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Abstract: Freely suspended films in the smectic C phase are excellent templates for the study of
topological defect dynamics. It is well known that, during the annihilation of a pair of disclinations
with strengths +/−1, the +1 defect moves faster because it is carried towards its opponent by
backflow, whereas the flow in the vicinity of the −1 defect is negligibly small. This backflow pattern
is created by the defect motion itself. An experimental confirmation of this theoretical prediction
and its quantitative characterization is achieved here by fluorescence labeling. Film regions near
the defect positions are labeled and their displacements are tracked optically.

Keywords: topological defect annihilation; freely suspended smectic films; backflow;
fluorescence bleaching

1. Introduction

Topological defects are a natural feature of condensed matter systems with broken
continuous symmetries [1]. They occur in such disparate systems as crystals [2–4], super-
fluid helium [5,6], in colloidal systems [7–11], and liquid crystals [10–14]. Even in biological
tissue, they can play an important role in structure formation [15,16]. A comprehensive
overview over dislocations and disclinations, their properties, and their applications can
be found in Reference [17]. Topological defects created by symmetry-breaking phase transi-
tions have received considerable attention in particle physics, condensed matter physics,
and even cosmology [18]. They determine the mechanical properties and the response of
solid materials, and they can also serve as building blocks determining the structure of
liquid crystal blue phases [19] and twist-grain-boundary phases.

In this study, we focus on a particular feature of such topological defects, the annihila-
tion of point disclinations of opposite topological charges in two dimensions. This scenario
has been extensively investigated in analytical studies (e.g., Reference [20–23]), numerical
simulations (e.g., Reference [24–28]), and in experiments (e.g., Reference [29–34]).

In a nematic liquid crystal, the coupling between the local orientation and the shear
strain can result in advective flow accompanying non-uniform reorientations of the director
field. Thus, the motion of (immaterial) defects can induce material transport. Such flow has
been recognized early as the physical origin of the asymmetric trajectories of positive and
negative topological defects in a pair [32]. The defect with the positive topological charge
moves faster towards its negative opponent than the negative defect towards its partner.
The moving positive defect creates a backflow pattern that carries the defect by advection
towards the annihilation point. The flow field around the negative defect is negligibly small.
The negatively charged defect dislocates essentially as a topological structure of the director
field in a liquid at rest. In nematic cells, the detection and measurement of this flow field is
connected with difficulties. One problem is that the disclinations are line defects that may
be pinned at the cell plates, so one actually has to deal with a three-dimensional problem.
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The second problem is the no-slip condition of the flow field at the cell plates which leads
to a complex flow pattern.

One solution to circumvent these difficulties and to explore the dynamics of disclina-
tions in a quasi-twodimensional (2D) geometry are freely suspended smectic films (FSFs).
Such films with lateral extensions of up to several centimetres and thicknesses of a few
molecular layers mimic quasi-2D fluids. Films of smectic-C (SmC) liquid crystals can be
considered as models of (polar) 2D nematics. The analogue of the nematic director in SmC
is the projection of the averaged long molecular axes on the smectic layer plane, which is
now a vector. In this case, the symmetry is different from 3D nematics and can be described
by a 2D vector field. As a result, only integer-strength disclinations are allowed, and half-
integer disclinations are forbidden. Noel Clark, together with Chris Muzny, published a
study of the dynamics of disclinations in such films [12] already in 1992. They measured
the diffusion of a single defect with topological charge s = +1 in a smectic C FSF. Like a
particle, the defect performs Brownian motion in the film plane. In that study, the defect
trajectories were analyzed, but it was not discriminated between the diffusion of the defect
structure (the virtual particle) relative to the film substance and a displacement of film
material with the moving defect.

Multiple defect patterns can be created in SmC FSF when they are slowly expanded
to a sphere cap, and, thereafter, this cap is rapidly released back to the flat shape. This
triggers a transient transition into the smectic A phase where the c-director vanishes.
Upon recovery of the smectic C state, multiple-defect patterns appear that coarsen by
defect pair annihilations. This approach is described in the 1994 PhD thesis of Chris Muzny,
which was directed by Noel Clark [35]. The elementary process of this coarsening, the defect
pair coalescence, has been studied experimentally by Missaoui et al. [34]. An alternative
approach to create multiple defect patterns has been described by Stannarius and Harth [36].
There, multiple defects of topological strength s = +1 were initially trapped in a spot in
the film and subsequently released. They repel each other and the initial group disintegrates.
Disclinations in smectic C FSF can also interact with inclusions, like islands [37,38], and bind
them together. They may serve as links in chains or 2D lattices formed by inclusions,
by attractive forces of topological dipoles or quadrupoles [39,40].

Our previous study described the annihilation of defect pairs with the topological
strengths of s = ±1 [34]. It was demonstrated that the mutual orientation of the defect
pairs and their orientation with respect to the surrounding director field plays a crucial role
in their dynamics. Those experiments support the current theoretical models describing
the annihilation in 2D [25,26,28]. However, these models fail to accurately describe the de-
fect velocities and the asymmetry of the trajectories. One reason for those discrepancies is
the effect of the above-mentioned backflow. This was demonstrated by Svenšek and Žumer
in numerical simulations [24].

Our paper aims to experimentally demonstrate the role of backflow in smectic FSFs.
We show that the annihilation of a defect pair with the strengths ±1 is accompanied by
strong material flow in the film plane, which speeds up the velocity of the +1 defect.
The problem of this experiment is that the classical use of tracer particles (or other inclu-
sions) to identify and track flow patterns [41–44] cannot be employed here. If the liquid
crystal is doped with such tracers, they tend to interact with the c-director field. Inclusions
will be driven out of the regions of homogeneous or weakly distorted c-director orien-
tation and they will finally occupy the defect cores. This does not necessarily influence
the c-director texture near the defect, but the defect is then coupled directly to the film
material. This changes the dynamics considerably because the defect can no longer move
in the film plane without transporting film material in the surroundings. Thus, we were
forced to find other markers in the film. A useful technique is the observation of photo-
bleached regions in a film doped with a small amount of fluorescent dye [45]. There is a
certain time limit set by the recovery time, but within that time window one can follow
the motion of the bleached spot. The local velocity can be determined quantitatively from
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the displacement of the spot. In repeated experiments, one can choose different positions
of the bleached spot relative to the annihilating defect pair and sample the velocity field.

We dedicate this paper to Noel Clark on the occasion of his 80th birthday. Noel Clark
has contributed enormously to the exploration of structures and dynamics of these films,
and it should be highlighted that it was him who sent the first liquid crystals to space for
experiments in microgravity on the International Space Station ISS [46].

2. Materials and Methods

A room-temperature smectic C (SmC) mixture of equal volumes of 5-n-octyl-2-[4-(n-
hexyloxy)phenyl] pyrimidine and 5-n-decyl-2-[4-(n-octyloxy) phenyl] pyrimidine was used
as the liquid crystal material. The mixture was doped with 5wt% Nile Red dye dissolved in
toluene. After the solvent evaporation, freely suspended films (FSF) were drawn manually
over a custom-made frame (Figure 1a). Defect pairs were created by piercing of the ho-
mogeneously oriented freely suspended film using a glass tip, a method introduced by
K. Harth [47]. In order to operate the tip, we used a micromanipulator uMP-3 (Sensapex).
Optical observations were made using a Scanning Confocal Laser Microscope SMP8 (Leica)
equipped with a photomultiplier detector and a prism monochromator adjusted to the spec-
tral range of 580 nm to 621 nm. Nile Red dye molecules align with the director and cause
an anisotropic absorption and emission determined by their orientation (Figure 1a, right).
The excitation is performed by linearly polarized laser light. The adsorption efficiency of
the linearly polarized light is determined by the angle between the polarization direction P
and the transition dipole moment m [48]. The latter is given by the alignment of the director.
Since the adsorption efficiency is proportional to cos2(φ), where φ is the angle between P
and m, this allows mapping the director field using the intensity of the emitted fluorescence
as shown in Figure 2c. The maximum intensity corresponds to the director aligned parallel
to the polarization plane. A slight intensity difference between the two maxima of opposite
director orientation can be attributed to a marginal tilt of the film. The defect positions are
easily identified and located.

In some accompanying experiments, defects of non-doped smectic films were vi-
sualized using the classical polarizing microscopy technique with crossed polarizers in
reflection. In order to determine the direction of the slow optical axis, and to discriminate
between the diagonal orientations, we used a full wave-plate in diagonal orientation to
the polarizers (Figure 2a,b).

The local flow was detected using the bleaching function of the microscope. The full
laser power of wavelengths 405 nm, 488 nm, 552 nm, and 638 nm was used to bleach a
spot-shaped region of interest (ROI) near the defects in order to study the flow behavior.
In order to extract the material displacement from the bleached spot, the intensity profile
was fitted by the Gaussian fit and the position of the maximum was determined for each
frame. Similar techniques have been applied in liquid crystals for the measurement of
thermally induced rotations of droplets [49,50].

After bleaching, the ROI in a resting film appears as a black region with circular shape,
as shown in Figure 1b top left (defect-free film). The recovery of the bleached spot starts
when the illumination is suspended; see Figure 1c. The intensity increases continuously
and reaches the equilibrium intensity value within approximately 10 s. At the recording
rate of one frame per second, we could acquire at maximum 10 frames before the ROI
vanishes. Even if the recovery time of the dye would be much larger, there is a second effect
that sets a time limit to the method: The diffusion of the Nile Red molecules in the smectic
matrix. If one assumes that it is of the same order of magnitude as the typical self-diffusion
of low molecular mass liquid crystals at room temperature, ≈ 10−11 . . . 10−10 µm2s−1,
the spot will broaden and lose contrast within several seconds. At least, the nearly isotropic
diffusion of the dye has no relevant effects on the displacement of the center of the ROI
that serves as our marker. The positions of the defects and the bleached ROI were tracked
with an accuracy of approximately 1 µm. In addition to the displacement of the ROI spot,
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its shape can also change under the influence of flow divergence, providing additional
information on the structure of the flow field.

Figure 1. (a) Left: Scheme of the film holder mounted on the microscopy table. Right: Schematic of
the dye orientation drawn in red in the nematic matrix drawn in blue. n is the nematic director, m is
the transition moment, and P is the polarization plane of the excitation beam. (b) Snapshots from
the experiment showing the fluorescence intensity recovery of a bleached region (exposed for 8 s
to full laser power before t = 0). The film does not contain defects in the vicinity of the region of
interest (ROI). (c) Time dependence of the measured mean intensity of the bleached ROI presented in
Figure 1b. The recovery time is about 10 s. The dashed line is an exponential fit.

(a) (b) (c)

Figure 2. Snapshots of two defect pairs: The +1 defect has always tangential orientation of the c-
director near the core. The −1 defect is initially rotated respective to the partner (in mismatch) so that
the director field along a straight line connecting the cores is not uniform. Image (a) was recorded
16 s before annihilation. During the mutual approach, the mismatch angle gradually reduces to
zero. This state is almost reached in image (b), 3 s before annihilation. Yellow bars symbolize 50 µm.
Images were recorded in polarized light with crossed polarizers (black lines) and a diagonal wave
plate (slow axis: diagonal yellow line). Bluish regions characterize the c-director in northeast or
southwest direction, while orange regions indicate a c-director orientation in southeast or northwest
directions. In magenta regions, the c-director is either horizontal or vertical in the images. (c) Defects
pair observed in fluorescence mode (top: +1 defect, bottom: −1 defect). The black arrows sketch
the c-director. The polarizer orientation is indicated by a black bar. Images (a,b) are courtesy of Péter
Salamon and Kirsten Harth.
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3. Results and Discussion
3.1. Experimental Results

The annihilation dynamics strongly depends on the mutual orientation of the de-
fects [25,26], and on the alignment of the pair respective to the far, undistorted director
field [14,26,34]. In the experiment, this orientation cannot be controlled easily. We will use
the following notation in the following: a disclination pair is designated as matching when
the c-director along the straight line connecting the two defect cores is uniform. In our
experiments with strictly tangential +1 defects, the −1 defect must have an orientation
where the c-director is perpendicular to the interconnection line on that line. If its config-
uration differs from that orientation, one can define a mismatch angle which quantifies
the total rotation of the c-director along the defect interconnection. It has been shown that,
in an adiabatic model where the defects approach each other via quasi-stationary states,
there is a fixed relation between defect pair mismatch and the alignment of the defect pair
relative to the undistorted c-director field.

In a first set of experiments, we tried to avoid the complication caused by curved
trajectories. Thus we utilize the fact that the defect pairs gradually align during their
mutual approach. Precisely at this stage, most of the experiments were performed. Figure 2,
left, shows an example of a defect pair with an initially noticeable mismatch (roughly 45◦).
The bright feature connecting the defects exhibits a mirrored S-Shape. The image to the right
shows the same defects in a nearly aligned state 3 s before their mutual annihilation.

Figure 3 shows snapshots of four defect pairs together with their bleached spots.
The textures of the pairs and the ROI are seen at the beginning of the recording, immediately
after bleaching stopped. The defect trajectories are represented by blue (for the −1 defect)
and red (for the +1 defect) curves. The time interval during which these trajectories
were recorded are approximately 8 s. We have performed experiments with single and
double bleached spots (Figure 3a,b, respectively). The flow velocities can be estimated
from the analysis of the ROI spots and are given by the arrows.

The first obvious result is that the two defects move towards the annihilation point
with different velocities. As predicted by theory [24], the positive defect is faster so that
the annihilation does not occur halfway. Besides, the defect pairs have slightly curved
trajectories, since the initial defect mismatch is not strictly zero. When flow coupling is
disregarded, the models describing the defect speed [22,51] predict a velocity v for each of
the defects in the film at rest

v(+,−)(r12) = ±
K

γ1 ln(3.6/Er)r12
. (1)

Here, K is the Frank elastic constant for the c-director in one-constant approximation,
Er = γ1vrc/K is the Eriksen number, γ1 is the rotational viscosity of the c-director, rc is
the core radius, and r12 is the distance of the defect cores. As there is no noticeable flow
near the −1 defect, this equation can be used as a good reference for the dynamics of
the −1 defect, and it is a reasonable approximation for the motion of the +1 counterpart
relative to the moving film.

Actual defect velocities can be found in the experiment from the defect positions.
For that purpose, we analyzed longer trajectories without the bleaching technique. The dis-
tances of the defects from the annihilation center and their mutual distances are shown
in Figure 4 for a matching pair. The mutual approach occurs along a straight trajectory.
In good approximation, the positions of defect i can be fitted to square-root laws ri = di

√
t

(dashed lines), and their distance is given by r12 = d12
√

t. This corresponds to a velocity
v12 = d2

12/(2r12). It is obvious from these equations that the observed velocities v′+ and
v′− of the individual disclinations must relate to each other like the coefficients d1 and d2.
The +1 defect is found to move nearly twice as fast as the −1 defect. If we assume that
the reason for that difference is backflow coupling and advection, with no significant flow
near the −1 defect, then it is natural to equate |v−| to |v′−| in Equation (1). The difference
of v′+ and v′− is then a signature of flow near the +1 defect.
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Figure 3. Trajectories of the defects and the flow field in the bleached regions: The snapshots show
the pairs at the beginning of the recording, immediately after bleaching stopped. The +1 defect,
−1 defect, and ROI trajectories are shown in red, blue and white respectively. The motion of the ROI
near the positive defect (a,b) follows the motion of the defect. The ROI near the negative defect
(c,d) does not move noticeably. (a) A single ROI bleach; (b) a double ROI bleach. The trajectories
of the +1 defect, of the −1 defect, and of the ROI are shown in red, blue and white, respectively.
The disclinations and ROI are tracked for 8 s. The position of the excitation beam polarization is
given by black lines.

Figure 4. Distances of two matching defects with respect to the annihilation point. The graphs
show the defect separation r12 and the distances r1 of the +1 defect and r2 of the −1 defect from
the point where they finally meet and annihilate. The dashed lines are square-root fits r = d

√
t,

and the numbers give d in units of µm s−1/2. Image adapted from Reference [52].
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Figure 3c,d indeed show that flow is practically absent around the s = −1 disclination
point. The bleached spots near the s = −1 defect remain nearly stationary (see Table 1).
This is in accordance with the model in Reference [24]. Figure 3a,b show that, in con-
trast, there is an obvious correlation between the motion of the s = +1 defect and that of
the bleached spot. The spots follow the motion of the adjacent +1 defect. In the bleaching
experiments, the observation time is too short to obtain the square-root law with sufficient
accuracy, one rather obtains a snapshot of the dynamics in a certain phase of the defect
approach. Technically, it was difficult to manually place the bleaching spot next to one of
the defects just before annihilation. Thus, bleaching experiments could be performed only
when the defects were still at comparably large distances from each other (e.g., Figure 3b).
However, a slight drift of the complete film area in the field of view cannot be avoided.
It can reach values of the order of 1 µm/s. When this drift is perpendicular to the de-
fect interconnection axis, both defect trajectories are tilted to the same side of that axis.
This is evident in Figure 3d. If the drift has a component in the direction of the defect
interconnection axis, it may tamper the velocity ratio. This is the main error source when
the defects are far apart from each other and their approach velocity is small. Drift can
be neglected when the defects are fast, close to the annihilation point. If we consider an
experimental uncertainty of the order of 1 µm/s, Table 1 below shows that the velocities
vROI of the regions next to the +1 defect are comparable to the differences |v′+| − |v′−|.

Table 1. Measured flow fields in the images shown in this paper. All velocities are given in
µm/s. The indices ROI+ and ROI− refer to spots near the disclinations with the respective sign.
For Figure 3b, the average of the velocities of both bleached spots is given. The accuracy of the veloc-
ity data is of the order of 1 µm/s.

Figure v′+ v′− vROI+ vROI−

Figure 3a 6.0 2.6 2.6 -
Figure 3b 2.6 1.7 1.2 -
Figure 3c 4.0 2.2 - < 0.2
Figure 3d 4.5 3.2 - 0.5

Figure 5a,b 1.9 1.7 1.2 -
Figure 5c 1.2 1.2 - < 0.3

Figure 5. Flow field in a strongly mismatched pair of defects (mismatch angle approximately 180◦).
Because of the mismatch of the orientations, the defects do not approach each other along the straight
interconnection line. The images show the pair with ROI near the +1 defect (b) and the −1 defect (c).
(a) A magnification of the +1 defect and ROI from image (b).

In addition to the displacement of the ROI, the shape of the bleached spot may serve
as an additional source of information. When the film material flows during the bleach-
ing phase of about 8 s, the ROI is not a circular spot but it becomes distorted ellipti-
cally, with the long axis in the direction of the flow. One can see this effect in Figure 3a.
The bleached spot near to the +1 defect appears elongated in the direction of the induced
backflow field. When the defects are far separated as in Figure 3b, the defect motion and
corresponding backflow field are small and the bleached region remains circular. The same
applies for bleached spots in the vicinity of the −1 defect which is at rest (Figure 3c). Again,
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drift of the film during bleaching as seen in Figure 3d can also lead to a slight ellipticity of
the bleached spot.

When the orientations of the two defects do not match, i.e., when the director field along
the straight line connecting the cores is not uniform, the trajectories are curved [25,26,34].
In some cases, very large mismatch angles have been observed (Figure 5). Since the +1
defect is pinned to a tangential orientation by the elastic anisotropy (see above), the director
field strongly deforms to a spiral shape near the defect [53]. Then, the instant velocity and
the trajectory will point sideward, but not towards the −1 opponent. Figure 5 shows that,
in such cases, the flow field next to the −1 defect is still negligibly small, while the flow
field near the +1 defect points in the same direction as the defect motion. This is intuitively
clear: The velocity field is evoked by the displacement of the +1 defect alone, irrespective
of the location of the far −1 opponent. The quantitative measurements of the displacement
velocities in the images of Figures 3 and 5 are given in Table 1.

When different experiments are performed with different positions of the ROI, one can
try to map the flow field. In principle, one can try to perform several subsequent bleaching
experiments with the same pair, but this is extremely challenging. By scaling the velocities
measured in different individual experiments of matching pairs, one can compose a map.
This is shown in Figure 6a. The approach to construct this map and the symbols used is
explained in the following.

First, we assume that the backflow is mainly generated by the displacement of the local
disclination and that the influence of the opposite partner in the pair is irrelevant. Thus, we
rotate the coordinate system in the region near the +1 defect (upper half of image Figure 6a)
such that the motion of the central +1 defect is downward. In an aligned pair, this would
correspond to the situation shown in the numerical solution of Figure 6b. Now, we have
to consider that, in different experiments, the distances of the defect pairs differ; thus,
the actual velocities cannot be compared. However, it is reasonable to assume that the ratio
of the defect velocity and the backflow is independent of the defect distance in a pair.
Thus, we scale all ROI velocities with the absolute velocity determined for the +1 defect.
The initial positions of +1 defect (red circle) and the ROIs (open black circles) are indicated,
and the scaled velocities are shown as black lines. For comparison, the scaled velocity of
the disclination is given as a red line. In order to estimate the accuracy and reliability of
the velocity data, we estimate the error by assuming a 1 µm/s drift in the film, in arbitrary
directions. Of course, this drift has little effect when the disclinations are close to each
other and the velocity for scaling is much larger than a potential drift (upper three ROIs in
Figure 6a). It has much larger effects when the defects are far from each other, the approach
is slow and the approach velocity becomes comparable to the drift. We mark the estimated
error due to drift by grey circles around the original ROI positions. As is seen, most of
the black lines indicating the backflow reach much further than the grey uncertainty disks;
thus, the analysis clearly evidences a backflow near the +1 defect that contributes roughly
one half of the displacement.

A similar procedure was performed near the −1 defect. Here, the area was scaled
again in units of the defect distance, the coordinates were rotated such that the −1 defect
moves upward (like in the simulated matching pair in Figure 6b). Velocities were scaled
again, with the displacement of the +1 defect. Errors were estimated in the same way as
above. The blue circle is the position of the −1 defect, the blue line its trajectory. Now,
it can be seen that all black lines corresponding to the displacements of the ROIs are
within the uncertainty limits of the experiment, so the observations are in agreement with
the assumption of absent backflow.

When comparing the two parts of Figure 6, note that the upper and lower halves must
be kept separate, since they do not belong to the same coordinate systems. All experiments
were rotated as explained above, and there are no experiments that produced data in
both the upper and lower parts of the image. In each experiment, bleached spots were in
the vicinity of either the +1 defect or the −1 defect.
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Figure 6. Advective flow around disclinations in a±1 pair. (a) Flow field determined experimentally
using the fluorescence bleaching method. The velocity bars are normalized with respect to that of
the +1 defect (see text). The motion of the s = +1 is accompanied by the flow in the same direction
of motion. In contrast, the flow is nearly absent in the vicinity of the s = −1 defect. (b) Numerical
flow velocity field showing the formation of the flow vortices around the s = +1 defect. Image
(b) reproduced with permission from Svenšek and Žumer [24], copyright American Physical Society.

3.2. Discussion and Theoretical Background

Comparison of the experimental data with the numerically predicted flow field [24]
(Figure 6b) shows good qualitative agreement. Note, however, that the backflow is not
necessarily towards the opposing defect if there is a mismatch in the pair. The direction of
the backflow is determined by the direction of motion of the +1 defect.

To elucidate the effect of the flow on the annihilation dynamics, we have to consider
the dynamic equations for the director and the mass transport in the film. In thin SmC
films, the tilted molecular order can be described by the c-director, which is the order
parameter of the system. The free energy density is given by the expansion in powers of c,
the projection of the director onto the smectic layer normal, and its gradients.

f =
A
2

c2 +
C
2

c4 +
Ks

2
(∇ · c)2 +

Kb
2
(∇× c)2, (2)

where A and C are the Landau coefficient of the free energy expansion, Ks is the splay
coefficient for the n director, and Kb is a mixture of the bend and twist constants. The equi-
librium magnitude of the order parameter c, which is related to the equilibrium tilt angle,
is given by c0 =

√
−A/C. A correlation length is determined by the ratio of the mean

elastic coefficient K = (Kb + Ks)/2 and the Landau coefficient A by ξ =
√

K/|2A|. It is
typically of the order of a few nanometers and characterizes the radius of the defect core.
In the center of the core, the tilt angle decreases to zero.

The dynamic equations for the director and the flow are given in References [24,54].
In particular, two stress contributions determine the defect dynamics: the elastic stress σe

ij
and viscous stress σv

ij given by

σe
ij = −

∂ f
∂(∂ick)

∂jck, (3)
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and
σv

ij =
1
2

γ1
(

Nicj − ci Nj
)
+

1
2

γ2
(

Nicj + ci Nj
)

+ α1ckcl Aklcicj + α4 Aij + α5ci Ajkck

+ α6 Aikckcj,

(4)

where αi are the Leslie coefficients, γ1 = α3 − α2 is the rotational viscosity, γ2 = α3 + α2,
Aij =

1
2 (∂ivj + ∂jvi), and Ni = ċi +Wijcj with the antissymetric tensor Wij =

1
2 (∂ivj − ∂jvi).

The effects of those terms on the flow are different for defects with topological charges +1
and −1. As shown by Svenšek and Žumer [24], the flow asymmetry can be descriptively
explained considering the symmetries of the viscous and elastic stresses upon an exchange
of the two defects. This can be demonstrated by a reflection of the director configuration
along the line connecting the defects. As a result of the reflection, the +1 defect transforms
into the−1 and vice versa. Under this reflection, the component of the viscous stress with γ1
is asymmetric, and the elastic stress remains symmetric. This determines the asymmetry of
the defect velocities driven by the advective flow. In the hydrodynamic description, the flow
driven during the mutual approach of the pair by the symmetric elastic stress has the same
effect on both disclinations, speeding up the annihilation. In contrast, the antisymmetry
of the γ1 term results in the displacement of both defects in the same direction, thus
accelerating the positive defect and retarding the negative one.

Quantitatively, it is possible to conclude from the asymmetry of the annihilation
process on viscosity ratios: In the absence of flow, the speeds of both defects relative to
the film material should be nearly the same for both defects, regardless of the misalignment.
The mutually attracting forces are the same and the counteracting viscous forces of a moving
defect depend only on the velocities relative to the film, but not on the sign of the topological
charge s [21], in good approximation. However, the +1 defect in the annihilating pair
actually moves nearly twice as fast in the laboratory frame as the −1 defect, as shown
experimentally. The relative contributions of the γ1 and α4 terms in the viscous stress
tensor determine the ratio of velocities of the two defects. For half-integer defects, this
has been confirmed in numerical simulations by Tang and Selinger [27]. We conclude
that the observed speed ratio close to two is primarily caused by the ratio of the viscosity
coefficients, which are not known for the investigated material. In Reference [24], a velocity
ratio of roughly 2 is reached when γ1 is approximately twice as large as α4. Interestingly,
Reference [27] predicts a similar velocity anisotropy of a ±1/2 defect pair for the same
ratio of γ1/α4.

Other factors may contribute to the velocity asymmetry of annihilating defects, as
well. The elastic anisotropy Ks − Kb, for instance, may also contribute to the asymmetry of
the motion [24,55,56]. In our system, Ks ≈ 2Kb, which makes the one-constant approxima-
tion difficult to apply. This influence is, however, expected to be much smaller than that of
the backflow effect (see references in Reference [14]).

4. Conclusions

We have demonstrated qualitatively and quantitatively that a topological defect of
strength +1 in a smectic C liquid crystalline FSF is able to create substantial material flow
when it moves in the film plane. This conclusion can be generalized, it is not exclusively
the consequence of a defect pair annihilation but is a feature directly connected with
the director field reorientation around the moving disclinations. We have assumed here,
similar to earlier theoretical treatments of this annihilation process, that the smectic C
hydrodynamics in the 2D film geometry can be treated within the nematodynamic model
of Leslie and Ericksen, by substituting the respective elastic and viscosity parameters by
their appropriate equivalents for the c-director. Thus, the result can also be seen as a
confirmation of this backflow effect in nematic cells.

Here, the focus was laid on single isolated defect pairs as the elementary process of
defect pattern coarsening. There are other situations where backflow coupling of a moving
defect can have essential consequences. Muzny and Clark [12] have studied the diffusion
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of a single +1 defect in a FSF and analyzed its Brownian motion within a model that
disregards flow coupling. On the basis of the present experimental results, it is clear that
backflow must be taken into consideration for an isolated +1 defect, as well. It should
indeed speed up its diffusion by a factor of two. On the other hand, −1 defects in a similar
film would have a slower diffusion constant, because the flow generated by this type of
disclinations is considerably smaller. Another problem where the backflow should be
incorporated in models is the coarsening of multi-defect patterns [35]. However, while
the flow coupling may speed up the overall coarsening process, the scaling exponent for
the defect number versus time will not be affected.

The fluorescence bleaching method developed here is limited to short time scales of a
few seconds, which prevents to determine accurate defect velocity data when the defects
are separated more than 100 µm, but on short distances it can yield reliable quantitative
data. An improved method can be developed where multiple lines in a grid are bleached
instead of single spots. This would allow to get information on the complete flow field
from single experiments.
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