant mobilities as well as for
mobilities depending on the thermodynamic variables. Our
work opens the way to study various dynamic processes of
two-dimensional polar liquid crystals recently observed in
experiments [29-31] by further numerical solution of the
microscopically justified GL equations.

The paper is organized as follows: In Sec. II, we derive
dynamic equations for polar liquid crystals in two spatial
dimensions from DDFT. A macroscopic derivation in terms
of time-dependent GL equations and its relation to the
microscopic dynamics is presented in Sec. III. We conclude in
Sec. IV.

II. MICROSCOPIC DERIVATION OF THE DYNAMICS

Our microscopic derivation of the dynamics uses the
DDFT equation [17] for collective Brownian motion of
anisotropic symmetric colloidal particles and is thus based
on a static free-energy functional that can be derived from
static DFT. A perturbative functional, which uses molecular
fluid correlations as input, has recently been proposed in our
previous work [25] for polar liquid crystalline particles in two
spatial dimensions. In the following paragraph, we present this
functional in a modified form that is more appropriate for our
further considerations.

A. Static free-energy functional

A suitable quantity to describe the state of a system of many
interacting anisotropic particles is the one-particle density
o(7,i). It is proportional to the probability density to find a
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particle with orientation 4 at position 7, where &i = (uy,us) =
(cos(g), sin(¢)) is the orientational unit vector that denotes
the orientation of the symmetry axis of the respective particle
and 7 = (x1,x,) is the center-of-mass position vector. In the
following, slightly different from Ref. [25], we choose the
parametrization

p(F,a) = p 1+ (@) + Pi(Fu; +u; Qij(Fu;l (1)
with the mean number density p and the dimensionless order-
parameter fields ¥ (r), P;(7), and Q;;(F), where Einstein’s sum

convention is used. The first of these order-parameter fields is
the reduced translational density

- 1 N
w(r) = 5— [dilp(r.i) — p] 2)
TP S

with S; denoting the unit circle. The field v (¥) measures
translational deviations of p(7,%) from the mean denfity p.
The second order-parameter field is the polarization P(F). It
has the components

. 1 .
Pi(r) = — |di p(r,i)u; 3)
TPJS,

and describes the averaged orientation. Finally, the traceless
and symmetric nematic tensor with the components

o2 1
Qij(r) = —|di P(”JU(Miuj - —51'_/') 4)
pJs, 2

and the Kronecker delta symbol §;; describes quadrupolar
ordering. The free-energy functional F[p(7,4)] is decomposed
as

Flpr,m)] = Falp(F,i)] + Fexc[p(F,i0)] ®)

into the ideal rotator gas functional
BFialp(F, )] =/d7 /dﬁ p(F,){In[A?p(F,@)] — 1} (6)
A Js

with the inverse thermal energy B = 1/(kgT), the two-
dimensional domain .4, and the thermal de Broglie wavelength
A as well as the excess free-energy functional Fec[o(F,1)],
which in general is only known approximatively. Inserting
the parametrization (1) into Eq. (6) and performing a Taylor
expansion up to fourth order in the order-parameter fields
yields to the approximation

BFalpG.00) = Fa+p [dF ful?) ™
A
with the local scaled ideal rotator gas free-energy density

fua() = %(8 —2P7 +2P,Q;;P; — Qizj)

I//2 ) ) wS 1/[4
Z_(442P 2y X 4 T

+4(+,+Q,,) Tt g
p2 P.Q:;P; PP}
Zig 2y Li¥ijly i
9, 959 ®
4 64

where
Fa = 2mp A[ln(A%p) — 1] 9)
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is an irrelevant constant and

A= /d? (10)
A

is the total area of the domain A. We further consider a
functional Taylor expansion of Fex.[0(7,)] up to second order
[32], also called Ramakrishnan-Yussouff approximation [33]

BFexc[p(F,1)] = —l /d?l dﬁI/dfzfdﬁz
2Ja Js Ja s
xcP(F) — Fa, iy, i)
X Ap(F1,i1) Ap(Fa, i), (11)
with the direct pair-correlation function [34]
cDF1 T, 1, 10) = CP(F) — Faiiy, i) (12)

and the reduced one-particle density Ap(r,i) = p(F,i) — p.
By performing a gradient expansion up to second order, we
obtain for the excess free-energy functional the approximation

BFexclp(F )] = —% /f? fexe(®) (13)
with the local scaled excess free-energy density
Jexe@®) = A1Y? + Ax(3i)* + As(;¥)” + Bi(9:) P,
+ByPi(3; Qi) + B3(3:9)(3; Qij) + C1 P}
+Co P8 P) + C3(0; P)*
+D1Q;}; + D23; Qi) (14)

The various coefficients are given by

Ay = 8M(1), (15)
Ay = —2M)(3), (16)
Az = $ M{(5). 17)
B, = 4M',(2) - M(2)], (18)
B, = 2[M}(2) - M?,(2)], (19)
B; = —M?*,(3) — MY(3), (20)
C, = 4M(1), 21
Cy = My(3) — s M, (3), (22)
C; = -M',(3), (23)
Dy = 2M3(1), (24)
D, = —M}(3) (25)

as linear combinations of the moments
o0
M (@) = 73> / dR R (R) (26)
0
of the Fourier coefficients

& (R)=

I,m

2 2
: / dor f dp CO(R.dr.d)e (B9 (27,
2m)2Jo 0

of the direct pair-correlation function 6(2)(R,¢R,¢), for which
the parametrization

DG — P, i) = CP(R, PR, 0) (28)
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with 7| — 7, = Ri(gR), it; = li(¢;) fori = 1,2, pr = ¢ — @R,
and ¢ = ¢ — ¢, was used. Equations (7) and (13) give a local
functional of a polar liquid crystalline system reminiscent of a
PFC model [19].

B. Dynamic equations

We now derive dynamic equations for A = R? for the
order-parameter fields ¥ (7,t), Pi(r,t), and Q;;(F,r) from
dynamical density functional theory. DDFT is constructed
to describe the Brownian dynamics of colloidal particles in
a viscous solvent [38,39] via a time-dependent one-particle
density field p(F,i,t). This theory was recently extended to
anisotropic Brownian particles with orientational degrees of
freedom [17,40,41]. It provides as a starting point for the case
of symmetric uniaxial particles without translational-rotational
coupling in two spatial dimensions the DDFT equation [17]

i - . - e 2 8F[p(F,a,0)]
LFan=8V-(D A,V —————
8t(r i,t)=4 < (@) p(r,i,t) S0 .0.1) )

0 &F[p(r,ﬁ,t)]) (29)

d -
D ~ 1Aat - =
P Raw(”(” Y90 s0Gd0)

with the translational short-time diffusion tensor
Dr(@) =Dy @i+ D, (1 -4 ®il). (30)

Here, D| and D, are the translational diffusion coefficients
for translation parallel and perpendicular to the orientation
i, respectively, Dgr is the rotational diffusion coefficient,
® 1is the dyadic product, and the symbol 1 denotes the
two-dimensional unit matrix. The two terms on the right-hand
side of this DDFT equation for uniaxial particles correspond to
pure translation and pure rotation, respectively. Translational-
rotational coupling terms, which are especially relevant for
screwlike particles, do not appear in this DDFT equation.
Additional terms in the DDFT equation, which regard a
possible translational-rotational coupling, would have the
same structure as the present terms, but with only one gradient
and one angular derivative each instead of two gradients or
two angular derivatives, respectively [41].

Following the analysis of Ref. [19], the functional derivative
8F /8p in the DDFT equation (29) has to be expressed by func-
tional derivatives of the free-energy functional with respect
to the order-parameter fields vy (7,1), P;(7.1), and Q;;(7.1)

~
<
I
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since we parametrized the one-particle density o(F,i,t) as
well as the free-energy functional F[v,P;,Q;;] with these
order-parameter fields. In the following equations, a large
number of functional derivatives of the free-energy functional
appear. Therefore, we shorten the notation by defining the
conjugated order-parameter fields or thermodynamic forces

8F

3z with & € {p,¥,P;,0;;}. (€20

Using this notation, the equation

h

[a]

g 1 g u; f u;u j f
1Y =—_W +__P,'+__Q,'j (32)
2P Thp TH

follows by functional differentiation. When performing func-
tional derivatives with respect to Q;; or ij, one has to notice
that Q;; as well as Q] ; are symmetric and traceless. The
interdependence of the elements of these tensors leads to more
complicated derivatives that respect the symmetry properties
of these tensors. A very useful equation in this context is

80w _ 5Q;t¢/
80ij SQ;

= 6ixSj1 + 8xbi1 — 8ij0u- (33)

Together with the parametrization (1) of the one-particle
density, the relation (32) can now be inserted into the DDFT
equation (29). The dynamic equations for the order-parameter
fields are then obtained by an orthogonal projection that
separates the evolution equations for the particular order-
parameter fields from each other. This projection is achieved
by a multiplication of Eq. (29) with 1, u;, and u;u; — §;;/2,
respectively, with a subsequent integration over the orientation
ii. In doing so, the translational density v (¥,¢) appears to be
conserved, while P;(7,t) and Q; j(7,t) are not conserved due
to their association with orientational degrees of freedom. The
dynamic equations can thus be written in the form

v+ 84 =0, (34)
P+ @] =0, (35)
Qi+ 02 =0 (36)

with & = % denoting the partial time derivative of the field
E € {v, P;, Q;;} and with the current Jl.w and the quasicurrents

@/ and CDS These dissipative currents and quasicurrents are
given by the expressions

V= = 200 + )@ + Qu(d; Q)] — ea P (3 P)) — as[2(1 + Y1), Q) + Pi(@; P)) + P P) + Qi (0,91, (37)
P = =200 Qi (0 P)) + Pi(0c Q)] — cadh[2(1 + )0 PY) + Pr(iyr)]
— a3{20;[(1 + ¥)(@; P)] + 20;[(1 + ¥)(@; P)] + 81 P09 )] + 8,1 P;(3; 9]
+20;[P(3 Q%) + QB PHI} + oul2(1 + ¥) P +2P; Q% — Qi P}l (38)
DF = 2000 [2(1 + V)3 Q) + P P) + Pj(3k P) — 81 PP + Qi (3]
- %{48,- [(1 + ¥)@;9 )] + 49;[(1 + )@ )] — 48, 0,[(1 + ¥)(@y™)]
+ 481 Pe(D; PO] + 40, [ Pu(d P — 4853 [ Pe(d PO + 81 Q1a(3; Q1)1 + 3,1 Qa3 O] — 815 Qem (31 O}
+28:[015(3 Q)] + 20k [ Qu (3 Q1)1 + 24 [4(1 + W) QF, + PiP} + PP — 8; PP/, (39)

S
-
Il
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where 0; are the components of the gradient V= (01,0,). Four
positive coefficients, of which three are independent, appear
in these equations. With the abbreviation A = 7w p/g, they are
defined as

_D||+DL a_DH+3Di
R “0)
D”_DJ_ DR
BET 0 M T o

Note that D) > D, holds for all types of uniaxial particles if
the vector # for the orientation of the symmetry axis is chosen
properly [42].

At this stage, we emphasize that the DDFT approach (29)
a priori contains only three independent mobility coefficients,
namely, the two translational diffusion coefficients D and
D, and the rotational diffusion coefficient Dg. Therefore,
all other mobility coefficients for the order-parameter fields
can be expressed in terms of these three basic coefficients.
In general, the diffusion coefficients in DDFT are always
related to translational or orientational degrees of freedom
and not to certain order parameters, which appear only
with the parametrization of the one-particle density. The
parametrization of the one-particle density (1) in turn does
not involve further dissipation coefficients. This is in sharp
contrast to GL theory, where every additional order parameter
involves at least one new dissipative coefficient, as will be
discussed in Sec. III in more detail.

Since Eqgs. (37)—-(39) are rather complicated, for numerical
calculations, a simpler version of these equations might
be desirable. Such a simplification is the constant-mobility
approximation (CMA), where the one-particle density in
the translational and rotational mobility terms of the DDFT
equation (29) is approximated by its mean value p:

- 8 [p(7,i, f)])

So(¥,i,1)
3_25-7'—[P('7,ﬁ,t)]
092 Sp(r,i,r)

ap . s
a(r,u,l) =ppV- <DT( WV
(41)
+Bp Dr

With Eq. (41) instead of the DDFT equation (29), the following
dissipative currents and quasicurrents are obtained:

3V = =200 — 2039, 05)), (42)
®F = ~20y(07 PY) — 4390, P)) + 204 P} (43)
O = —4ay (37 0])) — 203[2(3:0;9") — 8 (37v)]

+ 8014Q,Fj' “4)

For both the general Egs. (37)—(39) and the much simpler
constant-mobility Egs. (42)—(44), the explicit forms of the con-
jugated order-parameter fields y*(7,t), P/(7,t), and QEJ.(?,t)
result directly from the functional derivatives of Eqs. (7)
and (13) with respect to the order-parameter fields. These
functional derivatives are given by

L7 P PQyP; Q)

_ﬁ( H=2—- -1 4 Qi) /_&

A Sy 2 2 4
1// 2 2 2 2 3
+3(4+2P7+ 05) =yt 3V (45)
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18Fq

XF“ )= —Y(P; — Qi;P) + ¥*P;
0,;P; PP}
+Z(4+ i) — 12 L+ TJ, (46)
1 8Fu E 2 o
A(SQ,,(r 1) = 2( P’ —20;))
2 sz 1 2
VP Q0i+ -0y — (2R P; = 8, P))
oY
+0ij + Q”SQ"’ (47)
and
—2/3 ;f*‘( Fit) = 2419 — 2A,(30%) + 2A5(3707Y)
—B1(9; P;) — B3(9;0; Qi)), (48)
8 €XC
28— 5P ( 1) = B1(0;y) + B2(9; Qi) +2C P;
+2C5 (87 P;) — 2C5(3;9; P)), (49)
8 exc
—2pree 50, (F,1) = —Ba[8; P; + 8; Pi — 8;(3, P1)]
—B3[2(3;0;%) — 8;;(/¥)] + 4D1 Q5
—2D50[0; Qkj + 0 Qi — 6;(3 Q)]
(50)

C. Dissipation function

In the field of linear irreversible thermodynamics [43—45],
the dissipative parts of the currents and quasicurrents arising
in the balance equations for the thermodynamic variables
(including, for example, hydrodynamic and macroscopic
variables) can be derived from a dissipation function %, which
is quadratic in the thermodynamic forces. Frequently, one uses
equivalently the entropy production 9t/ T with T denoting the
absolute temperature [43,46]. The entropy production emerges
as a source term in the balance equation

6+ 0,j0 =0 51

i =7 D
for the entropy density o, where f” is the entropy current
density. Both dissipation function and entropy production are
maximized close to local thermodynamic equilibrium and,
thus, are a useful tool in the determination of the dissipative
currents and quasicurrents. This approach has been applied
to a large number of hydrodynamic and macroscopic systems
[43—-47], but is in general not applicable for active systems
and for systems driven far from equilibrium (compare, for
example, Refs. [45,47]). In this more general case, a number
of additional conditions must be satisfied [48—52] in order to
obtain a Ljapunov functional. Far away from equilibrium, the
Ljapunov functional is the analog of the dissipation function
of linear irreversible thermodynamics.

More precisely, the dissipative currents and quasicurrents
of the dynamic equations (34)—(36) (which are, in linear
irreversible thermodynamics, by construction linear in the
thermodynamic forces [43—46]) are given by the variational
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derivatives of the dissipation function with respect to the thermodynamic forces:

¥

i :_(S(TWJ)’

P _

i

2
)

50
(52)
390
=, (53)
5P,
59N
- (54)
50,

The dissipation function that corresponds to the dissipative currents and quasicurrents (37)—(39) of the general phase-field-crystal

(PFC) model is found to be

RO = /jﬁ {al{(l + W@V + B Q1)1 + Qi) Q5)) + Qi (3P P))

2P (3 P 0]} + ol Pi(3;¥)(3; P + (1 + ¥)(@; P/ )]

1
“+o3 |:(3,I//t)(§ Qij(ajl/ft) + P,(BJPJE) + Pj(ajP,-u) +2(1+ lﬂ)(aj QEJ)>

1+ Y@ P + (0 POIA + ¥)0; P)) + Q@ PY) + 2P (8. Q5))]

1 1
70650 Q)0 Qi) + 5 Qi (3 Q)0 Qi,)]

1
+a4((1 +YOLP) +2(05)7] — 5 Qi PP} +2P, PJFQEJ‘)}'

Together with the dissipative currents and quasicurrents
(37)—(39), this dissipation function constitutes the basic result
of this paper. The dissipation function that corresponds to the
currents and quasicurrents (42)—(44) of the constant-mobility
approximation is much simpler and given by

ROVA — / dF (o [(3;9°)° + (8:.07)°)
A
+on(@ PO + sl (P + 205 ]

+203[(@ )@ 05) + @ P . (56)
By construction, both dissipation functions (55) and (56) are
positive. This is obvious for Eq. (56), but not manifest for
Eq. (55).

III. MACROSCOPIC APPROACH:
GINZBURG-LANDAU DYNAMICS

In this section, we investigate the Ginzburg-Landau dy-
namics in the vicinity of the phase transitions isotropic to
polar nematic and isotropic to polar smectic. In analogy
to the previous section, the GL dynamics is discussed for
three types of macroscopic variables. These are the smectic
density variation p,, which is closely related to the complex
scalar i often used to describe smectic layering [53,54], the
macroscopic polarization P;, which becomes important when
polar nematic and/or polar smectic phases are considered
[55-57], and the quadrupolar nematic order parameter Q;;,
which is characteristic of the usual nematic ordering [58,59].

We assume that the local formulation of the first law of
thermodynamics, the Gibbs-Duhem relation, is valid [44—46].

(55)

It can be written in the form

Tdo =de — pdp — pydpy — h,P dP; — Q;;dS;; (57)

with the absolute temperature 7', the entropy density o, the
energy density &, the chemical potential p, the number density
p, the chemical potential 11y, associated with the layering oy,
the thermodynamic force h! associated with the macroscopic
polarization P;, and the thermodynamic conjugate §;; of the
nematic order parameter Q;;.

Throughout the following, we focus entirely on the dissipa-
tive dynamics of the variables associated with the additional
degrees of ordering, i. e., layering py, polar order F;,
and quadrupolar orientational order Q;;. For the associated
dynamic balance equations, we have one dynamic equation
each for every hydrodynamic or macroscopic variable. These
dynamic equations take the form of a conservation law for
conserved quantities and are of balance equation type for
hydrodynamic variables associated with spontaneously broken
continuous symmetries and for macroscopic variables such as
order parameters close to a phase transition. The dynamic
balance equations thus take the form [43,46,47,58,60,61]

oy + X! =0, (58)

P +YF =0, (59)

0ij+ 28 =0. (60)
14

The currents and quasicurrents X", Yl.P ,and Zg are introduced
via Eqgs. (58)—(60). Further below, the dissipative part of their
structure will be determined from the dissipation function
MG, There are no reversible currents and quasicurrents
throughout this paper since flow effects associated with a
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velocity field ¥ or with a density of linear momentum g
are generally not considered for the completely overdamped
Brownian dynamics described by DDFT. We note that the
dynamic equation associated with the smectic layering is
of conservation-law type, while the equations for polar and
nonpolar orientational order are balance laws.

In the spirit of linear irreversible thermodynamics, we
expand the dissipation function RCY quadratically in the
thermodynamic forces iy, hiP , and S;;. Those in turn have
to be determined by taking variational derivatives

5F

My = —, (61)
5

= 62)
5P,
5F

Sij = (63)
5Qij

of the suitably chosen generalized potential F with respect
to the variables, where F has been discussed in detail in
Refs. [24,25].

For the dissipation function associated with the three types
of order considered here, we have to lowest order in the
gradients

(GL) N 1 1
Ry~ = j” El/ijkzsijskz-l-Eaij(aiﬂx//)(ajuw

L pp
+ Ebz’_;hi hi + Bixi (9 iy ) Sk

+a/ 0 my)hY + Biyh! sk,>. (64)

It is usual to consider at first only the lowest-order gradient
terms in the dissipation function. Then, one inspects whether
contributions containing more gradients are physically rel-
evant. For example, one can always add a term containing
two more gradients for diagonal terms. This was done for the
diagonal term ~y;;;; in Eq. (64), which leads to a relaxation of
the nematic order parameter close to the phase transition [58],
by the term ~¥;xim, in Eq. (70) further below, which contains
two more gradients and is the dissipative analog of the gradient
energy of the order parameter Q;;.

From the dissipation function (64), we obtain for the
dissipative currents and quasicurrents the expressions

xV A @;y) —alh?t — BiuSu, (65)
v _ = —;j(@imy) —alht — BiSu,
N TE 7S A A S A A
PR 5 r b
Y, = ShT =O{l~j(aj/l”/,)+b,'<,'/’lj+,3,-klskb (66)
SR
Zg = 8S0~~ = (Brij + Brji — 6ijPri) Ok ity)
1
+ (Bio; + B — 8iiBin)hi
+ Vktij + Viji — 8ij Viimm)Ski- (67)

In a truly isotropic phase, one has only two invariants: the
Kronecker delta §;; and the totally antisymmetric symbol €.
To preserve the symmetries of such a system, all the diagonal
terms in Egs. (64)—(67) contribute, while all off-diagonal
coupling terms except for one (N&S ) vanish. Correspondingly,
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the property tensors take the form
Vijit = vV (8ikdj1 + 8x8ir) (68)

(compare also Ref. [62]), a;j = ad;;, and b;; = bd;; for the
diagonal terms, and 611.’; = @"§;; for the nonvanishing off-
diagonal term.

When comparing this result to Egs. (55) and (56), we thus
arrive at the conclusion that in a time-dependent GL approach,
we have, even to lowest order in the gradients, one diagonal
dissipative coefficient for each variable entering the dynamics.
This has to be contrasted to the DDFT approach outlined in the
last section, where one has only three independent dissipative
transport coefficients in total (even to higher order in the
gradients, compare the discussion below). In addition, we find
here one off-diagonal contribution ~@&*, which has no analog
in Egs. (37)—(39). By direct comparison, we find explicitly
y =204, o = 201, and b = 2ay.

As always, all the dissipative transport coefficients can
depend on all scalar variables in the system including py
and the temperature 7. This general dependence on scalar
quantities arises partially in the general DDFT result (55)
via the factors (1 + i) instead of 1, when compared to the
CMA. If one allows also for a dependence on vector- and
tensor-valued variables, such as the polarization P; and the
quadrupolar order Q;;, thus giving up the assumption of strict
isotropy, the picture outlined above changes as follows: the
coupling terms between the force associated with §;; and
the forces associated with d;.y and h” can be mediated by
the presence of a macroscopic polarization P;. In this case, the
property tensors B and B};, take the form

Birt = Bk P + 8i1 Pr),
Bl = B @Sk P + 8 Po).

Thus, these dissipative cross-coupling terms can only con-
tribute in the presence of a macroscopic polarization. Further-
more, they bring along two additional dissipative coefficients
in a dynamic GL description, while this is not the case for the
DDFT [compare Egs. (37)—(39) of Sec. II B]. Actually, there
is no analog of the contribution ~g;;; in DDFT, while for the
contribution ~BY%, we find B = a4.

One can also take into account terms containing more
gradients in the dissipation function, as it has been done in
the DDFT approach (55) and even for the CMA (56). To the
next order in the gradients, we obtain

! (1 1.
i)t(lGL) = /fr <§)/ijklmn(amSij)(anSkl) + Ebijkl(akhip)(alhf)

+ Bikim (i ) Om Sur) + Eifk(aiul//)(akhf)

(69)

+ &L mn (B ) OnSia) + Bl (B Su)). (70)

In a truly isotropic phase, the following picture emerges when
Eq. (70) is analyzed: the contribution ~;jkm is the dissipative
analog of the gradient energy for the nematic order parameter.
It contains one independent material parameter in two spatial
dimensions and two parameters in three spatial dimensions. In
two spatial dimensions, we have y ~«;. The tensor b; ki has
two independent parameters via

biju = b18ixdj1 + ba(8:8 + 8jx8ir), (71)
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while the tensor Biklm contains one independent parameter

Bixim = BSixSm + 8i18km)- (72)

The same applies to the tensor Bl-ilm:

/i‘ilm = BP(Sik8lm + 8i18km)~ (73)

All other contributions in Eq. (70) vanish in a truly isotropic
phase. Making now an explicit comparison with DDFT, we
find by = 4as, by = ay, and B = a3, while the contribution
~B* has no analog in DDFT. The reason for the absence
of this term and two other terms mentioned further up in
our DDFT result (55) lies in the fact that all missing terms
contain only one gradient, while in the DDFT equation (29),
from which Eq. (55) is derived, the gradients appear only
quadratically. To obtain also the terms with only one gradient,
one would have to generalize the DDFT equation (29) by the
addition of appropriate terms that contain only one gradient
and one angular derivative. As discussed below Eq. (30),
such terms take into account a possible translational-rotational
coupling and make the DDFT equation applicable to systems
of Brownian particles with an arbitrary shape [41].

The contributions ~Z%, and ~&},,, in Eq. (70) start to
contribute as soon as one allows a dependence of the property
tensors on the polarization P;. These contributions can also be
associated with the general DDFT result given by Eq. (55).
We note that all the contributions found in Eq. (55) can also
be found in the dynamic GL approach when one allows for a
dependence of the property tensors on the vector- and tensor-
valued variables P; and Q;; used here. However, in contrast to
DDFT, these dependencies bring along numerous additional
independent coefficients.

Thus, we arrive at the conclusion that the DDFT
equation (29) involves three independent dissipative coeffi-
cients in both the general case and the CMA. The corre-
sponding terms obtained in the GL framework are associated
with nine independent coefficients for the analog of the CMA,
i. e., for property tensors that do not depend on the variables.
We also note that there are three cross-coupling terms [see
Eqgs. (64) and (70)], which do not exist in the current DDFT
picture.

The overall picture that emerges is therefore the following.
In a dynamic GL approach, there is at least one independent
dissipative coefficient for every dissipation channel (every
order-parameter field) entering the description. In addition,
one finds frequently dissipative cross-coupling terms that
bring along further coefficients, in particular, if one considers
a dependence of the dissipative property tensors on the
macroscopic variables. This can be contrasted to the current
DDFT picture, where one has only two dissipation channels of
diagonal nature, namely, translational and rotational diffusion.
In the present version of DDFT, there are also no independent
dissipative cross-coupling terms. These observations clearly
call for a generalization of the current DDFT equation to
incorporate processes that allow for additional dissipation on
a microscopic level. Since dissipative constants appear in the
DDFT equation only as diffusion coefficients, such a gener-
alization can be obtained in two steps. First of all, terms that
take into account a possible translational-rotational coupling
and involve further diffusion coefficients should be added to
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the current form of the DDFT equation [41]. In addition, a more
complicated expression for the mobility can be used [16]. This
generalized mobility depends on the order-parameter fields
and includes a number of additional dissipative constants. It
is a necessary generalization if the hydrodynamic interaction
between the colloidal particles, which is entirely neglected by
Eq. (29), shall be taken into account.

IV. CONCLUSIONS AND POSSIBLE EXTENSIONS

In conclusion, we have proposed both microscopic and
macroscopic theoretical descriptions for the dynamics of polar
liquid crystals in two spatial dimensions. The microscopic
theory is derived from DDFT, while the macroscopic formu-
lation is based on time-dependent GL theory. We have done
this by including translational density variations, polarization,
and quadrupolar order as the basic order-parameter fields.
Most but not all phenomenologically possible couplings of
GL theory occur also in the DDFT approach. These couplings
are derived from a microscopic approach, and the associated
coupling parameters can be expressed as generalized moments
of a molecular correlation function. We further demonstrated
that the whole dynamics can be obtained from a dissipation
function.

Our theoretical framework can be used for a further explo-
ration of various dynamic processes of polar liquid crystals.
This requires numerical solutions of the microscopically
justified GL equations following numerical schemes proposed
earlier [63,64].

For future work, it is challenging to construct a generalized
DDFT that explicitly contains the momentum field as appropri-
ate for molecular dynamics or systems in flow fields [65]. This
turns out to be much more difficult than the traditional DDFT
approach for simple overdamped Brownian dynamics. But, in
principle, the way of generalization was explored by Tarazona,
Marconi, and Melchionna [66-68] and by Archer [69,70] for
molecular dynamics. An alternative derivation is based on
projector techniques [71] leading to a hydrodynamical density
functional theory [16,72]. Additional dynamic expressions for
a colloidal liquid under shear flow were recently discussed in
Ref. [65]. Furthermore, a phase-field-crystal model coupled to
flow was considered by Voigt and co-workers [73] (see also
Ref. [74]). In these extensions, one will presumably obtain
nonvanishing microscopic expressions for phenomenological
dynamic terms caused by the existence of a momentum or
velocity field. These come macroscopically mainly in two
groups, namely, contributions leading to a flow alignment
associated with reversible currents coupling extensional flow
(symmetrized velocity gradients) to orientational degrees
of freedom [46,57,61,75-81] and coupling terms between
extensional flow and variations of the moduli of nematic,
smectic, and columnar order [46,58,59,61,82,83].
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