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Summary. Coupled pendula show complex and unpredictable collective motions and provide a suitable physical model for complex
dynamical systems. Starting from the well-known Fermi-Pasta-Ulam experiment coupled oscillators are expected to undergo sponta-
neous thermalization, typical of multi-body systems with non-linear interactions, and have been studied in order to investigate energy
equipartition and second principle of thermodynamics. By means of an automated videotracking apparatus we have monitored both
single and collective motions occurring in a chain of 24 non-linearly coupled pendula on varying the initial conditions (anharmonicity
level, number and energy of excited pendula, etc.). Compared to the original FPU model our chain is highly and quickly dissipative
and thermalizes very early. Moreover, we have observed other noticeable phenomena, e.g. some chaotic behaviour, spatial oscillation
asymmetry, intrinsic localized modes.

Some results

Thermalization
We studied each oscillator motion for the whole run. Observing the following space-time plot for the excited pendulum
(8th) we can recognize pulses on a 5 minutes scale, but larger scale pulses (20 to 30 minutes) can be noticed in non excited
pendulum plots (e.g. 11th). We calculated the energy inverse metric for the chain: it measures its termalization degree as
a function of time.

Fourier Analysis
We obtained the Fourier Spectrum for each oscillator motion, as shown in the related plots, where oscillation period is
provided (inverse of frequency). T1 indicates the dominant period. The dominant period T1 is approximately of 2.2 s,
corresponding to 2π

√
L/g. Few other pendula show two secondary peaks, probably related to first superior harmonics

of the ground frequency. Hereafter we present the table of calculated periods and the Fourier spectrum for one pendulum
(7th), where red dots identify the main peaks.

Horizontal Analysis
We performed 3 different runs, with the same excited pendulum (8th or 16th), but with different initial angles (30◦, 40◦

and 50◦). We compared the maximum amplitude for each pendulum in different runs. The results are shown in the
following plots, where we can notice that the excited pendulum does not transfer most its energy to its next, rather to the
ones next to that.
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Excited pendulum: N=8
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Excited pendulum: N=16

One of the main results we want to mention is related to asymmetry. The average position of each pendulum over the
whole run tends not to correspond to its rest point. Individual pendula are oscillating around positions very far from
the chain zero, as much in the positive direction as in the negative. It could be due to a coherence effect. This is an
unexpected and original result of our research, because that phenomenon has not been reported in the literature. The
oscillation asymmetry could be observed in collective resonance phenomena and in particular in the distributed coupled
oscillations of buildings and mechanical machines.
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Excited pendulum: N=16

We also point out that pendula with higher energy get damped more quickly than the others and that the pendula at the end
of the chain get less energy than the others. This phenomenon could be related to the nearby constraints. This is shown in
the following plots where relaxation time τ (i.e. the time constant of the exponential decrease of the oscillation amplitude)
of each pendulum in the chain is compared in the different runs. For most of the pendula τ is around 30 minutes, but it
also assumes much smaller or larger values for specific pendula. Moreover we notice that small variation on the initial
angle produce as a result that a local minimum becomes a local maximum or viceversa.
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Excited pendulum: N=16

Chaos
In order to investigate the occurrence of chaos we compared two runs with same initial conditions and we overlapped the
two plots of normalised amplitude as a function of time, as it is shown in the following figure for pendula 13th and 16th.

The large difference of the two plots shows that the system is sensitive to small variations to the initial conditions as it is
expected for a chaotic system.
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