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Mean field equations are highly non linear, because of the presence of a self-
consistent potential. Therefore the mean-field dynamics is expected to exhibit
all the phenomenology of non-linear processes [1].

For example, a nucleus traveling at constant velocity can be seen as a solitary
wave (or soliton) solution of the non-linear mean-field equations. The existence
of large non-linearities makes the mean-field dynamics a typical candidate to ex-
hibit a chaotic behaviour. For example, compound nuclei at finite temperature
are considered as very chaotic systems. However, collective motions which cor-
respond to regular vibrations of the compound nucleus, such as the hot giant
resonances, have been observed experimentally. Therefore, the apparition and
the development of chaos is actually a very delicate point because not all the
degrees of freedom become chaotic at the same time.

Recently, the investigations about the collective properties of the mean-field
dynamics have been extended to consider unstable situations such as the evolu-
tion of systems initialized inside the spinodal region of the nuclear matter phase
diagram [2-8]. The studies of refs.[8, 9] have shown that the spinodal decompo-
sition, simulated through full mean-field calculations, appears largely influenced
by the existence of unstable collective modes, which are equivalent to zero-sound
waves. On the other hand, the possibility of the occurrence of disorder and chaos
during the fragmentation of the system has been discussed by many authors [10-
19], in particular within the context of unstable mean-field evolution [20-23]. The
occurrence of chaos would be of great importance since it may give a justification
for the validity of statistical approaches in the description of multifragmentation
events. Therefore a detailed analysis of when and how the chaos appears during
spinodal fragmentation is calledjbr,._jrhjsis....the main goal of the_pjesentarticle.

In this article we perform/^n analysis of the onset of chaos in mean-field
dynamiaTm presence of volume instabilities* As a main finding, we show^that
the mean-field evolution presents two different regimes: a first one dominated by
the almost decoupled amplification of several! collective unstable modes, leading
to the early condensation of the system into clusters, which is followed by a second
stage dominated by a coaje^ren^ejne^lianisrrJ amon^the large-density domains^

Finally we show that, even at the latest stage considered , chaos does not ap-
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pear as fully developed since a hierarchy of the different unstable modes, inherited
from the initial regular amplification of instabilities, remains.

As a consequence, for fast-fragmenting systems, there is the possibility to keep
the memory of the early dynamical instabilities in the final clusterization pattern
in particular preserving small wave lengths to develop. Moreover, we show that
these results and in particular the time and size scales involved are very sensitive
to the range of the considered force.

As already discussed in the comment [22], the dynamics of an individual RPA
eigenmode appears quite regular and almost insensitive to the differences in the
initial density. However, in order to investigate the characteristics of the mean-
field dynamics it is not sufficient to look at the propagation of normal modes,
because they are very peculiar initial conditions. Therefore we have studied
the dynamics of an ensemble of randomly initialized trajectories. The average
initial density was chosen to be equal to 0.4 po. If one looks at the evolution of
two randomly initialized systems, they appear rather different. The observed fast
amplification of small initial differences might be an indication of a chaotic regime.
However, this is a delicate point, since even in the regular case of independent
unstable normal modes, one would observe the same features.

In order to perform a normal mode analysis, we can introduce the Fourier
transform of the density fluctuations:

2

(1)

The onset of chaos can be quantitatively analyzed considering the dimension-
less amplification coefficient:

Ak(t) = (2)

and by considering the average of Ak(t) over the ensemble of N events:

Ak{t) = jj (3)

and its relative fluctuation AAk(t):

A / U ( ( )> = £ ^

computed over an ensemble of events initialized using a white noise. It should
be noticed that the fluctuation AAk(t) is a way to measure the spreading of
the two-time correlations around a straight line, i.e. the deviation from a reg-
ular correlation. When the relative width AAk(t) is large compared to 1 the
fluctuations are large and the correlation between initial and final time is lost.
This corresponds to a chaotic regime. Conversely, if the relative width is small
the system is dominated by a regular amplification dynamics. The behaviour of
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Figure 1: Study of the amplification factor as a function of time, and for various
k modes around the most unstable one, labeled by their node number n. In the
upper panel the thick lines correspond to n=5, the dashed lines to n=3 and the
thin grey lines to n=2. In the lower panel the thick lines correspond to n=5, the
dashed lines to n=6 and the thin grey lines to n=7. The left part figures present
Ak computed for 100 events. The central part displays the ensemble average At',
the right part shows the fluctuation

both quantities as a function of time is reported on Fig. 1 for various unstable
modes. One can first see that the average amplification coefficient Ak{t) follows
an exponential law during its early evolution. This is a characteristic of the lin-
ear response regime. For the different modes one observes that the fluctuation
A/ljfc(<) remains small up to 5 -f 7 instability times r,-. Moreover, for the most
unstable ones (k — 0.6 fm~l for the L interaction and k = 1.8 fm~l for the
S interaction) at the end of our simulation, the observed relative fluctuation is
found still lower than one. This demonstrates that the most unstable collective
modes are robust against chaos and that their dynamics is weakly coupled to the
evolution of the other degrees of freedom. This emphasizes the regularity of the
first stage of spinodal decomposition.
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