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Abstract

The r.f.-biased long Josephson junction behave very much like turbulent
systems as characterized by the absence of spatial correlation for a wide
range of frequencies. We show that this system approaches the turbulent
state through a well defined transition beyond a quasiperiodic regime, which
is intimately related to spatiotemporal symmetry-breaking and to the exist-
ence and breakdown of spontaneous pattern formation. We also show that
the local generation of different linear combinations of frequencies in the
quasiperiodic regime leads to the breakdown of coherence of the spatio-
temporal profile.

1. Introduction

Turbulent behavior is an interesting and fundamental dynami-
cal state not well understood. Once it had been established that
chaos is not turbulence, the turbulent phenomenon has received
a great deal of attention in recent years [1-7]. ,

Systems with many degrees of freedom can develop coher-
ent structures (spatiotemporal patterns). In this way the system
reduces the effective number of degrees of freedom and is
able to exhibit periodic and low-dimensional chaotic (in time)
behavior. The activation of new degrees of freedom can give
rise to turbulent-like dynamics (incoherent in space and dis-
ordered in space as well as in time).

The study of the route to turbulent-like behavior can estab-
lish what determines the ability of the system to become turbu-
lent, providing in this fashion a better understanding of the
turbulent state.

In this paper we explore the onset of turbulence in a solid-
state device, the long Josephson junction (LJJ) as the ampli-
tude of a radio-frequency (r.f.) drive is increases.

We show that the onset of the turbulent-like regime is
preceded by a spatial bifurcation: after a transient homo-
geneous in space and with period 1 in time, the system oscillates
with period 2 between two different structures in space. As the
r.f. drive is increased this periodic regime is replaced by a
quasiperiodic one which happens because the spatiotemporal
excitation oscillates at a frequency different from the driving
frequency. We show for this quasiperiodic regime that different
local generation of linear combinations of the two basic fre-
quencies (the driving frequency and the one of the spatiotem-
poral excitation) affect the coherence of the spatiotemporal
profile. Finally, we describe the breakdown of coherence of the
spatiotemporal profile as the system is driven harder.

Our paper is organized as follows: in Section 2 we present
a description of our model and simulation. In Section 3 we
present the spontaneous development of a spatiotemporal pro-
file (locked to the drive)in the system. In Section 4 we present
the unlocking of the spatiotemporal profile to drive and its
breakdown of coherence as the amplitude of the r.f. drive
is increased. In Section 5 we summarize and present our
conclusions. '

2. The long Josephson junction

The forced LIJ considered by us has been discussed extensively
[8]. We model this system with the usual sine-Gordon-like
equation,

bux — bu — SIN P = ag, — psin () (M

where ¢ = ¢(x, 1) is the phase difference of the superconduct-
ing order parameter between each side of the barrier and its
derivative in time is the voltage across the junction. The term
a¢, represents quasiparticle loss. The distance is normalized to
the Josephson penetration depth A;, time is normalized to the
inverse of the Josephson plasma frequency, the r.f. amplitude
p is normalized to the critical current current and Q is the
normalized applied frequency.
The external applied field is taken into account through,

60,0 = ¢(L,1) = 1 @

where L is the junction length and # is a measure of the external
magnetic field. In this paper parameter values are L = 104,,
o = 0.252 and Q, = 0.65. We employ open boundary con-
dition, n = 0.0, spatially uniform drive and flat initial con-
ditions thus the pattern formation phenomena is fully spon-
taneous in contrast with Rayleigh-Bénard experiments in
which symmetry breaking and consequent pattern formation is
induced via boundary condition. In addition, our results were
obtained in the absence of thermal noise.

The perturbed sine-Gordon equation is the simplest wave-
equation for a periodic medium occurs frequently in solid-state
physics. The system described by egs. (1, 2) is in fact analogous
to a chain of coupled pendula forced by an external torque.
This analogy indicates that the turbulent behavior can be
present not only in fluids but also in solid-state and mechanical
systems described by relatively simple models.

3. Spontaneous pattern formation and symmetry breaking

I most physical situations the development of turbulence is
preceded by the formation of spatiotemporal structures. In this
section we show that in the case of the L]J the pattern for-
mation phenomenon can be autonomously excited.

For a LJJ with p = 2 we find a transition from a transient
with period 1 to a period 2 regime, as can be appreciated in the
strobed time series of Fig. 1(a) in which the value of the voltage
¢, is plotted at each period of the forcing. This transition at first
sight might appear to be a simple bifurcation in time as in
low-dimensional systems. However, as shown in Fig. 1(b)
(where we plot the phase difference A¢ between two points of
the junction for each period of the r.f. drive as a function of
time) the voltage is no longer homogeneous in space. The fact
that A¢ repeats ony every second period shows that the spatial
extent of the junction has now become significant. Figure 1(c)
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Fig. 1. Spontaneous Symmetry Breaking. (a) Strobed time series ¢,(nT) vs.
nT (T is the period of the harmonic drive) at the center of the junction
showing a transition between period 1 and period 2 solutions (p = 2). For
n > 180, ¢, oscillates between the upper and lower curves. (b) The difference
of the phase between two points of the junction (A¢p(nT) = ¢(L[2, nT) —
@(L’, nT)) vs. nT, reveals that the transition is associated with the develop-
ment of a spatiotemporal profile, (c) Strobed profile ¢,(x, nT) vs. x showing
nonsymmetric breather oscillation.

reveals the spatiotemporal profile sustained by the system after
the homogeneous transient: a *“virtual” breather (a solitonlike
state with an internal degree of freedom) centered at the edge
of the junction is formed with only half of it present inside the
junction. This “virtual” breather switches at each period
between its two states, thus yielding a steady state in which the
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Fig. 2. Difference of the phase between two points of the junction A¢(nT)

vs. nT for a regime with a long transient in space and time at p = 2.0079
(inner bands) and a quasiperiodic regime at p = 2.0l (outer bands).

spatial symmetry is broken, much like the symmetry-breaking
precursor (in phase space) of the usual transition to chaos.
Figure 1(c) can be interpreted to be the inability of the system
to sustain a 'soliton commensurate with its size, jumping
instead into a sort of bifurcation in space. The system thus
succeeds in breaking the symmetry in real space and not in
phase space as in temporal chaos.

4. The two-frequency route to turbulence

In this section we present the development of turbulence as
concerning the involvement of new degrees of freedom via the
breakdown of coherence of the spatiotemporal profile.

As p is increased, once the breather forms from the initial
flat condition there is long transient both in space and in time.
The inner bands in Fig. 2 corresponds to a regime (p =
2.0079) that after such a long transient finally reaches the
state with a breather oscillating with a frequency equal to half
the driver (Fig. 1(c)).

As the system is driven harder the system ceases the long
transient behavior in space and in time via generation of a
quasiperiodic response. The outer bands in Fig. 2 presents
for p = 2.01 the generation at the very onset of pattern
formation of a breather-like excitation unlocked to the
frequency of the driving force.

In Fig. 3(a) the continuous line represents the power spec-
trum of the voltage at the middle of the junction for the
quasiperiodic regime at p = 2.01. The dashed lines in
Fig. 3(a) represent the power spectrum of the phase difference
A¢ between two points of the junction, this denotes in com-
parison with the local power spectrum that different points of
the junction differ in the way the different frequencies linearly
combine. This has the effect of reducing the coherence of the
spatiotemporal profile.

Figure 3(b) presents local and two-point spectra for the
critical attractor at the onset of disorder (p = 2.02) while
Fig. 3(c) corresponds to the already disordered regime
(p = 2.04).

Figure 4(a-c) presents the phase space portraits for the
same sequence of values of p that Fig. 3(a—c): they show the
break-up of the torus into a disordered state. The attractor
for the disordered state can now be regarded as a strange
(chaotic) attractor: the activation of an increased number of
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Fig. 3. Quasiperiodic transition to turbulence. The continuous line rep-
resents the power spectrum of the voltage ¢, at x = L/2. The dashed lines
represent the power spectrum of the phase difference (A¢(1) = ¢(Lf2, 1) —
S, 0). (@) p = 201, (b) p = 2.02, (c) p = 2.04.
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degrees of freedom is responsible for the loss of fractality and
autosimilarity (intimately related with the underlying mech-
anism of he chaotic phenomena).

The final state is disordered not only in time but in space.
In Fig. 5 we present the coherence spectra [9] for the quasi-
periodic regime at p = 2.01 (dashed lines) and for the dis-
ordered regime at (p = 2.04) (soid lines). We can appreciate
that the coherence of the spatial profile decreases as the
forcing is increased. Thus the resulting state at (p = 2.04)
can be regarded as a soft-turbulence regime, a regime in which
there is a breakdown of the pattern formation ability of the
system (1, 7].

This soft-turbulent state contrasts with the hard-rurbulence
regime in which the pattern formation and conversion induces
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Fig. 4. Quasipc;iodicy transition to turbulence. Sequence of Poincaré maps
& (L2, T)vs. ¢(L[2, T). (@) p = 2.01, (b) p = 2.02,(c) p = 2.04.

a reemergence of coherence in a narrow frequency range [1].
The LJJ is able to exhibit hard-turbulence when a magnetic
field is applied [7].

5. Conclusions

We have shown that turbulent-like behavior can be auto-
nomously excited in a one-dimensional solid state device, the
L1J, with a single oscillating drive by the competition between
local (single degree of freedom) and global (collective) dynam-
ics. We identified the spatiotemporal symmetry breaking, the
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Fig. 5. Breakdown of coherence of the spatiotemporal profile. The dashed
lines show the coherence spectrum for the quasiperiodic regime (p = 2.01)
whereas the continuous line corresponds to a regime in which there is a
breakdown of the pattern formation ability of the system (p = 2.04). Fre-
quency is normalized to the drive frequency. -

spontaneous pattern formation and the ability of the system
to sustain a spatiotemporal profile unlocked to the driving
force as intimately related to the transition to the turbulent
state. _

We have presented a novel route to turbulence which
begins with a period doubling bifurcation accompanied with
pattern formation. This rout differs from Feigenbaum’s
period doubling cascade as the control parameter is varied:
the period 2 regime exhibits a direct transition to a two-
frequency quasiperiodic regime and further increase of the

control parameter destroys coherence in space. The know-
ledge of the differences between the onset of chaos and the
onset of turbulence can provide a way to distinguish these
two regimes in experimental situations.

Finally, we would like to remark that evidence for
turbulent-like behavior in other solid-state systems has been
reported [10].

Acknowledgements

The authors would like to acknowledge Dr Christopher Lobb for critical
reading of this manuscript. This work has been partially supported by
CONICIT under project S1-1828 and by the EEC contract CI1*/0506-DK
(AM). One of us (L.E.G.) gratefully acknowledges the hospitatlity of the
Physics Laboratory I at The Technical University of Denmark.

References

1. Heslot, F., Castaing, B. and Libchaber, A., Phys. Rev. A36, 5870

(1987).

Crutchfield, J. P. and Kaneko, K., Phys. Rev. Lett. 60, 2715 (1988).

Chaté, H. and Manneville, P., Physica D32, 409 (1988).

Jensen, M. H., Phys. Rev. Lett. 62, 1361 (1989).

Bohr, T. and Christensen, O. B., Phys. Rev. Lett. 63, 2161 (1989).

Lumley, J. L., (Ed.), “Whither Turbulence? Turbulence at the Cross-

roads,” Lecture Notes in Physics 357, Springer-Verlag, Berlin, Heidel-

berg (1990).

7. Octavio, M. and Guerrero, L. E., Phys. Rev. Ad42, 4630 (1990).

Scott, A. C., Chu, F. and Reible, S., J. Appl. Phys. 47, 3272 (1976).

9. The coherence spectrum can reveal possible correlations in space for
various frequencies. The coherence is defined as

1G, (k)
G (k)G (k)

Ui wN

el

Cylk) =

where G,, and G,, are the autopower spectra of the two real sequences
and G, is the cross-power spectrum.
10. Rangel, R. and Guerrero, L. E., Phys. Rev. Ad3, 669 (1991).



