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Temporal Modulation of Traveling Waves
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It is demonstrated that traveling waves lose stability with respect to standing waves under the
influence of a spatially homogeneous temporal modulation in three different experimental systems. A
phase diagram consistent with a recent theoretical prediction is presented.

PACS numbers: 47.25.Ae, 47.20.—k

There has been much recent experimental and theoret-
ical interest in experimentally well controlled systems ex-
hibiting an oscillatory instability as a first bifurcation.
They can be quantitatively described by a generalized
Gin zburg-Landau (GGL) equation with complex
coefficients. One of these systems, convective binary
mixtures, has attracted a great deal of attention because
of the possibility to perform high-resolution measure-
ments of temporal and spatial pattern dynamics. ' Simi-
lar oscillatory instabilities were found in Taylor-Couette
flow and in electrohydrodynamic convection of
nematic liquid crystals. In all of these systems nonlinear
coupling between the left- and right-propagating waves
leads to the stabilization of traveling waves (TW) with
respect to standing waves (SW). Recently, however, it
was predicted that a spatially uniform temporal modula-
tion (as well as a steady-spatial modulation) of TW sta-
bilizes the SW pattern. ' From a theoretical point of
view, the effect of a small perturbation of the time
translational symmetry on a spatiotemporal pattern is an
interesting question. From an experimental point of
view, this simple realization of SW offers another system
described by the GGL equation, where basic questions
like the stability of SW and topological defects associat-

ed with them can be studied. Moreover, modulation
leads to a phase diagram containing an experimentally
easily accessible codimension-two point, and it offers
the possibility to measure the coefficients of the GGL
equation by simply analyzing the bifurcation lines. This
paper presents the realization of stable SW in three
different physical systems.

We measured the onset of electrohydrodynamic con-
vection in a cell of 15-pm thickness as described in Ref.
4 using the nematic liquid crystal Merck Phase V. The
width and the length of the channel were 0.5 mm and 3
cm, respectively, thus forming an aspect ratio of
1:33:2000. Figure 1 shows the corresponding phase dia-
gram. The driving voltage at which the motionless
ground state loses stability with respect to convective
motion, V„is plotted as a function of the driving fre-
quency. Below 375 Hz steady Williams rolls set in.
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FIG. 1. Phase diagram for the onset of convection in the
nematic liquid crystal Phase V. The plus signs indicate the on-
set of steady convection; crosses, the onset of TW; triangles,
the frequency of TW normalized by the cutoff frequency; and
diamonds, the onset of dielectric convection. The arrow points
to the working frequency used in Figs. 2-5.

16 d

FIG. 2. (a) TW at R=1.01, and (b) SW at Rp =1.0,
b=2%, dao=0%. The intensity along a line of length 16d is

measured every 40 msec. 400 lines are plotted on top of each
other with five grey levels.
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FIG. 3. The structure function of a standing wave based on
the data shown in Fig. 2(b). The temporal period of the pat-
tern is demonstrated to be half the period of the modulation.
The lack of decay in space and time indicates the stability of
the SW pattern.
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FIG. 4. At Ro =1.04 and a modulation b =2%, h, m =0%, the

SW are unstable. The figure shows left and right traveling TW
accompanied by defects.

They start as traveling rolls between 375 and 487 Hz,
the area of interest for the measurements presented here.
The arrow points to the frequency where the measure-
ments shown in Figs. 2-5 are performed. The triangles
indicate the frequency of the TW at the onset of convec-
tion, cop, normalized by 487 Hz, the cutoff frequency of
the driving ac voltage.

The upper part of Fig. 2 shows the existence of TW at
a driving frequency of 425 Hz and a rms voltage of 50 V
corresponding to a reduced driving voltage, R =V/V„of
1.01. Here the intensity along a line perpendicular to
the roll axis is measured every 40 msec, and 400 tem-
porally consecutive lines are plotted. Unlike in Ref. 3
these TW do not look like patches at onset, but are spa-

tially homogeneous. Also unlike Ref. 3, in our system
the TW frequency decreases as the amplitude increases,
indicating that our measurements are done in a different
regime of the phase diagram. The lower part of Fig. 2
demonstrates the fact that TW lose stability with respect
to SW under the influence of a temporal modulation of
R described by R(t) =Ro+bsin(rot) with the modula-
tion amplitude b measured in units of V, . In Fig. 2,
b 2% and Ro-l.

For quantitative analysis of the waves the intensity
structure function S(hx, h t ) =([l(x,t) I(x—+hx,
t+ht)] )„,is a useful tool. The structure function for
the data presented in Fig. 2(b) is shown in Fig. 3. No
difference for positive and negative values of the "spatial
delay,

"
Ax, are visible, indicating that the left and right

traveling waves have the same amplitude. No hint of a
decay of the structure function is visible in space or time,
indicating the SW to be spatially and temporarily homo-
geneous. The spatial period of the pattern is about 0.9
unit of the cell height —unlike in thermal convection
where the wavelength X=2d. The higher maxima cor-
respond to upflow and the lower maxima to downflow. '

Within one modulation period upflow and downflow ex-
change their position, thus demonstrating that the tem-
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FIG. 5. Bifurcation diagram with a modulation frequency of
9% above and 9% below the linear frequency. Crosses and plus
signs indicate the voltage where the ground state loses stability
to TW and SW, respectively. The circles indicate the secon-
dary instability where TW loses stability. The solid lines are
fits by the theoretically predicted curve for the onset of convec-
tion. Inset: The frequency diff'erence between the TW and the
modulation frequency.
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poral period of the flow field is twice the period of the
modulation.

Increasing the amplitude of the driving Ro at a con-
stant modulation b leads to an instability of the
standing-wave pattern. Figure 4 shows a typical spa-
tiotemporal pattern observed beyond the transition.
Modulated TW together with defects can be seen in

parts of the figure. We were unable to find a region of
the phase space beyond the transition line (circles in Fig.
5 below) where a defect-free pattern existed.

We measured the onset of convection [either as stand-
ing (plus signs) or traveling waves (crosses)] and the in-

stability line for the standing waves (circles) as a func-
tion of the reduced driving voltage R and the modulation
amplitude b. The result is shown in Fig. 5 for two values
of the modulation frequency, co . One value shown is
well above (d,co co /2coI, —1 =9%) the linear frequency
roI, of unmodulated TW and one is 9% below that value.
For small modulation amplitudes (b (1%) convection
sets in as TW. At about 1% the character of the waves

changes to SW, which are phase locked to the modula-
tion frequency as demonstrated by the inset where the
frequency difference between the driving and the velocity
of one TW component is plotted as a function of the
modulation amplitude b. This phase diagram is in agree-
ment with the theoretical prediction, where it was also
pointed out that the Takens-Bogdanow codimension-two
point, where the difference between the driving frequen-

cy and the waves ceases, is analogous to the one obtained
in the convection of binary mixtures' at the transition
from oscillatory to steady convection. The shape of the
linear instability line can be calculated on the basis of
symmetry arguments ' to be the hyperbola b
=C [(R—1 8) +A ].—The solid lines in Fig. 5 show

fits of the SW onset by this curve (lower curve:
=0.39%, 8 0.024%, C=2.4; upper curve: A =0.66%,

8 = —0.12%, C=1.7). Note that the position of the
saddle of the hyperbola, 8, changes sign when changing
the sign of the detuning, in agreement with the predic-
tion. The theory predicts hysteresis for the onset to SW
to happen either below or above the linear frequency of
the TW—but being based on general symmetry argu-
ments it cannot predict which side. Measuring the reso-
nance curve gives a hint about the location of the hys-
teresis. It should appear at the side where the curve has
a tendency for folding. Based on measured resonance
curves we expect the hysteresis to occur in the upper
figure. The tricritical point where hysteresis sets in is
presumably located around R=0.985, where the data
begin to deviate from the fit. We were not able to
resolve the hysteresis, however, possibly because of a
lack of homogeneity of the cell. The effect of spatial in-
homogeneities of extended systems on the problem of
resolving a small hysteresis has been treated numerical-
ly. " Based on these calculations one could estimate our
resolution for hysteresis to be about As =0.001, which is
about of the order of magnitude that we would expect
for the hysteresis loop when comparing Fig. 5 to Fig. 3 of
Ref. 5.

To demonstrate the universality to be expected from a
theory based on symmetry arguments, we performed
analogous modulation experiments in two additional sys-
tems exhibiting traveling waves, namely, (i) thin cells of
the nematic liquid crystal N-(p-methoxybenzylidine)-p-
butylaniline (MBBA) and (ii) binary-mixture convec-
tion. For (i) the bifurcation was demonstrated to be for-
ward while for (ii) it is known to be backwards. " In
both cases modulation stabilized the SW relative to the
TW (which are obtained when no modulation is present)
as demonstrated by Figs. 6 and 7. The cell used for
MBBA had the same aspect ratio as the Phase-V cell de-
scribed above. The corresponding phase diagram is
present elsewhere and differs from Fig. 1 mostly in the
aspect that the primary bifurcation is to TW for any
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FIG. 6. SW in MBBA. Rp=0.99, b=6%, h, N= 7%. The
intensity along a line is measured 10 times within a modulation
period, and the results are plotted on top of each other. High
intensity maxima correspond to upflow, smaller maxima to
downflow.
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FIG. 7. SW in binary-mixture convection in a small box.
Rp=1.001, b =1%, h, m=0%. Intensity maxima correspond to
downflow, minima to upflow.
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driving frequency between 0 and the cutoff frequency of
450 Hz. The data for Fig. 6 were taken at a driving volt-

age of Ro=0.991 (35 V, 350 Hz), with a modulation
amplitude b =6% and h, co = —7%.

The convection cell used for the binary-mixture exper-
iment had an aspect ratio of height:width:length of
1:4:12. A 26% ethanol-water mixture was used as the
working fluid, at a reduced driving temperature of
Ro=T/T, 1.001, detuning Ato 0%, and a modulation
amplitude of 1%. Unlike in the very long cells described
above, the boundaries lead to a spatial modulation of left
and right traveling waves throughout the cell—they
grow when traveling through the cell and are reflected at
the boundaries with a reflection coefficient smaller than
1. ' This fact is demonstrated in Fig. 7. In the middle
of the cell the pattern looks like a standing wave, because
left and right traveling waves have the same magnitude.
In the left-hand part of the cell, the left traveling wave
overcomes the amplitude of the right traveling wave and
vice versa on the right-hand side of the cell.

In summary, the predictions of a general theory based
on stability arguments for oscillatory pattern-forming in-
stabilities have been verified qualitatively and semiquan-
titatively. Our present work concentrates on the quanti-
tative aspect of the problem, namely to use it as a tool to
measure the coefficients of the GGL equation in the
first system described.
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