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“Magic Spiral”’ Submitted to a Torque :
Topological Flows Driven by Ericksen Stresses in
Sm C Films

C. CHEVALLARD?, J.-M. GILLI?, T. FRISCH?, LV. CHIKINAP and
P. PIERANSKI"

amstitut Non-Linéaire de Nice, Unité Mixte de Recherche CNRS 129, 1361 Route
de Lucioles, 06560 Valbonne, France and b aboratoire de Physique des Solides,
Université Paris-Sud, Bdt.510, 91405 Orsay, France

We will show here that, in a two-dimensional liquid crystal system where disclinations are
present, the elastic torque cannot balance alone an external torque ; a hydrodynamic flow
must indeed occur so that the system can reach a stationary state. We suggest calling such
flows topological flows. We will indicate how they are produced by the Ericksen forces.

I. REACTIVE  COUPLING BETWEEN THE  ORDER
PARAMETER AND FLOWS VIA ERICKSEN STRESSES

The hydrodynamics of the Liquid crystals deals not only with flows of matter but
also with the dynamics of the order parameters resulting from  broken
svimnietries such as rotational and/or translational symmetries {1]. Because of
the Onsager relations binding the fluxes and the forces defined within the
tramework of the non-cquilibrium thermodynamics, the temporal evolutions of
the flow and of the order parameters are coupled. The resulting complex
phenomenology is furthermore entangled by the presence of topological defects.
In the nematices, the director field n(r.t) and the velocity field v(r.t) are
reciprocally coupled by dissipative (viscous) and reactive (elastic) terms
occurring in the equations of motion. The coupling via the dissipative
terms was extensively studied it is known that 1°- due to the viscous torque.
the director field m can be oriented by the flow v and. conversely, 2°- due to the
viscous stresses, the director field n has an influence on the flows (anisotropy
of viscosity. hydrodynamic instabilities. back-{low eftects). The existence of
this coupling is obvious in this case since the viscous torque and the viscous
stresses depend simultancously on fields mand v.

In this paper. we want to focus our attention on the reciprocal coupling of n
and v via the reactive terms : these terms are the elastic torque in the
equation of motion of the director and the elastic stresses known as the Ericksen
stresses i the equation of motion of the fluid. In this case, the existence of a
coupling between nand v is not obvious any more since both the elastic torque
and the Ericksen stresses only depend explicitly on the director field n. A
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diagram explaining this kind of coupling is given fig. | : an external torque I’

distorts the director field n. This distortion generates Ericksen forces fE in the
bulk which in turn induce a flow v in the system,

dissipative reactive external
terms terms actions
forces resultin; forces resultin . equation of
from viscausg. " fromthe ‘g | oxternal fdrop ;x‘rl,xétioniof
stresses | | Ericksen stresses|| (S€110.2610) | o i
: ; ol £ [
steady S=+1
state disclination
torque resulting | toanue rcs;:lung o equation of
from viscous |} f°f‘“;¥ ne || =+ exicrna motion of the
stresses | distorsion of the torgue director n'
director field -

FIGURE 1: Scheme of dissipative and reactive couplings between flows and the
order parameter

In order to give a convincing demonstration of the action of the Ericksen forces,
one has to eliminate all the effects due to the dissipative terms. For this reason,
all the transient processes in which the director field is not static and can
generate "back-flows™ must be excluded. The director field n(r,t) can be static
(time-independent) either at equilibrium or in a stationary state. At equilibrium,
the Ericksen forces can always be balanced by a suitable field of pressure so that
no flow 1s produced {1]. For our demonstration we will therefore consider the
second situation where a stationary state is induced by an external torque,

We will show here that in the presence of disclinations, the external torque
cannot be balanced by the elastic torgue alone and that the system can only reach
a stationary state in which permanent flows appear. We propose to call such
flows topological flows. We will point out that these flows are generated by
the Ericksen forces.

The generic example of an unusual hydrodynamic behaviour in the presence of
topological defects is provided by the free-standing smectic C films [2].
Becuuse of the very small thickness of these films as compared with their lateral
dimensions, the hydrodynamic flows are two-dimensional here. In a reference
frame with the z-axis perpendicular to the plan of the film, one has:
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v, =v,(x,y,), v,=v (xy,t) and v,=0 (H

These 2D flows are coupled with the 2D orientational order parameter ¢(X,y.t)
(fig.2).

P X

FIGURE 2 : Flows und order parameter in SmC films

In the approximation of a constant tilt angle 8, the amplitudel ol = sin® of the

two-dimensional order parameter remains unchanged so that the phase @(x,y,t),
i.e. the azimutal angle, is sufficient to describe the orientational order of the
system. Under the same approximation, the smectic C films are incompressible ;
thus, in the absence of external sources, the two components of the velocity
field are linked by the matter conservation law :

ov,
AN +—2=0 (2)
ox dy
In conclusion, a smectic C film can be treated like a two-dimensional nematic.
For this reason, we will adopt in this paper the notations used in the
nematohydrodynamics.
It has been shown for the first time by Cladis et al. [2] that the phenomena
resulting from the coupling of the divergence-less flow v(x,y,t) and the phase
field @(x,y.t) depend on the presence of a (+2m) disclination in the film. In these
first experiments, a circular SmC film of radius R was pierced in its centre by a
thin needle of radius r; <R (fig. 3.a). In the case, when the phase field at rest is

defectless, for example vniform with @(r,y,0)=0 (in the cylindrical coordinates
(r,y,7)), the rotation of the needle by an angle ®(1), results in a "winding" of
the phase : at r= rj the phase rotates with the needle so that @(rj, y,t)=®d(1).
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»

smectic film

FIGURE 3 : Cladis’ et al. experiments [2,3] : a- flows driven by a rotating
needle, b- rotating electric field applied to the SmC film.

At the external edge of the film, the phase remains unchanged @(R,y,t)=0.
Between R and rj it varies continuously as a function of r and t. When the
needle is withdrawn from the film, the phase relaxes towards zero everywhere
in the system.

The behaviour of the phase field is quite different when this one contains at rest
a (+2n) defect, for example @(r,y,0)=Vy. In such a case, the rotation of the
needle does not wind up the phase : this one tends towards a non-zero stationary
value @=y+A@ (where O<A@<n/2 ), except at the boundaries. One says that
there is flow alignment in the SmC film .

Recently, Cladis et al. [3] replaced the rotating needle by a rotating electric field
(fig.3b) and studied its influence on the behaviour of the phase field in the
presence of a (+2x) disclination. The angular velocity of the applied field was
large enough so that the phase ¢ was subjected to a time-averaged electric
torque. Without field, the equilibrium position of the disclination is located at

the centre of the film. Cladis et al. have shown that, above a threshold value I,

of the torque T, the disclination is orbiting around a target-like pattern formed in

the middle part of the film. The phase, created at a constant rate d¢/dt in the
centre of the target is annihilated, at the same rate, by the orbiting disclination.

The aim of this paper is to extend the study of Cladis et al. to the case of a S=+1
disclination carrying an inclusion in its core. In the experimental section, we
will show that for I'<T¢y, the disclination, and thus the director field, are static.
Nevertheless, steady flows (topological flows) are induced by the action of the
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rotating electric field. In the theoretical section, we will specify that these flows
are produced by forces resulting from the Ericksen stresses.

II. MAGIC SPIRAL SUBMITTED TO A TORQUE

The starting point of our theoretical considerations is the so-called "magic
spiral” paradox [1]. Transposed to the smectic C films, it can be formulated as
follows : one considers a film drawn on a circular frame of radius R (see fig. 4).
This film contains a small solid inclusion of a radius r; suspended in its centre.

The inclusion and the frame exert an anchoring action on the phase field. We
suppose that the director ¢ is orthogonal to these two boundaries.

frame

FIGURE 4 : The Magic Spiral submitted to a torque, definitions.

11.1._Equilibri in nce of the external torques

At equilibrium (in the absence of external torque), the phase field ¢(r,y) has
to satisfy the Laplace equation

| ¢ 1 a( B(p)
I'=K =0 3
(rz a\y2+r8r "o @

which expresses the vanishing of the elastic torque in the approximation of the
isotropic elasticity. Solutions of (3), compatible with the boundary conditions,
are .

O=0,(r)+Sy; S=+i 4

where
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In(r/R)

(ry=(W ;
(pn‘\(') ( n)ln(r, /R)

W=011,£2,... (5)

corresponds to the non singular component of the distortion. The integer W
that we propose to call the winding number is a topological invariant of the
phase field in the case of a strong anchoring (W=-1 on fig. 4).

Due to this distortion, there is an elastic torque acting on the edge of the
inclusion :

¢ ¢,
(Y Caamy g} 6
¢ or ar ©

When 0@/dr>0, this torque is positive (anticlockwise), as shown on fig. 4.

n!,v/\'“ o \ \ / / // /
_""'--..\ r _//
A i A

://

////\\\\\
LT X

|\ N\

FIGURE 5: Genesis of the Ericksen stresses

If there were no other contribution to the torque exerted on the inclusion, then
the elastic torque C would induce a perpetual solid-like rotation of the inclusion.
Fortunately, in addition to this "direct” elastic torque, one has to consider the
torque resulting from the action of the elastic stresses on the edge of the disk
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tsee [1]). The elastic stress tensor, also known as the Ericksen stress tensor,

expresses the response of the LC to a deformation of the director field ¢(r)
which consists in a displacement u(r) of the molecules preserving their
orientation :

@'(r+u(r))=@(r) (7)

Its origin appears clearly from the example shown on fig. 5. When the
molecules, drawn in bold type, are transported as indicated on the figure, the

clastic deformation d@/dr is relaxed by the amount -(Q@/dy)(da/dr). Let's
cmiphasize that, in the absence of anchoring at the edges of the film, the clastic
cnergy stored in the logarithmic phase field, @=@yln (t/R), could be completely
relaxed by the deformation ou(r)=@gln (1/R).
The Ericksen stress component cErrw exerted by the LC on the edge of the
inclusion is:

O',(.'{l, =-K 99 a_(p: —K—S—%

roy dr roor

(8)

This stress produces a negative (clockwise) torque which cancels the "direct”
clastic torque calculated above (see eq.6) for S=1. Therefore, as mentioned in
vef.f1]. the perpetual motion paradox is avoided. The Ericksen stresses occur
also in the bulk of the film and can produce a force per unit arca. In order to
calculate this force in the case of the magic spiral configuration, one has to take
. Er ir .

into account all stresses © ry and G "y acting on a surface element rdydr. As
aresult, one gets

(9)

. . - . Er . .
In the magic spiral configuration, the component ¢ yr ©Of the Ericksen stress

. Er . .
tensor has the same form as @ ry given in eq. (8) so that

: S10 a(p)
=-k212(,29
v rr ar(’ or o

Lets note that, except for the factor -S/r, this expression of the Ericksen foree is
wdentical to the expression of the "direct” clastic torque KA. For this veason. in
the case of the magic spiral (S=+1) at equilibrium (in the absence of external
torque). the clastic torque and the Ericksen force vanish simultaneously.
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H.2. Action of an external torque

Let us suppose now that the magic spiral configuration is subjected to an
external torque per unit area I'(ry = 0. If there were no flow, the steady state
of the phase field could not be reached. This can be simply demonstrated by the
following discussion. Let us assume that v=0 and d@/dt=0 ; there is therefore no
viscous torque and the external torque I™ acting on the director ¢ is then balanced
by the clastic torgue

KAg=-T (1

Under the same conditions, the equation (10) tells us that the Ericksen force
lhw acting on the fluid is ST/r # 0 and must induce flows in the film. This is
incompatible with the assumption v=0 ; thus this assumption is bad.

When flows exist, one must take into account the viscous torque acting on the
director, In the simplest case when the viscosity coefficient v, is set to zero, this
torgue results only from the difference

a(rv,,)
N = a_(p+\)w a(p _L ny,
ol roy ) 2r dr (2

between the angular velocities of the director and of the fluid so that the equation
of motion of the director writes :

—y1N+K1i(ra—¢)+F:0 (13a)
ror\ or

[n the same approximation, the equation of motion of the fluid, written as the
halance of torques rfy, due to the body forces Ty, has the form :

5
-y 1 ov v Fa/( o

y I .
YN+ —L Y ks O 22 (13m)
A rory or
Besides the torque due to the Ericksen force (last term), this equation contains
the two contributions due to the viscous stresses. The first term corresponds to
the antisymmetric part of the viscous stress tensor and represents the torque per
unitarca + Y| N which is the counterpart of the viscous torque - YN felt by the
molecules and present in the equation (134). The second term is due to the
sviretrical part of the viscous stress tensor.



Downloaded by [University of Haifa Library] at 19:32 17 August 2012

“MAGIC SPIRAL” SUBMITTED TO A TORQUE 603

The cquations (13a) and (13b) contain the two unknown functions VW(” and

@(r). Firstof all let us find vyy(r). We calculate KA from 13a and substitute it
mn 13b:

R
vy, +lavw Vy

WN+rn - |=-S(yN-T)=0 (14)

=
ar~ r dr T
In the case of the magic spiral, S=1, so that the Y|N terms vanish | we are then
leftwinh
9%y | v v
m —L+-—Y Y i=-T (15)

orY r oor r’

This means that the shear viscosity is opposed to the torque I'. In the
approximation where the radius of the inclusion is very smuall (r; <<R). we can

now calculate the flow ficld :

'rR., . , . F
Vi =——FIn(F) with F=— (16)
2n R

When <0 (clockwise from its definition - see fig. 4). the velocities vy e
negative (In(r/R)<0) so that the circulation in this flow pattern should have the
same sense as the external torque (see tig4). The advection of the phase due to
such a flow results in the rotation of the molecules in the sense of the external
torque. as expected.

Knowing the flow pattern, we can now calculate the distortion of the phase field
from the equation (13a) :

' ’)‘/ 'l
ad (Sal)li——((IV —‘—"j +Kli[,@.‘e)+r:() (17)

|
ro 20 or F ror r

With S=1.and vy given by ¢q.( 16). one obtains:

| d a‘l’) 14 3
K—— — :—r l———-—— :——r
r()r(’ or [ 4n (%)
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This cquation tells us that the fraction (y(/4n) of the external torque T is

dissipated in the persistent flow and only the remaining fraction of the torque T
distorts the logarithmic static configuration of the magic spiral.

1 the inclusion S=+1 is located at the film centre, the distortion @(r) has the
form:

(p:(p”_\(l‘)+Sl/I . S=+1 (19)

where the non singular component @q(r) satistying the equation (18) must have
the following form

R} )

In(r/R) +B R: L o

=(W
OnO=WEN o Ry PR

with
Ww=0, 1, £2,. and o+p=1

When the torque T™is zero, a=1 and the distortion is purely logarithmic. In the

presence of the torque T, some fraction B of the total phase winding becomes
parabolic. From equation (18), one gets :

BWn=4r;((R3~rf) @

FFor W<} (see fig. 4 where W=-1) and in the presence of the effective torque

I"<0. B is positive so that the distortion due to the phase winding Wt partially
loses its logarithmic, torqueless form : it gradually evolves, with the effective

torque value T into a "parabolic” distortion. For T'=1"(, such that f =1 and
=0, the distortion loses its logarithmic character completely. Finally. for

I'>1" ;. ot becomes negative which means that the fogarithmic contribution to
the distortion changes its sign in order to satisfy the conservation of the winding
number. In the accompanying paper (8], we show that the inversion of the sign
of the distortion can be avoided by moving the inclusion away from the film
contie.

In conclusion : when the magic spiral is subjected to an external
torque, its nonsingular phase field loses its logarithmic character ;
some fraction of the phase winding is transformed by the external
torque into a parabolic distortion. This transformation is
accompanied by flows. These flows never stop - they persist in
the steady state when the phase field is static.
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1[.3. Relaxation of the magic spiral

Let us suppose now that the external torque T is removed. The distortion that it
created must now relax which means that the molecules will rotate backwards.
This backward rotation is led by the elastic torque (its initial value is - T') whose
sense is opposite to the sense of I'. The angular velocity of the molecules dg/ot
creates viscous torques and viscous stresses which could generate back-{lows
[+]. Does this relaxation have to be accompanied by back-flows ? The answer is
NOT because the contributions of the stresses due to the ¥ term in the equation
of motion of the fluid (13b) vanishes in the presence of the S=+1 disclination.
The equation (13b) tells us that no back-flow can occur during the
relaxation of the magic spiral. This theoretical conclusion is confirmed by
cxperiments (section 111). The relaxation process is therefore described by the
cquation (13a) in which iy is set to zero:

d la( d
—yl»—(e+l<—~ r—(’o =0
or ror\  odr
Al the beginning of the relaxation, the angular velocity d@/ot is the same
cverywhere. Later on, the relaxing phase field takes the form of a Bessel
function and the relaxation becomes exponential.

1. EXPERIMENTAL

Hl.1. Set-up

In the experiments we used the room-temperature SmC* mixture SCE4 from

BDH. Smectic films of dimensions 3mmx3mm were drawn on a rectangular
frame with movable edges (fig.6b) which is described in details in ref.[6]. The
tvpical thickness of these films was about 20 motecular layers (600A). The
Irame was laid on the stage of a retlecting polarizing microscope.

‘The films were observed, through microscope, with a TV camera connected to
an AV computer which allows to record cither selected pictures or series of
pictures taken at a regular time interval.

The rotating electric field was produced by four needle-shaped electrodes,
placed below the film and forming a square as indicated on the figures.6.¢ and
d. The clectrodes were centred on the field of the microscope and their distance
with respect to the film was controlled by a translation stage. The clectrodes
from the apposite corners of the square (0.3x0.3 mm) form two pairs which are
supplicd by AC voltages in phase quadrature: Vsin(ot) for one pair and
Veoston) for the other one. The frequency ® is about 1 kHz. This set of
clectrades generates an electric field of a quite complex geometry. For the
purpose of the present experiments. we are only interested in the component Ey
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of the electric field tangent to the film. For symmetry reason, the field must be

parallel to the film at the centre of the square but has a component E, normal to
the film elsewhere.

smectic film
Uhlu,‘[,‘{l\.l_' - -~ 0.3 mm

frame

electrodes

translation stage

FIGURE 6: Experimental set-up

One has also to consider the polarization of the field. It is circular in the centre
of the square but elliptic everywhere else. In a very rough approximation, one
can suppose that the torque exerted by the rotating field is confined to a small
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region in the centre of the square. This localization of the torque has an
advantage : as we will see below, it is difficult to control the position of the
disclinations in the film ; however, since the frame supporting the film can be
wranslated (using the microscope stage) with respect to the electrodes, the
iolated disclinations (or the groups of disclinations) can always be positioned
in the small area where the electric torque is localized. In this way one can study
the individual or collective response of the disclinations to the external torque.

It is well known that the steps corresponding to the changes in the film
thickness exert an anchoring action on the vector field ¢ [7]. This property can
be used for the preparation of smectic C films containing only one (+2n)
disclination.

fresh disclination

SINOY |Elaacs

aged diaclination

e

Fig.7: Preparation of an aged disclination with a blocked winding: 17~ a fresh
disclination is winded up with the electric torque, 2°- after several hours, dust
particles are accumulated in the disclination's core - the winding is blocked;
when the torque is suppressed, the disclination keeps its winding number, the
distortion field relaxes. its logarithmic configuration.
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One has to proceed as follows : during the initial stage of the smectic film
realization, i.c. when one starts to open the rectangular frame, a smalj (=100
i in diameter) disk-shaped thin nucleus of smectic film (surrounded by a thick
meniscus) is ercated. The topology of the vector field ¢ in this nucleus can he
casily detected by direct observation in the reflecting polarizing microscope. In
Mmany cases, the nucleus of the film contains only one (+21) disclination. When
it is true. one can draw a film of much larger dimensions by moving very
sowly and smoothly the mobile edge of the frame. During this process, flows
may oceur in the film ; this mukes the disclination drift but it does not matier
since. due to the mobility of the frame supporting the film, the (+2m)
disclination can always be positioned above the electrodes.  We call the
disclinations just created in this way "fresh" disclinations in opposition to the
“aged” disclinations that have been staying in the film for several hours. On
such a long time scale, the disclination traps the dust particles floating in the
film and one can then observe a progressive growth of the disclination's core.
This accumulation of dusts in the core of the disclination acts as the inclusion of
radius 1 that we considered in the theoretical section : it exerts an anchoring

action on the vector field €. The phase o(rj, y)=y+Wmn is blocked and cannot be

aliered by the action of the electric torque. In the fresh disclinations on the
contrary, the SmA-like core structure does not impose any constraint on the
phase.

However, in the (+2m) disclinations, there are energy barriers (due to the
anisotropy of the elastic constants) to overcome in order to wind up the phase.
Itis nevertheless possible when the applied electric torque is large enough. The
phase winding process is then quite visible in the polarizing microscope : the
extinetion brushes of the disclination are winded into a spiral as shown on the
scheme of fig.7. This winding process is partially reversible in the fresh
disclinations : when the torque is suppressed, one observes the unwinding of
the phase during which the existence of energy barriers is obvious. However,
when a disclination is maintained in this winded state during several hours, the
accumulation of dust particles in the core blocks irreversibly the phase. An
example of such a winded and aged disclination is shown on the photograph
presented Tig 8.

111.3. Topological flows, results

The opological flows induced by the electric torque were detected by looking at
the motion of small dust particles floating in the film. Their positions were
determined from photographs taken with the TV camera and recorded on the
computer. A seric of pictures taken at a regular ime interval were superimposed
by using an image processing software. A typical example of such a composite
picture is shown on fig. 8 On this image. the various positions of a dust
particle are indicated by white dots. One can notice that the distortion ficld does
not change throughout the experiment which means that the system was in a
steady state. The dust particles evolve, in this stationary distortion field, on
cireubar orbits around the disclination.
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FIGURE 8: Topological flows around a (+2m) disclination. This picture is a
superposition of five images taken at time intervals of 20 sec. The positions of
dust particles are indicated by white dots. The flow is circular and its velocity
depends on the distance to the disclination core.
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FIGURE 9 : Flow velocity (radius times angle of rotation) versus the distance
from the disclination centre (radius of the orbit).
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The sense of circulation is similar to the sense of rotation of the electric field.
This is in agreement with the theoretical scheme on fig.4. The velocilies of the
particles are constant. Typically, for a radius D=0.15 mm of the orbit, the
period of the orbit is T=500 sec, and the velocity v=1.9 pm/sec.

On the composite picture of fig.8, several dust particles evolve on circular orbits
of different radii. Their velocities have been plotted versus the radius of the
orbit on fig 9. In this case, the voltage applied to the electrodes was 10 V. On
the same plot we have also represented other data obtained for the following
voltages @ U=6, 8 and 15 V. All these data have been rescaled with respect to
those corresponding to 15V ; the velocities have been multiplied by the factor
factor (U715 V)2, The rescaled data (filled markers) are aligned on the same
curve which demonstrates that the torque exerted on the molecules by the
rotating field varies as E2. Thus, as expected, the averaged torque due to the
spontancous polarization of the SmC* phase is zero.

I11.4. Relaxation of the magi r

After the suppression of the external torque, the non singular part of the phase
field relaxes towards its logarithmic configuration. The theory developed in the
section 11 predicts that, during this relaxation, the circular flow V\U(r) should
stop. This theoretical prediction is experimentally confirmed. In the serie of
three photographs shown on fig. 10, the dust particle indicated by arrows has a
radial trajectory. It does not circulate around the disclination but only follows
the collapsing extinction brushes.

FIGURE 10 : Relaxation of the magic spiral after the suppression of the
external torque. The dust particle indicated by the arrow does not circulate
around the disclination : vi=0. In its radial motion, the particle follows
collapsing extinction brushes.

V. CONCLUSIONS

In this paper, we have shown, both experimentally and theoretically that an
external torque, applied to the orientational order parameter ¢ of the SmC films,
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cannot be balanced by a static deformation of the director field ¢ when a (+2m1)
disclimation is present in the film. Instead of an equilibrium state, the system can
only reach a steady state in which permanent flows occur.

From a theoretical point of view, this conclusion follows directly from the
expression of the two coupled equations (13a) and (13b). The motion equation
of the fluid (13b) expresses the balunce of the torques produced by the body
forces acting on a fluid particle : it contains the termy which corresponds to the
clastic Lricksen force. This one depends explicitly on the topology of the
director field (it is proportional to the strength S of the disclination. Except for
this factor -S_ this term is identical to the elastic torque occuring in the motion
cquation of the director (13a). Consequently, when the director field, due to the
external torque, teaves its equilibrivm state, not only an elastic torque acting on
the director but also body forces acting on the fluid particles are induced. 1t is
obvious, starting from the equation (13b), that these Ericksen forces can only be
balunced by the viscous forces. Therefore, the system can only reach a steady
state in which flows must persist.

From the experimental point of view, the evidence for these topological
flows is obtained by observing the motion of dust particles suspended in the
SmC film : in the stationary state, those are orbiting around the disclination with
a veloeity which depends on the radius of the orbit.

Another qutte surprising consequence of the equations of motion (13a) and
t13by is that, after the suppression of the external torque, the system relaxes
towards the equilibrium state without flow. Once again, this behaviour is due to
the presence of the disclination in the director field. The equations of motion
(13 and (13b) can also be used to predict patterns of flows and distortions in
the case when the director field contains a S=-1 disclination. In such a situation,
iteun be shown that topological flows are also induced but in a sense opposite
1o the external torque one : if the torque is clockwise, the circulation of the fluid
should be now anticlockwise. The behaviour of S=-1 disclinations subjected to
an external torque is considered in the accompanying paper [8).
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