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Periodic States in Chaotic Rössler Oscillators with On-Off Coupling *
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It has been revealed that two coupled chaotic Rössler oscillators can transit to a period-5 splay state in an
extremely weak coupling region [Zhan et al., Phys. Rev. Lett. 86 (2001) 1510]. Here we show that with further
increase of coupling, two other coupling regions exist that may induce the period-4 splay state and period-5
synchronous state. Using an on-off coupling strategy, we find that the coupling regions for inducing period-5
states can be significantly extended and the extending effect is regulated by the match of two time scales: one
is of the on-off coupling and the other is of the individual Rössler oscillator. We then compare the sensitivity of
the periodic states with the initial conditions of the oscillators. We also analyze the mechanism behind these two
new types of periodic states.
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The collective behavior of coupled oscillators
has been widely studied, owing to their relevance
in a variety of areas such as physics, chemistry,
and biology.[1−8] Generally, complete synchronization
(CS) is believed to be the strongest type of collective
behavior, which implies that the oscillators behave in
the same fashion.[9] CS occurs to identical oscillators
if their interactions are sufficiently strong, so that it
is only a very specific behavior. More common is the
collective behavior arising in small coupling, which is
far from the condition of CS.

There is much evidence that small coupling does
not mean asynchronous or disordered collective be-
havior. Instead, it may induce rich regular and or-
dered activities in coupled oscillators. For instance,
before CS can occur, two-dimensional coupled chaotic
oscillators may spontaneously display spatially mir-
ror symmetric and central symmetric structures.[10]
Within a small coupling region, the scale-free networks
of chaotic maps can self organize into ordered spa-
tiotemporal patterns, where each chaotic map tran-
sits to period-2 state and has an anti-phase with its
neighbors.[11] Surprisingly, even when the coupling is
extremely weak, the chaotic Rössler oscillators can
generate a period-5 splay state, i.e., each oscillator
in a ring has an identical period-5 orbit with different
while functionally related positions (or phases).[12,13]
Recently, such a period-5 splay state induced by ex-
tremely weak coupling has been observed for complex
networks.[14] One essential point for the mechanism of
the period-5 splay state is due to the highest return
probability at the unstable period-5 orbit of the single
chaotic Rössler oscillator.[12] Therefore, an interesting
question is whether other types of period states exist
except for the period-5 splay state before CS.

In this Letter, we investigate the dynamical be-
havior in a system of two chaotic Rössler oscillators
with on-off coupling. Unlike time invariant coupling,
the on-off coupling is periodically switched on and off,
and the on-off ratio is governed by a parameter 𝜃,

where 𝜃 ∈ [0, 1]. Thus the time invariant coupling
can be seen as a special case 𝜃 = 0 of the on-off cou-
pling. The on-off type coupling can be found in neu-
ronal ensembles with chemical synapses as well as in
moving agents like birds and artificial robots.[15−20]

When 𝜃 = 0, in addition to the extremely weak cou-
pling region, we show that with further increase of cou-
pling, two other coupling regions indeed exist where
the system may transit to the period-4 splay state and
period-5 synchronous state, showing different regular
trajectory structures to that of the extremely weak
coupling region. When 𝜃 ̸= 0, we find that the cou-
pling regions for observing period-5 states can be effec-
tively extended and the extending effect is regulated
by the time scales between the on-off coupling and the
individual oscillator. Further, we find that the on-off
coupling-induced periodic states show different sensi-
tivities to the initial conditions of the oscillators and
are related to a specific coupling configuration.

We consider a system of two identical Rössler os-
cillators with on-off coupling, whose dynamics is ex-
pressed by the equations

𝑥̇1,2 = − 𝜔𝑦1,2 − 𝑧1,2 + 𝜀(𝑡)(𝑥2,1 − 𝑥1,2),

𝑦̇1,2 =𝜔𝑥1,2 + 𝑎𝑦1,2,

𝑧̇1,2 = 𝑓 + 𝑧1,2(𝑥1,2 − 𝑐), (1)

where 𝑎 = 0.165, 𝑓 = 0.2, 𝑐 = 10, and 𝜔 = 0.99.
Under these parameters, each isolated Rössler oscilla-
tor has a chaotic attractor; 𝜀(𝑡) is the on-off coupling,
which is defined as

𝜀(𝑡) =

{︂
0, 𝑚𝑇 ≤ 𝑡 ≤ (𝑚+ 𝜃)𝑇,

𝜀, (𝑚+ 𝜃)𝑇 < 𝑡 < (𝑚+ 1)𝑇,
(2)

where 𝑚 = 0, 1, 2, . . ., 𝑇 is the period of the on-off cou-
pling and 𝜃 ∈ [0, 1] is the on-off ratio. When 𝜃 = 0, the
on-off coupling is time invariant. In this case, Eq. (1)
achieves CS when 𝜀 ≥ 𝜀c, where 𝜀c ≈ 0.087.

We are interested in the transitions from asyn-
chronous chaotic states to periodic states when 𝜀 < 𝜀c.
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To indicate the transitions, we calculate the largest
Lyapunov exponent 𝜆 of the system in Eq. (1). The
system is believed to be chaotic or periodic depending
on whether 𝜆 is larger than zero (𝜆 > 0) or close to
it (𝜆 = 0). In numerical simulations, 𝜆 is averaged
with 𝑁 = 100 realizations by choosing different initial
conditions in Eq. (1). Figure 1(a) shows the evolution
of 𝜆 with 𝜀 for 𝜃 = 0, i.e., the case of time invari-
ant coupling. When 𝜀 is very weak, 𝜆 exhibits a de-
cline in the region of 𝜀1 ∈ (0.0003, 0.0008), consistent
with the coupling region observed in Ref. [12]. Inter-
estingly, as 𝜀 increases, we find that 𝜆 will undergo
two other declines, one is around 𝜀2 = 0.014 and the
other is around 𝜀3 = 0.017. In the former, 𝜆 ≈ 0,
which means that the system transits to a periodic
state again, while in the latter, 𝜆 ≈ 0.1, suggesting
a slight decline. However, does this mean that the
system remains chaotic around 𝜀3 = 0.017 and what
causes the small decline over there?

For this purpose, we introduce a threshold 𝜆c =
0.0001 ≈ 0 and assume that the system in Eq. (1)
is approximately periodic if 𝜆 < 𝜆c. By counting the
number 𝑛 of 𝜆 < 𝜆c from 𝑁 realizations, we obtain the
probability 𝑓 for the system transiting from chaotic
states to periodic states, where 𝑓 = 𝑛/𝑁 . Figure 1(b)
shows the result of 𝑓 extracted from Fig. 1(a). It can
be seen that 𝑓 has no peak except for three coupling
regions: region I, region II and region III. Those regions
correspond to the three declines in Fig. 1(a). Unlike
regions I and II, region III has 𝑓 ≈ 0.2, indicating that
the system is not purely chaotic while occasionally pe-
riodic, and therefore leads to the small decline around
𝜀3. Meanwhile, such small 𝑓 also suggests that the
periodic state in region III is more sensitive to the ini-
tial conditions of the oscillators than that in regions I
and II. Clearly, 𝑓 has an advantage of indicating the
transitions from chaotic states to periodic states than
𝜆.
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Fig. 1. The mean value of the largest Lyapunov exponent
𝜆 versus 𝜀 in (a) and the corresponding transition proba-
bility 𝑓 in (b). Dashed lines are the guides for the three
coupling regions with 𝑓 > 0.

To compare the periodic states between those three
coupling regions, we plot the trajectories of the two os-
cillators in 𝑥–𝑦 space, see Fig. 2. As shown in Fig. 2(a),
when 𝜀 = 0.0006, the two oscillators move on the

same period-5 (𝑇5 ≈ 30.98) orbit while with differ-
ent positions/phases (the circles denote the positions
of the two oscillators at an arbitrarily chosen time).
By plotting 𝑥2(𝑡) versus 𝑥1(𝑡 + 𝜏) in Fig. 2(b), the
phase lag in Fig. 2(a) is revealed as 𝜏 = 𝑇5/5. An in-
teresting phenomenon is further shown in Fig. 2(c) for
𝜀 = 𝜀2, at which the orbits of the two oscillators be-
come period-4 (𝑇4 ≈ 24.85) and their splay positions
satisfy 𝑥1(𝑡+𝜏) = 𝑥2(𝑡), where 𝜏 = 𝑇4/2 is figured out
in Fig. 2(d). As mentioned above, an isolated Rössler
oscillator in Eq. (1) has the highest return probability
at 𝑇5, which makes a large chance for the oscillators
forming period-5 splay orbit at the extremely weak
coupling[12] (also see Fig. 7(a)). In contrast, the return
probability is rather small at 𝑇4 (see Fig. 7(a)), while
Fig. 2(c) implies that a relatively large coupling may
stabilize Eq. (1) at the period-4 orbit other than the
period-5. As 𝜀 = 𝜀3, the two oscillators generate the
same period-5 orbit as shown in Fig. 2(a), while their
phase lag becomes 𝜏 = 0, i.e., period-5 synchronous
state, see Figs. 2(e) and 2(f).
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Fig. 2. Upper: the trajectories of the two oscillators on
the plane (𝑥𝑖(𝑡), 𝑦𝑖(𝑡)). Lower: the delayed-coordinate
plots 𝑥1(𝑡 + 𝜏) versus 𝑥2(𝑡) for different values of cou-
pling. (a, b) 𝜀 = 0.0006 and 𝜏 = 𝑇5/5, (c, d) 𝜀 = 0.014
and 𝜏 = 𝑇4/2, (e, f) 𝜀 = 0.017 and 𝜏 = 0. In the upper
panels, the circles denote the positions of the two oscilla-
tors at an arbitrarily chosen time.

Next, we let 𝜃 ̸= 0 and investigate how it affects
the transitions from chaotic states to periodic states.
We first set 𝑇 = 𝑇5 as the period of the on-off coupling
and calculate the transition probability 𝑓 as shown in
Fig. 2(b) for three different 𝜃. Figure 3(a) shows the
results. When 𝜃 = 0.1, 𝑓 > 0 appears just for an ex-
tremely weak coupling region 𝜀 ∈ (0.0003, 0.001) and
beyond it we have 𝑓 ≈ 0. Clearly, this region is larger
than region I (𝜃 = 0), implying that the weak cou-
pling region for observing periodic states is extended
by the on-off coupling. When 𝜃 = 0.5, the region of
𝑓 > 0 shifts to 𝜀 ∈ (0.0004, 0.002) and 𝜀 ∈ (0.04, 0.05),
respectively. However, such shifting and extending ef-
fects disappear when 𝜃 is large, such as 𝜃 = 0.8. The
reason for this is that the two oscillators are sepa-
rate from each other when the coupling is off. From
Eq. (2), the un-coupled duration is 𝜃𝑇5 within each
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on-off coupling period, thus the effective coupling for
each period is ⟨𝜀⟩ = 1

𝑇5

∫︀ 𝑡+𝑇5

𝑡
(1− 𝜃)𝜀(𝑡)𝑑𝑡 = (1− 𝜃)𝜀.

When 𝜃 is small, the effective coupling ⟨𝜀⟩ is sufficient
to tamp the chaotic behavior of Eq. (1) and thus leads
to 𝑓 > 0. When 𝜃 is large, ⟨𝜀⟩ becomes smaller, caus-
ing 𝑓 ≈ 0 at 𝜃 = 0.8. We then set 𝑇 = 𝑇4 and do the
same calculations again as 𝑇5, see Fig. 3(b). It shows
that 𝑓 = 0 for all three 𝜃, suggesting that the on-off
coupling with period 𝑇4 has no effect on inducing the
transitions to periodic states.
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Fig. 3. The transiton probability 𝑓 as a function of 𝜀 for
𝜃 = 0.1, 0.5, and 0.8. (a) 𝑇 = 𝑇5 and (b) 𝑇 = 𝑇4. The
dashed lines are the guides for the three coupling regions
(I, II, and III) of 𝜃 = 0.
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Fig. 4. The transition probability 𝑓 versus 𝜀 and 𝜃 for
different 𝑇 . (a) 𝑇 = 𝑇5/3, (b) 𝑇 = 𝑇5/2, (c) 𝑇 = 𝑇4 ≈
4𝑇5/5, (d) 𝑇 = 𝑇5, (e) 𝑇 = 3𝑇5/2, and (f) 𝑇 = 2𝑇5.
The dashed lines in (b) and (d) denote 𝜃 = 1− 0.0003/𝜀,
𝜃 = 1− 0.0008/𝜀, and 𝜃 = 1− 𝜀3/𝜀.

To give a global view, Fig. 4 plots 𝑓 versus 𝜀 and
𝜃 for various on-off coupling periods 𝑇 . It can be
observed that 𝑇 = 𝑇5/2 and 𝑇 = 𝑇5 have large re-
gions of 𝑓 > 0, while too small 𝑇 = 𝑇5/3 or too
large 𝑇 = 2𝑇5 have relatively smaller regions. More-
over, for 𝑇 = 𝑇5/2 and 𝑇 = 𝑇5, the main regions of
𝑓 > 0 are approximately within two boundaries: 𝜃 =
1−0.0003/𝜀 and 𝜃 = 1−0.0008/𝜀, and the narrow re-
gion for 𝑇 = 𝑇5 emerges from 𝜀 ≈ 0.017 approximately
satisfying 𝜃 = 1− 𝜀3/𝜀. These boundaries can be un-
derstood as follows. The transitions to periodic states
require the effective coupling ⟨𝜀⟩ ∈ (0.0003, 0.0008)

and ⟨𝜀⟩ ≈ 𝜀3, which give rise to the three boundaries
𝜃 ≈ 1− 0.0003/𝜀, 𝜃 ≈ 1− 0.0008/𝜀, and 𝜃 ≈ 1− 𝜀3/𝜀.
As the high transition probability appears at 𝑇5 and
𝑇5/2, a matchable time scale between the on-off cou-
pling and the chaotic Rössler oscillator is essential for
enhancing the transitions from chaotic states to peri-
odic states.
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Fig. 5. Upper: the trajectories of the two oscillators on
the plane (𝑥𝑖(𝑡), 𝑦𝑖(𝑡)). Lower: the delayed-coordinate
plots 𝑥1(𝑡+𝜏) versus 𝑥2(𝑡) for different values of coupling.
(a, b) 𝜀 = 0.001, 𝜃 = 0.1, and 𝜏 = 𝑇5/5, (c, d) 𝜀 = 0.002,
𝜃 = 0.5, and 𝜏 = 2𝑇5/5, (e, f) 𝜀 = 0.045, 𝜃 = 0.5, and
𝜏 = 0. In the upper panels, the circles denote the posi-
tions of the two oscillators at an arbitrarily chosen time.
𝑇 = 𝑇5 is considered.
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Fig. 6. The transition probability 𝑓 versus 𝜀 and 𝜃 for
𝑦-coupling (a) and for 𝑧-coupling (b). Here 𝑇 = 𝑇5 is
used.

Are the periodic states that are induced by the
on-off coupling similar to that of 𝜃 = 0? In Fig. 5,
we give three illustrations by choosing 𝜀 outside the
three regions (I, II, and III) of 𝜃 = 0. As 𝜀 is cho-
sen at 𝜀 = 0.001, Figs. 5(a) and 5(b) show that the
two oscillators move in the same period-5 orbit when
𝜃 = 0.1, and their different positions also satisfy
𝑥1(𝑡 + 𝜏) = 𝑥2(𝑡), with a phase lag 𝜏 = 𝑇5/5. A
similar motion can be observed in Figs. 5(c) and 5(d)
for 𝜀 = 0.002 and 𝜃 = 0.5, while the phase lag is
𝜏 = 2𝑇5/5. When 𝜀 = 0.045 and 𝜃 = 0.5, the two
oscillators achieve 𝑥1(𝑡 + 𝜏) ≈ 𝑥2(𝑡) with zero phase
lag 𝜏 = 0, see Figs. 5(e) and 5(f). In view of them, the
on-off coupling (𝜃 ̸= 0) can induce the same period-5
orbits as 𝜃 = 0.

The above observations motivate us to study
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whether the transitions to periodic states can be ob-
served from other coupling configurations. For sim-
plicity, we will consider the system of the two chaotic
Rössler oscillators under 𝑦-coupling and 𝑧-coupling,
respectively. In this way, Eq. (1) becomes as follows.
For 𝑦-coupling: 𝑥̇1,2 = −𝜔𝑦1,2 − 𝑧1,2, 𝑦̇1,2 = 𝜔𝑥1,2 +
𝑎𝑦1,2+𝜀(𝑡)(𝑦2,1−𝑦1,2), 𝑧̇1,2 = 𝑓+𝑧1,2(𝑥1,2−𝑐), and for
𝑧-coupling: 𝑥̇1,2 = −𝜔𝑦1,2 − 𝑧1,2, 𝑦̇1,2 = 𝜔𝑥1,2 + 𝑎𝑦1,2,
𝑧̇1,2 = 𝑓 + 𝑧1,2(𝑥1,2 − 𝑐) + 𝜀(𝑡)(𝑧2,1 − 𝑧1,2). With-
out loss of generality, 𝑇 = 𝑇5 is used as the pe-
riod of the on-off coupling. In Fig. 6, we show the
transition probability 𝑓 as functions of 𝜀 and 𝜃 for
both the 𝑦-coupling and the 𝑧-coupling. In the case
of 𝑦-coupling, Fig. 6(a) displays a similar feature to
that of the 𝑥-coupling. Our numerical results indi-
cate that there are also three types of periodic states:
period-5 splay state (𝜏 = 𝑘𝑇5/5, 𝑘 = 1, 2, 3, 4), period-
4 splay state (𝜏 = 𝑇4/2), and period-5 synchronous
state (𝜏 = 0); the intermediate coupling region II for
period-4 splay state disappears when 𝜃 ̸= 0. Note
that, for 𝑦-coupling, the system arrives at CS when
𝜀 ≥ 0.075 at 𝜃 = 0. Thus the above periodic states
are self-organized before CS. Why do 𝑥-coupling and
𝑦-coupling share a similar performance of 𝑓? Let
𝜔𝑥1,2 + 𝜀(𝑡)(𝑦2,1 − 𝑦1,2) = 𝜔𝑋1,2, we obtain 𝑋̇1,2 =
−𝜔𝑦1,2− 𝑧1,2+ 𝜀(𝑡)/𝜔[𝑋2,1−𝑋1,2+𝑎(𝑦2,1−𝑦1,2)]. As
𝜔 ≈ 1 and 𝑎 = 0.165 is small, we obtain 𝜀(𝑡)/𝜔 ≈ 𝜀(𝑡)
and |𝑋2,1 − 𝑋1,2| ≫ 𝑎|𝑦2,1 − 𝑦1,2|. In this way, the
system under 𝑦-coupling can be simplified to 𝑋̇1,2 =
−𝜔𝑦1,2−𝑧1,2+𝜀(𝑡)(𝑋2,1−𝑋1,2), 𝑦̇1,2 = 𝜔𝑋1,2+𝑎𝑦1,2,
𝑧̇1,2 = 𝑓 + 𝑧1,2(𝑥1,2 − 𝑐), which is identical to Eq. (1)
and thus explains the similar results of 𝑓 between the
𝑥-coupling and 𝑦-coupling. However, in the case of
𝑧-coupling, Fig. 6(b) shows that 𝑓 = 0 for each pair
of 𝜀 and 𝜃, which is different from the results of the
𝑥-coupling and 𝑦-coupling. Thus the transition to pe-
riodic states depends on the specific coupling configu-
ration.
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Fig. 7. The return probability 𝑝(𝑇 ) for one of the two os-
cillators versus 𝑇 for different 𝜀: (a) 𝜀 = 0, (b) 𝜀 = 0.013,
and (c) 𝜀 = 0.0165.

Finally, we analyze the mechanism of the period-
4 splay state and period-5 synchronous state. Let
us recall the mechanism of the period-5 splay state.
For 𝜀 = 0 in Eq. (1), each Rössler oscillator has the
highest return probability 𝑝(𝑇 ) at the unstable pe-
riod 𝑇5 orbit, see Fig. 7(a). When 𝜀 > 0 and it is ex-
tremely weak, it does not considerably alter the single-
oscillator orbit. Instead, it stabilizes the oscillators
at the period 𝑇5 via mutual resonant interaction.[12]

When 𝜀 continuously increases, it will significantly
change the return probability of the oscillators. For
example, when 𝜀 = 0.013 close to the coupling region
II, Fig. 7(b) shows that each oscillator has the high-
est return probability 𝑝(𝑇 ) at the unstable period 𝑇4

orbit. This means that the oscillators tend to visit
the vicinity of the period 𝑇4 orbit. As 𝜀 increases to
𝜀 = 0.014, such a slight increase in mutual interaction
does not considerably disturb the oscillators’ orbits,
while it may stabilize them at the period 𝑇4 orbit.
Thus Figs. 2(c) and 2(d) display the period 𝑇4 splay
state. Interestingly, when 𝜀 approaches to the coupling
region III, the highest return probability 𝑝(𝑇 ) returns
to the period 𝑇5 again, see the case of 𝜀 = 0.0165 in
Fig. 7(c). Similarly, a slight increase in 𝜀 from 0.0165
to 0.017 may stabilize the oscillators at the period
𝑇5 orbit. As 𝜀 is large now, the two oscillators can
approximately organize into a synchronous period 𝑇5

state as shown in Figs. 2(e) and 2(f).
In conclusion, we have systematically studied the

transitions from chaotic state to periodic states in a
system of two coupled chaotic oscillators, and have re-
vealed two new types of periodic states before CS: the
period-4 splay state and period-5 synchronous state.
In addition, when the coupling between the oscilla-
tors is changed from time invariant to periodically
switched on-off, we find that the regions for inducing
period-5 states can be extended and shifted, improv-
ing the probability for observing the periodic states.
Since the two coupled oscillators are of the minimum
structure of complex systems, our results may pro-
vide a clue to understanding the system with a large
number of oscillators. On the other hand, to reveal
the dynamical patterns in the route to CS is one of
the fundamental studies in nonlinear dynamics, such
as the patterns of self-organization[5] and the chimera
state,[21] our results may enrich the existing knowledge
of self-organized periodic behavior before CS.

References
[1] Pikovsky A et al 2001 Synchronization: A Universal Con-

cept in Nonlinear Sciences (Cambridge: Cambridge Univer-
sity Press)

[2] Boccaletti S et al 2006 Phys. Rep. 424 175
[3] Arenas A et al 2008 Phys. Rep. 469 93
[4] Zheng Z et al 1998 Phys. Rev. Lett. 81 5318
[5] Wang W et al 2000 Phys. Rev. Lett. 84 2610
[6] Popovych O V et al 2011 Phys. Rev. Lett. 107 228102
[7] Hou Z et al 2008 Chin. Phys. Lett. 25 3875
[8] Li J 2008 Chin. Phys. Lett. 25 413
[9] Pecora L M and Carroll T L 1998 Phys. Rev. Lett. 80 2109

[10] Zhang X et al 2006 Phys. Rev. E 74 015202(R)
[11] Liang X et al 2008 Chin. Phys. Lett. 25 409
[12] Zhan M et al 2001 Phys. Rev. Lett. 86 1510
[13] He D et al 2001 Physica D 156 314
[14] He Z et al 2013 Chaos 23 043139
[15] Wei G W and Zhao S 2002 Phys. Rev. E 65 056210
[16] Gong P and van Leeuwen C 2007 Phys. Rev. Lett. 98 048104
[17] Frasca M et al 2008 Phys. Rev. Lett. 100 044102
[18] Liang X et al 2009 Phys. Rev. E 80 066202
[19] Chen L et al 2009 Phys. Rev. E 79 045101(R)
[20] Liu Z 2010 Phys. Rev. E 81 016110
[21] Abrams D M et al 2008 Phys. Rev. Lett. 101 084103

120503-4

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1016/j.physrep.2005.10.009
http://dx.doi.org/10.1016/j.physrep.2008.09.002
http://dx.doi.org/10.1103/PhysRevLett.81.5318
http://dx.doi.org/10.1103/PhysRevLett.84.2610
http://dx.doi.org/10.1103/PhysRevLett.107.228102
http://dx.doi.org/10.1088/0256-307X/25/11/011
http://dx.doi.org/10.1088/0256-307X/25/2/017
http://dx.doi.org/10.1103/PhysRevLett.80.2109
http://dx.doi.org/10.1103/PhysRevE.74.015202
http://dx.doi.org/10.1088/0256-307X/25/2/016
http://dx.doi.org/10.1103/PhysRevLett.86.1510
http://dx.doi.org/10.1016/S0167-2789(01)00290-1
http://dx.doi.org/10.1063/1.4858995
http://dx.doi.org/10.1103/PhysRevE.65.056210
http://dx.doi.org/10.1103/PhysRevLett.98.048104
http://dx.doi.org/10.1103/PhysRevLett.100.044102
http://dx.doi.org/10.1103/PhysRevE.80.066202
http://dx.doi.org/10.1103/PhysRevE.79.045101
http://dx.doi.org/10.1103/PhysRevE.81.016110
http://dx.doi.org/10.1103/PhysRevLett.101.084103

	Title
	Eq. (1)
	Eq. (2)
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	References

