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We report experimental evidence of defect formation and dynamics in a symmetry breaking
transition for a conduction–convection Bénard–Marangoni system. As opposite to the behavior
of perfect patterns, defects appear to interact in a spatial region, responsible for the formation
of bounded states that survive much longer than the characteristic time scales. The analysis
of the transient defect dynamics allows to define this defect interaction region in the space,
giving rise to penta–hepta-like defects on top of the hexagonal pattern. Other defect configura-
tions are shown to disappear rapidly either through dislocations moving toward the boundaries
or through dislocation–dislocation annihilation. This evidence suggests that the scaling law
of defects in the final structure versus quench time might be investigated by analyzing the
probability of two or more dislocations to appear in the same interaction region.

1. Introduction

In the last decades, one of the most studied subjects
in nonlinear science has regarded the formation and
competition of pattern in space extended systems
[Cross & Hohenberg, 1993]. A growing pattern is
often associated with the presence of phase singular-
ities, or topological defects. Point defects in a field
in two space dimensions are structures such that
the circulation of the phase gradient is a multiple
of 2π on any path surrounding them. The geomet-
rical phase is not defined in the core of the defect
[Landsberg, 1992] (thence the name of phase singu-
larities, or topologically stable defect [Lega, 1989;
Tolouse & Kléman, 1976]).

The formation, statistical properties and dy-
namics of defects have been the object of many
studies in the past [Coullet et al., 1987] and have
been investigated experimentally in fluid dynam-
ics [Ciliberto et al., 1990] and in nonlinear optics
[Arecchi et al., 1991]. Namely, the role of de-
fects in mediating turbulence in large aspect ratio

hydrodynamical systems was investigated in fluid
thermal convection [Ahlers & Behringer, 1978;
Ciliberto et al., 1990], in surface waves [Gollub
& Ramshankar, 1991] and in numerical and ana-
lytical treatments of partial differential equations
[Kawasaki, 1984; Bodenschatz et al., 1988].

A topological defect may be produced in two
different ways. One possibility is that the order pa-
rameter of a two-dimensional complex field has a
point where its amplitude vanishes, thus inducing a
singularity in its phase. An example of this kind of
defects is a local dislocation in a pattern where the
field displays a zero value in its amplitude and a
discontinuity in its phase [Arecchi et al., 1991].
There are other cases, however, such as hexago-
nal patterns, where the formed structures arise as
a collective arrangement of different components of
the order parameter (generally with different am-
plitudes) that concur to the formation of the global
field. In the case of hexagons, three modes oriented
at 120◦ to each other concur to the formation of
the pattern and the most stable topological defect is
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realized in a spatial position where only the ampli-
tudes of two modes vanish at once, while the global
amplitude of the field is not vanishing. An exam-
ple of this latter situation is the so called penta–
hepta structure in hexagonal fields [Ciliberto et al.,
1990].

In recent papers it has been argued that de-
fects played a crucial role in the phase transitions
that took place in the universe cooling process after
the Big-Bang, yielding to the apparition of topo-
logical defects, which are intended to be the ori-
gin of cosmological structures as galaxies [Kibble,
1976; Zurek, 1996]. The theoretical argument is
based on the fact that, when considering a system
in a state just below a symmetry breaking transi-
tion, and when approaching the bifurcation point
with the control parameter, the correlation length
of the system tries in general to adapt adiabatically
to its stationary value. However, the slowing down
near the critical point limits the change rate of the
correlation length by selecting a maximum velocity
in the propagation of perturbations in the system.
As a result, when the correlation length cannot fol-
low anymore the variations in the control param-
eter, it freezes, and sets up its initial value after
the breaking symmetry transition. Consequently,
the phases of the order parameter evolve in isolated
regions connected by the point defects. This also
imposes an initial density of defects in the struc-
ture. This process is expected to lead to a universal
scaling law for the defect density in the appearing
structure, which only depends upon the space di-
mension, topology, and dissipative character of the
system [Zurek, 1996].

In order to confirm the above argument, many
experiments have been carried out in nonequilib-
rium phase transitions systems. We here recall the
initial experiments with superfluid helium [Hendry
et al., 1994; Ruutu et al., 1996; Bäuerle, 1996] and
with liquid crystals [Chuang et al., 1991; Bowick
et al., 1994], followed by other recent evidences
in systems where the symmetry breaking transi-
tion occurs between two stationary nonequilibrium
states, offered with a nonlinear optical device [Ducci
et al., 1999] and in a hydrodynamic convection sys-
tem [Casado et al., 2001].

The experiment in a convection system by
Casado et al. [2001] differs from the one in nonlinear
optics by Ducci et al. [1999], insofar as defects ap-
pear in the former case on top of a hexagonal struc-
ture, whereas in the latter case they correspond to
zeroes in the amplitude of the scalar global field. In

this case, the scaling exponents are different with
respect to the ones predicted by Zurek [1996], and
one possible explanation for this difference can be
based on the fact that the ideal stationary defects
correspond to dislocations in two of the three com-
ponents of the order parameter.

In this paper we aim to study more closely the
formation of the defects and their interaction in a
conduction–convection bifurcation experiment for a
Bénard–Marangoni system. The considered bifur-
cation is a breaking symmetry one, the state below
(above) the transition point being a homogeneous
conduction state (a hexagonal pattern). This bifur-
cation was characterized by Schatz et al. [1995] to
be a subcritical one. However, due to the small
value of the subcriticality, the system is already
frozen when the control parameter ε reaches the
value εα, which is very small. As a consequence,
the subcriticality is not relevant to the expected
behavior of the system.

2. Experimental Set-Up

In order to observe the dynamics of defects dur-
ing the quench we put a fluid layer (350 cS silicone
oil) in a cylindrical container of polyoximethylene
(diameter φ = 137 mm). Below the fluid there is a
polished metallic plate electrically heated from be-
low. The power delivered to the heater is controlled
by a computer (Fig. 1).

The chosen fluid is transparent to the light and
is in the Oberbeck–Boussinesq regime for the tem-
perature values selected in the experiment. Fur-
thermore, the particularly high Prandtl number of
the silicone oil warrants the slaving of the veloc-
ity field to the temperature field. Additionally, the
distance between the primary and secondary bifur-
cations in the control parameter is much larger than
the changes performed during the experimental pro-
cedure. The used fluid layer depth (1.9 mm) induces
a mostly surface tension driven instability.

We have measured the local temperatures by
use of three T-type thermocouples (see Fig. 1),
located in three different positions. Namely, the
first one is located under the metallic plate (T1),
the second one over the metallic plate (T2) and
the third one on the fluid surface (T3). Further-
more, T2 and T3 were put in the cell center only
when necessary for the measurement. All thermo-
couples are connected with a computer controlled
multimeter, providing measurements on the local
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Fig. 1. The picture schematize the experimental setup and the shadowgraph technique used. The fluid layer depth is
h = 1.9 mm and the diameter of the container is φ = 137 mm.

temperature fields. The information about the
global temperature field is gathered independently
through shadowgraph-type techniques [Mancini,
1994; Ondarçuhu et al., 1994], and the resulting
images are captured by a CCD camera and sent to
a computer.

In the following, we try to summarize the mea-
surement trial. By initially applying a power P1

to the heater, we set the system in the station-
ary conductive state (see Fig. 2, left) just below
the convective threshold. In our case, the control
parameter of the bifurcation is the reduced temper-
ature difference, defined by ε = (∆T −∆Tc)/∆Tc.
Here ∆T = T2 − T3 and ∆Tc corresponds to the
value of ∆T for which the conduction state comes
out to be unstable. After having prepared the
system as above, we suddenly increase the power
delivered to the system to P2 (see curve in Fig. 2,
up). As a result, ε approaches asymptotically its

new stationary value increasing, in the studied
time range, approximately linearly at a rate of
2.3·10−2min−1. This rate depends on P2 − P1 (see
curve in Fig. 2, down).

During the quench, images are captured
every fifteen seconds,1 forming a movie, and de-
scribing how the patterned structure forms. This
way one obtains images (like the shadowgraph
shown in Fig. 2, right) where bright zones mark
to hot points with the fluid going upwards. Casado
et al. [2001] proposes an analysis of these images,
by associating them to the Voronoi cells [Voronoi,
1908] of the hot points, and by identifying the
connectivity properties of each point (coordination
number, etc.). Here, instead, we will present a
complementary analysis of the measured patterned
structures, based on complex demodulation tech-
niques [Burguete, 1995; Kolodner & Williams, 1990;
Bloomfield, 1976], that we apply to an almost

1The vertical thermal diffusion time is around 32s.
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Fig. 2. Sketch of the experimental process. By starting with a conductive homogeneous steady state (left pattern) and by
applying a step in the power delivered to the system (upper plot), we induce a linear increase in the control parameter (lower
plot). As a consequence, the system crosses the conduction–convection threshold and reaches a fixed control parameter value
after a time τq. During the quench a movie (with images like the one shown in the right pattern) is taken in which the bright
points correspond to the hotter fluid going upwards.

perfect region [Fig. 3(a)] (of size around seven
wavelengths)2 of the last image of the movie (with
few defects), as well as to the same region for all
the previous images.

3. Results and Discussion

In our experiment, defects appear mainly associated
to dislocations in one (or more) of the components
of the order parameter. In the case in which dislo-
cations occur simultaneously in more than one com-
ponent, they can be either isolated or bounded to
each other. As already discusses, a dislocation of a
two-dimensional field is a point-like structure where
the geometrical phase is not defined. As a conse-
quence, the amplitude of the corresponding compo-
nent must vanish in order to yield regularity in the
whole order parameter. In general, defects in differ-
ent modes strongly interact with each other, due to
the nonlinear coupling between the corresponding
system components. As a result of this interaction,

one may be presented with defect bounded states.
One possibility is a pair of near defects in the same
component of the order parameter (usually two dis-
locations with opposite topological charge), whose
spatial position evolve in the course of the time
due to the intra-mode defect–defect interaction.
Another possibility is having defects (not neces-
sarily with opposite topological charge), each one
affecting a different component of the order param-
eter, and evolving due to the inter-mode defect–
defect interaction.

In a weakly nonlinear Bénard–Marangoni con-
vection system, the underlying structure is an
hexagonal pattern, realized by three different modal
components. In a perfect hexagonal structure the
most stable defect is realized by means of a pair of
dislocations (with opposite topological charge and
same spatial position), that occur in two of the
three components of the order parameter, corre-
sponding to the two independent geometrical phases
of a hexagon [Echebarria, 1998; Lauzeral et al.,
1993].

2λ being the wavelength, the aspect ratio φ/λ of the whole image is around 19.
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In this paper, we report the apparition of
bounded (stable) defects corresponding to disloca-
tions in two of the three components of the order
parameter. Our first observation is that, contrary
to what should have been expected, the positions
of the two dislocations are not the same, as it can
be seen from the complex demodulated phase of
the three modes [Fig. 3(c)]. This could be related
to finite size effects in the system or the presence
of a dominant transient (and therefore nonlinear)
state.

However, to better understand the above exper-
imental evidence, one should consider the fact that
a whole band of modes is in fact excited during the
transition (the final control parameter is ε ∼ 0.1),
allowing a spatial modulation of the modes orienta-

tion. In Fig. 3(b) we report the power spectrum of
the chosen region, showing that a principal hexag-
onal structure is formed, which however is enlarged
by the residual spatial dependence of the modal am-
plitudes. As a consequence, modes 2 and 3 have
a domain-like Fourier transform, that corresponds
to a whole set of near excited wavevectors real-
ized either with the same wavenumber and different
orientations or with same orientation, but slightly
different wavenumbers. Experimentally, one ob-
serves that the corresponding domain-like regions
in the real space have a very similar orientation,
and it is possible to move along the global pattern
from one to another of such regions in a continuous
way, that is without discontinuities in the value of
the local wavevectors. This is in agreement with

Fig. 3. Complex demodulation analysis for the intensity field of the studied region corresponding to the movie’s last image.
(a) Region of analysis (b) Modulus of its Fourier transform where the encircled regions identify the involved modes. (c) Contour
plot for the synchronization parameter F = − cos(φ1+φ2+φ3) where φj are the phases of the modes originating the hexagonal
pattern [Tsimring & Rabinovich, 1995]. The singularities of the phases can be observed directly in the synchronization
parameter as slightly displaced one from the other.
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Fig. 4. This figure shows the trajectories of the defects
found by complex demodulation of the images correspond-
ing to the last 12 minutes of the movie. It can be seen as
a drift of a bound state along the low-angle grain boundary.
Mode 2 presents gliding motion and mode 3 presents climb-
ing motion. In the figure the wavelength is marked, and the
dislocations shown move to the bottom-right side.

the model of a low-angle grain boundary as a se-
quence of edge dislocations [Kittel, 1956]. However,
here the sequence of dislocations belongs to differ-
ent modes.

As a second step of our analysis, we investigate
on the bounded state formed by the two disloca-
tions. To this purpose, we follow the trajectories of
the two dislocations as they move (Fig. 4). Both
dislocations move along the domain-like boundary.
While the results indicate that one dislocation (that
of mode 2) moves approximately in the direction of
the wavevector of the second component (glides),
the other one (that of mode 3) moves perpendic-
ularly to the wavevector of the third component
(climbs). The relevant consequence is that one can-
not refer to a defect position, but rather to a de-
fect region wherein the interaction between the two
dislocations takes place to form a bounded defect-
like state. This region has a diameter of about

(a)

(b)

Fig. 5. This figure shows the amplitudes for each mode, obtained by complex demodulation as a function of time.
(a) Amplitudes for each mode outside the defect interaction region. (b) Amplitudes of the defect, normalized by the
amplitude of (a).
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two or three wavelengths. In the following, when
speaking of amplitude of a defect, we mean the
minimum amplitude of the considered mode within
the defect region. Therefore, if a given mode does
not show a dislocation within the defect region,
then its amplitude will be appreciably different
from zero.

In order to visualize what is happening dur-
ing the pattern forming transition, we report the
amplitudes of the three components far from the
considered defect region [Fig. 5(a)] as well as the
amplitudes of the modes within the defect re-
gion [Fig. 5(b), amplitudes normalized to the cor-
responding values of Fig. 5(a)] in the course of
the time. Before the quench, the system is be-
low threshold and all modes have zero amplitudes.
After the quench, a hexagonal structure begins to
form at t ' 20 min. [see Fig. 5(a)], that shows a si-
multaneous zero in the three amplitudes within the
defect region [Fig. 5(b)]. Comparing Figs. 5(a) and
Fig. 5(b), it is easy to notice that a penta–hepta-like
defect is forming at t ' 32 min, due to a dislocation
in the mode 1 exiting out of the defect region. How-
ever, such a defect forms a while after the global
hexagonal structure has appeared. Although this
seems to indicate that the defects in the final struc-
ture after the quench come from zeroes of the global
field, in fact other dislocations have been observed
near the threshold without their counterparts in the
other modes.

In conclusion, our experimental results show
that defects in a symmetry breaking transition
appear randomly in space and in modes. The un-
stable configurations rapidly disappear through dis-
locations rapidly moving toward the boundaries or
annihilating with other dislocations (with opposite
topological charge) [Tsimring & Rabinovich, 1995],
leading to a final state where defects are present
only in the form reported by Casado et al. [2001].
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