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Nonbound dislocations in hexagonal patterns: pentagon lines
in surface-tension-driven Bénard convection
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We report on a novel class of defects in a hexagonal pattern which we call pentalines. They are built up of
two nonbound dislocations and are orientated parallel to the roll axis of the mode free of a dislocation. A
pentaline has its origin in a transformation of the penta-hepta defect~PHD!, taking place at higher supercriti-
cality. The underlying mechanism consists in a combination of glide and climb motion of the original dislo-
cations bound to the PHD. We demonstrate that the pentalines play an important role within the transition from
hexagonal towards square convection cells, observed in surface-tension-driven Be´nard convection.
@S1063-651X~99!06310-2#

PACS number~s!: 47.54.1r, 47.20.Dr
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I. INTRODUCTION

Defects strongly influence the dynamics of hydrodynam
systems. Impressive examples are the change of the ch
teristic macroscopic length scale due to the defect mo
~e.g., @1,2#! and the mediating of the transition to a weak
turbulent state@3,4#, or to a pattern with different symmetr
@5–9#. The defect type which has been studied most ext
sively is the dislocation in a roll pattern~for an overview see,
e.g., @10#!. The dislocation represents the generic point
fect of the roll pattern and can in principle either move p
allel ~climb! or perpendicular~glide! to the roll axis. The
present paper is concerned with formation and evolution
defects in a hexagonal pattern. Hexagonal patterns are
result of a superposition of three roll systems whereby
angle between them amounts to 120°. We find that chan
in the defect structure in such a composite pattern can
traced back to the two elementary types of dislocation m
tion in the particular modes. Therefore it makes sense
summarize what the results of previous experimental
theoretical studies on pure roll patterns are with respec
the dislocation motion. We first consider the Rayleig
Bénard convection~RBC!. The majority of studies is focuse
to the climb motion of dislocations. In an early experime
@1# it was shown by means of a row of dislocations th
climbing provides a size-adjustment mechanism. The cli
velocity was found to be inversely proportional to the Pran
number of the fluid.~The Prandtl number Pr5n/k is the
ratio between the kinematic viscosityn and the thermal dif-
fusivity k.! This experiment motivated later theoretical stu
ies @11,12#. Both works demonstrate that the climb veloci
is proportional todk3/2 provided the dynamics can be derive
from a potential. Here,dk5kopt2k wherekopt stands for the
wave number at which the dislocation is stationary. For n
potential systems the climb velocity obeys a linear dep
dency ondk @12#. The uniform climb velocity, predicted by
@11#, was experimentally verified in@2#. Furthermore, it was
shown in@2# that the climb velocity behaves approximate
proportional todk3/2. At a givendk, the climb velocity in-
creases with the control parameter.
PRE 601063-651X/99/60~4!/4117~8!/$15.00
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In contrast to the climb motion, the glide motion occu
only in nonpotential systems@12# and involves nonsymmet
ric pinching off and reforming of rolls. From the theoretic
side, it is therefore much harder to treat than climbing@12#.
Presently, an elaborated theory does not exist. Some qua
tive features of gliding are given in@13#. Gliding occurs with
small and nonuniform velocity and is stopped at high Ra
leigh numbers. It is favored ifk'kopt , or if the layer rotates
@14#. In the latter work was found that the gliding motion an
the subsequent annihilation of defects causes a reorienta
of the whole structure.

We briefly turn to anisotropic flows, for which electrohy
drodynamic convection~EHC! is an important example. The
preparation of well separated defects can be achieved m
simply than in RBC which supported a better understand
of the dynamics and interaction of defects in EHC. For
overview we refer to@15#. According to theory@16–18#, a
dislocation can display both climbing and gliding. Climbin
occurs if the wavenumber deviates from the optimal o
while gliding is preferred if the rolls are tilted against th
normal direction. The motion of a pair of dislocations wi
opposite charge has been investigated experimentally in@18–
21#. The study at vanishing external stresses@21#, i.e., at zero
wave number mismatch, revealed a universal length scale
both climb and glide motion below which the mutual inte
action of defects becomes important. Studies with impo
external stresses show that climbing occurs in two sta
@18,20#. At large distances between both defects the veloc
is constant. Below a crossover distance the motion acce
ates. In contrast to the smooth climbing motion the glidi
shows a steplike behavior@18,20#. In accordance with@14#
for RBC, the annihilation of dislocations by gliding leads
a reduction of the original tilt angle@19#. This observation
supported the idea that the glide motion is a selection proc
for the pattern orientation.

We now leave the pure roll pattern to turn to defects in
composite hexagonal pattern which recently have attrac
attention @22–29#. Typically, hexagonal patterns occur i
presence of a vertical asymmetry, caused, e.g.,
temperature-dependent material parameters or by a di
ence between top and bottom boundary conditions. Pro
4117 © 1999 The American Physical Society



a
e

er
ta
s

s
A

m

ea
ld
in
D

se
D
th
is
th

th
in

a
ith

di

fi
e

or
ug
o
o

D
kl
wn
r
io
re
m
a

is

ec
n

ta
m
t

rs
a

ne
a-
he
it

at
h

d
asic
wth
on-
tion

. A

in
al
ed
he
we
the

ieve
h
.08

nts

on-
i

c-
by

h in-

-
o-
en-
e

f the
p

4118 PRE 60KERSTIN ECKERT AND ANDRÉTHESS
nent candidates are non-Boussinesq Rayleigh-Be´nard con-
vection or surface-tension-driven Be´nard convection
~STDBC!. A number of defects in a hexagonal pattern,
they occur in weakly supercritical STDBC, has been d
scribed in@22–24#. Most of them are unstable. They eith
disappear rapidly, or they transform into the basic pen
hepta defects~PHD!. Therefore, the interest of previou
works is exclusively focused to this type of defect. In@25# it
was shown that a PHD is a bound state of two dislocation
opposite phase circulation in two different roll systems.
theoretical explanation for the existence of this cell co
pound has been given by a numerical simulation@27# which
demonstrated that locally separated dislocations attract
other to form a bound state which is the PHD. The far-fie
solution for the phase field of a static PHD was found
@26#. This solution has been generalized for a moving PH
in @28,29#. From the analysis of the mobility tensor in the
papers followed that the direction of motion of the PH
depends strongly on the deviation of the wave number of
particular modes from their optimal value. So, the PHD
stationary if the wave number of the three modes equals
onset value. It is now widely accepted that the motion of
PHD is an important wave number selection mechanism
hexagonal pattern.

The evolution of induced perfect hexagonal patterns
moderate supercriticality was investigated in a fluid w
Prandtl number Pr;O(103) @23#. To achieve its optimal
wave number, the pattern chooses different ways depen
on the wave number mismatch. Fordk,0 the nucleation of
new cells is observed while fordk.0 the fusion of cells
dominates. Both ways introduce defects which dynamics
nally lead to the establishment of the optimal wave numb
For small dk.0 and a small container the authors rep
about the appearance of a dislocation which climbs thro
the container thereby accelerating the adjustment of the
timal wave number. Unfortunately, no systematic analysis
this effect was given.

While the structure of defects, especially that of the PH
and their influence on the pattern evolution in the wea
supercritical range is well understood, nothing is kno
what happens with these defects if the control paramete
increased. Theoretical models, based on amplitude equat
are not capable to cover this range, and we are not awa
experiments tackling this problem for moderate Prandtl nu
bers Pr;O(102). ~This Pr-number range has been proven
suitable@7# since the vertical vorticity present at finite Pr
still high enough to ensure a rich defect dynamics.! We re-
mark that the knowledge about the modification in the def
structure is particularly useful with view on the hexago
square-transition, recently observed in STDBC@5–7,9#. In
these works were found that the hexagons become uns
against square convection cells whereby the transition is
diated by pentagonal cells. In the present paper we study
formation of these pentagons. We show that a unive
schema exists guiding the transformation of the PHD into
association of pentagonal cells which we call pentali
Similar to the PHD, the pentaline is built up of two disloc
tions with opposite winding number. But, in contrast to t
PHD, the dislocations are not longer bound together. W
advanced stage of the pentaline, the distance of separ
between the dislocations increases monotonously. Suc
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state is forbidden in the weakly supercritical range@27#.
In the following we briefly describe the experiment an

the method of analysis. Then we study the decay of the b
PHD into the nucleus of a pentaline and analyze the gro
of the pentaline until it reaches its developed stage. The c
nection between the pentalines and the square convec
cells is outlined.

II. EXPERIMENTAL METHODS

The system under consideration is sketched in Fig. 1
layer of silicone oil ~kinematic viscosityn50.1 cm2/s,Pr
5100) is heated from below. The free surface of the oil is
contact with an air layer, cooled by an upper isotherm
plate. The bottom plate of the layer consists of a polish
silicon wafer embedded into a massive copper block. T
transparent top plate is made of sapphire. In the paper
present the synopsis of numerous experiments, whereby
figures were selected among different experiments to ach
the most clear presentation of the phenomena. The deptdl
of the liquid layer varies in these experiments between 1
mm and 1.45 mm which leads to an aspect ratio ofG
52r /dl between 64 and 80.r stands for the radius of the
experimental container. More details about the experime
can be found in Refs.@5,7#. The control parameter« of our
system is defined as

«5
DTcd2DTc

DTc
~1!

with the conductive temperature drop

DTcd5
Bi

11Bi
~Tb2Tt!. ~2!

DTc is the temperature difference required for onset of c
vection in hexagonal cells. The Biot number B
5lgdl /l ldg lays between 0.5 and 1, depending ondl and
the depth of the air layerdg (0.26 mm,dg,0.40 mm).lg
and l l are the heat conductivities of air and liquid, respe
tively. The hexagonal convective pattern is analyzed
means of the shadowgraph-technique. The shadowgrap

FIG. 1. Schematic of the liquid-air Be´nard system: A tempera
ture differenceDT is maintained across a two-layer system by is
thermal plates. The flow is mainly driven by the temperature dep
dence of surface tension.DTl and DTg represent the averag
temperature drops in the oil and in the air, respectively.dl anddg

are the thicknesses of the respective layers. For the definition o
control parameter« it is useful to refer to the temperature dro
DTcd assuming that both layers are in conductive state~cf. detailed
discussion in@7#!.
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PRE 60 4119NONBOUND DISLOCATIONS IN HEXAGONAL . . .
tensity G~x,y! may be written as sum over the intensiti
delivered by the three modes, i.e.,

G~x,y!5(
j 51

3

Aj~x,y!exp~ ikj•r !1c.c. ~3!

The information about the defect structure is entirely co
tained in the amplitudesAj which are slowly varying func-
tions across the pattern. To obtain theAj we apply the
Fourier-demodulation-technique@20,25#. After having deter-
mined thekj ~j51,2,3! we shift the Fourier-spectrum b
2kj . The particular peak is now located in the origin of t
co-ordinate system. The remaining part of the spectrum
filtered out by using the following isotropic low-pass-filte
@30#

B(n,l )5B1
(n,l )B2

(n,l )B3
(n,l /4)B4

(n,l /4) ~4a!

with

B1,2
(n,l )5S 12

1

2n
@12cos~p k̃i !#

nD l

~4b!

and i 5(x,y),

B3,4
(n,l /4)5S 12

1

2n F12cos
p

A2
~ k̃x6 k̃y!G nD l /4

, ~4c!

where k̃i is the wave numberki normalized by the Nyquis
frequency. The filter degreen determines the slope of th
filter. The exponentl fixes the cutoff wavenumber. Invers
Fourier transformation yields then the complex amplitu
Aj . The position of the core of a dislocation follows fro
the condition ReAj5ImAj50. The points where the lines o
vanishing real ReAj and imaginary parts ImAj intersect each
other are detected numerically. To obtain the roll structure
mode j the filtered spectrum is shifted back by1k j and in-
verse Fourier transformed. This procedure is repeated fo
three modes. Minima and maxima of the roll systems
again determined numerically. In the following chapters,
lines of minimal intensity are superimposed to the pattern
display the composition of the studied defects.

A comment is in order regarding the influence of varyi
filter sizes onto the results. In thekj and « ranges where
experiments run, the distance between adjacent peak
rather small. Additionally, a splitting of one peak into tw
subpeaks can occur due to the presence of defects. T
conditions require a careful choice of the filter size. A
small filter degreen in combination with a large value ofl
can destroy information of the mode under study. To hign
or to smalll are not efficient in filtering out the other mode
Typically, we choosen52 and l 52m wherem depends on
the size of the cells, i.e., ondl . Since the choice ofn andl is
not unique we have systematically checked their effect
the location of the dislocation cores. For reasonable (n,l )
combinations we found an uncertainty of less than one-
of a hexagon side length. So, the results are effectively
variant against minor changes of the filter size.
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III. THE TRANSFORMATION OF THE
PENTA-HEPTA DEFECT

First, we briefly consider the basic features of a pen
hepta defect because of the important role which this de
plays in the scenario to be described. The PHD is a bo
state of two dislocations of opposite circulation of the pha
f(x,y), i.e., 1/(2p)rC¹f(x,y)ds561, in two different roll
systems@25#. C is a closed contour encircling the core of th
dislocation. In our notation, a dislocation has a charge of11
when the phase jump is12p, gone in counterclockwise di
rection. In Fig. 2 we show a PHD with dislocations in th
modes 1 and 2 and no dislocation in mode 3. The two dis
cation cores are localized within the heptagon, close to
joint cell edge with the pentagon in accordance with@25#.
Exactly, six different PHD can occur; obtained by permu
tion of the charges of the dislocations. Without loss of ge
erality we concentrate in the following to a PHD of
(21,1,0) type.

Let us study what happens with a PHD if we increase
control parameter«. We observe the PHD up to«;4 in our
experiments. Its stability, however, is reduced in comparis
with the range of small«. To illustrate this we look into the
behavior of the~normalized! numberspi5Ni /N of hexagons
( i 56) and pentagons (i 55) shown in Fig. 3.Ni and N
denote the number of cells of a particular cell class and
total number of cells, respectively. We find a growing nu
ber of pentagons above«;2. That means a mechanism mu
exist transferring cells of hexagonal into pentagonal pl
form. We wish to demonstrate that the PHD plays a key r
within this process. The mobility of the PHD is limited i
this « range which can be attributed to pinning effects by t
underlying small-scale structure@12,14,18,31#. So the PHD

FIG. 2. The penta-hepta defect~a! and its decomposition into
the three roll subsystems. Roll set 1~b! and 2~c! contain a dislo-
cation which differs in the phase circulation. The white lines sup
imposed on the shadowgraph image in~b!–~d! represent the lines o
minimal intensity of the particular roll pattern obtained by Four
demodulation.
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4120 PRE 60KERSTIN ECKERT AND ANDRÉTHESS
can no longer contribute to the wave number selection by
motion. But the PHD could support local changes of t
wave number by a modification of its shape. That is exac
what the PHD does: it decays in a continuous process w
is sketched in Fig. 4. Above«;2, the heptagon of the PHD
shows a tendency to diminish one cell side close to the p
tagon@Fig. 4~b!# until two of the seven cell knots merge@Fig.
4~c!#. As a result, a cell compound, the 5-5-6-6 cluster, c
sisting of two pentagons and two nonequilateral hexagon
formed. This cluster is shown in Fig. 5~a! together with its
decomposition in Figs. 5~b!–5~d!. The elementary mecha
nism leading to the formation of a 5-5-6-6 cluster consists
a climb motion of one of the two dislocations, forming th
original PHD. Frequently, a glide motion byp/ki precedes
that climb motion. This is the case in the concrete exam
where the dislocation in roll set 2@Figs. 2~c! and 5~c!# shows
a climbing by a distance of approximately one hexagon s
length after the gliding. In result, the cell edge of the hep
gon perpendicular to this roll line disappears, transform
the heptagon into a hexagon. The dislocation core of this
set is now localized close to the central vertex of the ne
formed 5-5-6-6 cluster.@This vertex has a coordination num

FIG. 3. The number~normalized! of pentagonal cellsp5 and of
hexagonal cellsp6 as function of the control parameter«. Note that
p5 begins to grow continuously at«.2(Pr5100).
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ber 4~four edges incident!, as opposed to the other cell kno
which are vertices of coordination number 3.# By contrast,
the core of the dislocation in roll set 1@Figs. 2~b! and 5~b!#
stays nearly unchanged close to the shortest side of the
nonequilateral hexagon 5-5-6-6 cluster. Roll set 3 rema
again free of a dislocation. The distance of separation
tween both dislocation cores amounts to approximately
average hexagon side lengths. The existence of twonon-
bounddislocations is the basic difference between the 5
6-6 cluster and the PHD. Such a state is impossible in
weakly supercritical range because the dislocations bec
attracted towards each other@27#. But in the moderately su-
percritical range, the 5-5-6-6 cluster is the dominant def
type which can clearly be recognized already in the old or
nal photographs of Be´nards experiment~Fig. 6!. Thus, the
formation of the 5-5-6-6 clusters and their subsequent e
lution can clearly be identified as the reasons for the rise
the pentagon number in Fig. 3.

The scenario of the transformation of the PHD describ
above represents the generic one. Frequently, however,
will encounter the beginning of pentagon formation in
seemingly different manner. A typical example is given
Fig. 7~a!. By means of this example, we wish to show th
these alternative ways can be deduced from the gen
transformation. With increasing« the probability to find iso-
lated PHD’s decreases. Moreover, two PHD’s are often
cated side by side, separated by a pentagonal cell, belon
to one of the both PHD’s. In the rule, only one PHD starts
tansform into the 5-5-6-6 cluster, the other one will follow
higher«.This situation is depicted in Fig. 7. From both he
tagons of the PHD’s~the pentagons belonging to are mark
by P), the lower one transforms into a hexagon~hatched!.
The newly formed pentagon is located in between the b

FIG. 4. Beyond«;2 the heptagon of the PHD~a! shows a
tendency to diminish the length of one side adjacent to the pe
gon. A deformed PHD appears~b!. The shortening of this side
continues and the 5-5-6-6 cluster is formed~c!. We show details of
shadowgraph images converted into binary picture whereby
heptagon is shown in gray.
s. The
s

ge is again
rked by
FIG. 5. The 5-5-6-6 cluster~a!. This defect is built up of two pentagons~light gray! and two nonequilateral hexagons~dark gray!. The
5-5-6-6 cluster is the result of the transformation of the PHD involving a combination of glide and climb motion of the dislocation
decomposition of this new defect into the roll patterns of the modesj ( j 51,2,3) is shown in~b!–~d!. Note, that the dislocations in the mode
1 and 2 are separated by a distance of about two average hexagon side lengths. For better visibility, the original shadowgraph ima
converted into a binary picture. Black lines correspond to minimal intensity of the particular roll pattern. Dislocated rolls are ma
arrows.
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PRE 60 4121NONBOUND DISLOCATIONS IN HEXAGONAL . . .
already existing pentagons. The only difference from
usual 5-5-6-6 clusters consists in the absence of a se
nonequilateral hexagon since this place is entered yet by
pentagon of the upper PHD. An interesting feature of t
way of pentagon formation consists in the fact that it requi
an annihilation of two of the four dislocation, building up th
both PHD’s. This annihilation takes place via gliding. T
surviving two dislocations in the modesj 51 and j 53 ad-
ditionally display a climb motion over a distance of abo
one hexagon side length.

FIG. 6. A reproduction of one of Be´nards original photograph
@32# displaying numerous 5-5-6-6 cluster marked by arrows.

FIG. 7. The formation of pentagons between two PHD’s wh
are separated by one pentagonal cell. Only one of the heptag
cells ~the lower one! undergoes a transformation into a hexago
cell ~hatched! producing a third pentagon. The heptagon not tra
formed and the pentagons are shown in dark and light gray, res
tively. Pentagons belonging to the original PHD’s are marked byP.
From the four dislocations building up the former two PHD’s on
two of them survive. The other two are annihilated mainly by gl
ing.
e
nd
he
s
s

t

IV. THE FORMATION OF PENTALINES

Next we address the question of what happens finally w
a 5-5-6-6 cluster when« is increased. We observe that th
defect expands in the same manner as it was created.
expansion proceeds in analogy to the closing of a zipf
tener. The shortest side of one of the two hexagons of
cluster begins to shrink until both cell knots merge aga
Consequently, two new pentagons are formed. The first
below the two pentagons of the cluster and the other
aside. In parallel, the hexagon adjacent to both new pe
gons becomes non-equilateral again. These ensemb
shown in Fig. 8~a!. We denote this state as a~1,3!-pentaline
since one pentagon is placed below three upper ones.
decomposition of a~1,3!-pentaline into the three roll system
is given in Fig. 8~b-d!. The formation of two new pentagon
is equivalent to a combined glide/climb motion of one dis
cation, comprising the gliding by 2p/ki together with a
climbing by one to two hexagon side lengths. This mec
nism is shown in Fig. 9. This figure makes clear that a d
continuity in the roll line, e.g. observed in Fig. 8~f! is not an
artifact but expression of the gliding process. The location
the other dislocation belonging to this cell ensemble rema
unchanged. On looking in detail to the rolls surrounding t
dislocations~cf. Figs. 8 and 9! we note a stronger curvatur
of those rolls running through the pentagonal in comparis
to those going through hexagonal cells. Thus there exists
asymmetry in the curvature, and consequently in the m
flow, with respect to the dislocation position. This fact mig
explain the existence of preferred direction of the glide/clim
motion. The glide/climb process continues and we obse
the appearance of a~2,4!-pentaline@Figs. 8~e!–8~h!#.

With increasing order of the pentaline the distance
separation between both dislocations increases, too. W
this distance was about two average hexagon side length
the 5-5-6-6 cluster it amounts to more than six side leng
for the ~2,4!-pentaline. Note that the transformation of th
5-5-6-6 cluster into a~2,4!-pentaline proceeds parallel to th
axis of mode 3 which remains free of dislocations during t
process. The 5-5-6-6 cluster can be considered in this n
tion as a~0,2!-pentaline.

Before turning to the qualitative changes provoked by
growth of the pentalines we wish to consider a quantitat
effect manifesting itself in an increase of orientational d
torsion. To analyze this effect we use patterns with isola
defects only. By isolated we mean that the defect is emb
ded into a well ordered hexagonal pattern of about 140 h
agonal cells and separated from other defects by a dista
comprising at least 10 hexagonal cells. We apply Fou
transformation to such sections of the pattern containing
lated defects to determine the angular position of the Fou
modesf i and finally the angleDf i j 5uf i2f j u between the
modesi and j ( iÞ j ). Clearly, in the purely hexagonal cas
all three angles are equal toDf i j 5120°. The insert of a
dislocation into a particular roll pattern should lead to
wider angular distribution of the Fourier components wh
the angular position of the center of mass of this mode
mains unchanged. However, the behavior of the dislocatio
as observed in the experiment, does not fit into this sim
idea as shown in Fig. 10. Moreover, we find a monotono
increase ofDf12 with increasing order of the pentalines
the expense of a shortening ofDf13 andDf23. It is remark-
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4122 PRE 60KERSTIN ECKERT AND ANDRÉTHESS
FIG. 8. The initial stage of pentalines:~1,3!-pentaline@~a!–~d!# and~2,4!-pentaline@~e!–~h!#. The transition from the 5-5-6-6 cluster int
a ~1,3!-pentaline and its transition into a~2,4!-pentaline proceeds similar to the closing of a zipfastener: The shortest side of one of th
outer non-equilateral hexagons vanishes. So, two new pentagons appear. This step is equivalent to the glide motion of one o
dislocations by one 2p/ki together with a climb motion by about one hexagon side length. For clear illustration the original shadow
are again converted into binary pictures~cf. Fig. 5!. The particular pentalines are shown in gray. Dislocated rolls are marked by arro
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able that the angleDf12 is exactly that between the bot
modes containing the two dislocations. Thus, the glide m
tion changes significantly the orientation of the particu
modes. This observation supports the idea that the glid
leads to a selection of the orientation@16,14,19#. However,
with increasing order of the pentalines, i.e., beyond the~2,4!-
pentaline, we observe a decrease ofDf12 again and a corre
sponding increase of the other two angles. This is mostly
to escaping of one dislocation via the rim achieved by

FIG. 9. The mechanism of the pentagon formation consists
combination of glide~steps 1 and 2! and climb ~step 3) motions.
1—pinching off of a roll somewhere within the shown rectang
2—reforming of a new roll by the movement of the originally di
located roll~denoted byA) and the lower part of the pinched o
roll towards each other. The direction of the movement is indica
by black arrows. 3—climb motion of the newly formed dislocatio
~denoted byB) causing the corresponding hexagon side to van
The next cycle of glide/climb motion is initiated by another pinc
ing off denoted by 4. The figure shows an enlarged detail of F
5~c!.
-
r
g

e
e

radial alignment of the pentalines. But, unfortunately no s
tematic study of this effect was possible since the freque
to find sufficiently isolated pentalines of higher order is lo
even at an aspect ratio ofG580.

Here, a comment is in order with respect to the stabil
i.e., the lifetime of these defectsin otherwise well ordered
hexagonal patterns. The stability of~0,2!-pentalines is com-
parable to that of a PHD. We have observed stationary~0,2!-
pentalines for more than 60 hours. Pentalines of higher o
than ~1,3! have to be considered as metastable states. T
can occur but they frequently decay into~0,2!-pentalines.
However, the stability ratio between~0,2!-pentalines and
higher-order pentalines reverses with increasing« whereby
the latter become the dominant defect type. The stability
~1,3!-pentalines in a hexagonal matrix can presently not
definitely answered. We have traced~1,3!-pentalines over a
duration of 8 hours.

a

,

d

.

.

FIG. 10. The angleDf i j between the three modes~numbered by
i and j ) in presence of pentalines of various order.Df12 stands for
the angle between the both roll sets containing the dislocatio
Note the increase of this angle with increasing amount of penta
nal cells.
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We remark that, with view to the entire structure, a str
hierarchy in the sequence of the defects with increasing c
trol parameter does not exist. That means, at a given«1.2
one will not see all PHD’s converted into clusters, and
«2.«1 all clusters into~1,3!-pentalines, etc. Moreover, w
observe a coexistence of the various defects in differ
places of the experimental container over a wide range o«
values. But, if a pentaline of a given order appears it exa
has evolved according to the schema sketched above.

We see two reasons for the coexistence of various defe
First, defects appear spontaneously in the course of pa
evolution. Therefore, the extent of defected regions va
across the experimental container. Consequently, the m
flow caused by the curvature of the rolls has locally a diff
ent strength. Since the mean flow is assumed as an impo
mechanism for the dislocation gliding the existence of
fects of different order is plausible. Second, experimen
inhomogeneities, such as an imperfect pinning of the me
cus, cannot completely be excluded. These perturbat
give rise to weak temperature perturbations which, close
the rim, can produce a dynamics similar to that of the me
flow.

V. FINAL STATE OF THE PENTALINE

The further development of the pentaline proceeds
cording to the sketched schema. However, we never
served in our experiments that a pentaline penetrates thro
the entire experimental container. The maximal length is
the order of the container radiusr. At this stage, such a
pentaline is comprised of about 10–16 pentagons, depen
on the aspect ratioG. Natural boundaries against a no
limited growth are grain boundaries and pentalines wh
grow from other regions with different orientation. As a ru
the pentalines are directed towards the rim in radial dir

FIG. 11. The pentaline in a developed stage at«54.2. In the
upper part, close to the rim of the experimental container, an un
ing of the pentaline occurs allowing the formation of square ce
This underlines the mediating character of the pentalines within
hexagon-square transition in surface-tension-driven Be´nard convec-
tion.
t
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tion. This gives one dislocation the possibility to escape fr
the pattern via the rim. An example of a developed penta
is given in Fig. 11.

The important aspect coming out of Fig. 11 is the form
tion of square cells between the both cords of pentagon
the pentaline. Hence, the advanced pentalines mediate
transition to square convection cells@5,7,8#. The process,
leading to the formation of square cells, is the same as for
transformation of hexagons into pentagons. One of the o
sides of the pentagons become shorter and shorter till a
both cell knots merge. This tendency is clearly visible
pentagons located at the right side in Fig. 11. The loss
stability of hexagonal cells, caused by the formation of t
pentalines, can qualitatively be described in terms of a l
of phase synchronization. The hexagonal pattern is the p
uct of the resonant three-wave-interaction which requi
thatf11f21f350. f i stand for the phase of modesi. The
region where this condition is not longer fulfilled increas
with growth of the pentaline, i.e., with increasing distance
separation of the two dislocations. Cells of another planfo
namely with square one, can appear in this region.

VI. SUMMARY

With the pentalines a new class of defects appears in
higher supercritical hexagonal pattern. The nucleus of e
of these defects is the decay of the basic penta-hepta de
Similarly to the PHD, the pentaline involves two dislocatio
of opposite phase circulation. But, in contrast to the PH
the dislocations are not longer bound together. Moreover,
distance of separation between both dislocation cores
creases with increasing order of the pentaline. The ba
mechanism, underlying the formation and evolution of t
pentalines, is a combination of glide and climb motions
one or both dislocations. The pentalines are regions wh
the phase synchronization, required for the hexagonal
tern, is disturbed. This explains the mediating role which
pentalines play during the transition from hexagonal
square cells. The present study of the defects as functio
the control parameters differs from the program convenien
applied, namely the measurement of the defect velocity
function of the wavenumber mismatch at constant«. How-
ever, our study supports an intuitive understanding what
consequences of dislocation motion in hexagonal patte
are.

We hope that the description of the pentalines will stim
late both the theoretical modeling and new experimen
work. Particularly useful seems to be a study of the influen
of the Prandtl number on the glide velocity to understand
question of whether the amount of vertical vorticity creat
by the roll curvature, increases the glide velocity.
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