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Intermittency as a signal of criticality in multifragmentation studies
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Bond percolation model predictions for the behavior of scaled factorial moments~SFM’s! of cluster size
distributions do not show intermittency for ‘‘near-critical’’ events. An intermittentlike signal is observed only
for ‘‘overcritical’’ events, independent of the size of the lattice. SFM analysis of ALADIN experimental data
~600, 800, and 1000 MeV/nucleon Au1 Au reactions! is in qualitative agreement with the percolation
predictions.@S0556-2813~97!02601-0#

PACS number~s!: 25.70.Pq, 24.10.Lx, 24.60.Ky
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The power-law behavior of the scaled factorial mome
~SFM’s!, known as intermittency, is a statistical tool for th
extraction of nonstatistical fluctuations@1#. Intermittency of
the distribution of a physical observable is believed to pro
criticality. For example, within the Ising model, the magn
tization of the subdomains exhibits intermittency at the cr
cal point @2#.

Ploszajczak and Tucholski introduced the SFM analy
for the fragment size distributions in nuclear multifragme
tation @3–6#. They showed that, within the bond percolatio
model, the cluster size distributions for a lattice with 63 sites
produce a nonzero intermittency signal only within a cert
‘‘optimal’’ interval of the bond percolation paramete
q50.21–0.28@3#, close to the critical value for an infinite
systemqcr

`'0.25. They observed a similar behavior also
the experimental data of Waddington and Freier@7# from
fragmentation of 1 GeV/nucleon Au projectiles in nucle
emulsion, and concluded that the study of intermittency
nuclear fragmentation is relevant in the search for criti
phenomena. Thus, it has been believed that cluster size
tributions are intermittent at the critical point.

Many authors have investigated the SFM’s of fragm
size distributions to search for hints of criticality in expe
mental data@8–12# and to try and distinguish different mu
tifragmentation models@13–24#. However, no definitive con-
clusions about the origin of the observed intermittency sig
have been drawn so far. Explanations that have no con
tion to criticality have also been presented@23,9,24#. It has
been mentioned that the appearance of an intermitten
signal can be caused by the large width of the multiplic
distributions@16–18,9,24# and by mixing events of differen
excitation energies@16,20,9#.

Recently, Campi and Krivine@24# reexamined the bond
percolation model results of Refs.@3,4#, and showed that the
intermittency signal in the vicinity of the critical region dis
appears if events of fixed multiplicity are selected. They a
demonstrated that the intermittency signal vanishes when
size of the system goes to infinity. They concluded th
investigation stating that the intermittency signal, put fo
ward in the pioneering work of Refs.@3,4#, has been wrongly
interpreted, since an intermittent behavior results from bo
the power law of the mean size fragment distribution a
from the finite width of the multiplicity distribution.
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In this work, we also reexamine the results of Refs.@3,4#,
and show that an intermittency pattern in the cluster s
distributions is clearly observed for some events genera
with the bond percolation model, but these eventsare not the
critical ones.

To find the occurrence of intermittency in a distributio
@6–9# one analyzes the~horizontally! scaled factorial mo-
ments

Fk~D!5
( i51
A0 /D^Ni~Ni21!•••~Ni2k11!&

( i51
A0 /D^Ni&

k . ~1!

Within the bond percolation model,A0 is the total number of
sites of the disassembling lattice which is divided inA bins
of sizeD; Ni represents the number of clusters with numb
of sites in the interval@( i21)D,iD#,i51,2, . . . ,A0 /D. The
ensemble averaginĝ•••& in Eq. ~1! is done over all frag-
mentation events considered. Intermittency is observed if
momentsFk follow a power law as a function of resolutio
D, of the form Fk}D2 f k, i.e., if the moments show self
similarity for different resolutionsFk(aD)5a2 f kFk(D).

Percolation models, which exhibit a phase transition
infinite systems, are applicable also to smaller syste
However, finite size effects make the identification of t
critical events somewhat obscure for a nuclear lattice c
sisting of no more than 63 sites. Thê g2(m)& function @25#
is commonly used@18,19,25# to avoid this problem,m stand-
ing for the reduced multiplicity~i.e., multiplicity/A0) of the
decay products. We follow this prescription, initially pro
posed by Campi@25#. The reduced variancêg2(m)& is cal-
culated as

^g2~m!&5Nev
21(

j

M0
~ j !~m!M2

~ j !~m!

@M1
~ j !~m!#2

. ~2!

HereMp
j is thepth mass distribution moment@25# calculated

for the j th event. The summation runs over all the events
a sample ofNev events with fixed reduced multiplicitym.
Figure 1 shows thêg2(m)& function calculated within the
frame of the bond percolation model, for lattices with 63,
153, and 203 sites, and random choice of the percolati
528 © 1997 The American Physical Society
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FIG. 1. Reduced variancêg2(m)& as a func-
tion of the reduced multiplicitym calculated
within the bond percolation model with 63

~circles!, 153 ~dashed line!, and 203 ~solid line!
sites. Brackets reproduce them-gating intervals
for ‘‘near-critical’’ events used in this work
~bracketA) and in the original study of Ref.@3#
~bracketB). The ‘‘optimal range’’ ofm gating
for the appearance of intermittency is also ind
cated~bracketC).
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parameter1 q. A peak in ^g2(m)&, created by the critica
events, is clearly observed for large lattices. For the lat
with 63 sites, the peak broadens considerably, making
selection of critical events cumbersome. However, range
m for selection of ‘‘subcritical’’ (0,m,0.15), ‘‘near-
critical’’ (0.15<m<0.40, regionA in Fig. 1!, and ‘‘over-
critical’’ events (0.40,m,1.0) can still be regarded as
good approximation.

One easily finds that, for all lattices, the slopes of t
SFM’s do not show any sign of intermittent behavior for t
events selected as ‘‘subcritical’’~Fig. 2 top left panel! or
‘‘near-critical’’ ~Fig. 2 top right panel!. Only events denoted
as ‘‘overcritical’’ @of the peak in̂ g2(m)&# exhibit a strong
increase of the SFM’s with decreasing bin size, but this
crease is nonlinear~Fig. 2 bottom left panel!. For a small
interval of m within the ‘‘overcritical’’ region ~denoted as
bracketC in Fig. 1!, one observes the power-law behavior
the SFM. Figure 2 illustrates this and shows that events
lected in the ‘‘optimal range’’ (0.40,m,0.60, regionC in
Fig. 1! produce an intermittency signal~bottom right panel in
Fig. 2!. Note also that, even if both the absolute values a
the shape of the SFM’s are highly vulnerable to the inclus
of a thresholdA for the minimum size of identified clusters
we did not observe the appearance of an intermittency si
for ‘‘near-critical’’ events for any thresholdsA5126.

Region B in Fig. 1 indicates them gating for ‘‘near-
critical’’ events the corresponding to theq gating of Refs.
@3,4# ~dispersions ofq andm have been taken into accou
during this procedure!. The ‘‘optimal range’’ for an intermit-
tentlike signal~regionC in Fig. 1! happens to be included i
this interval. It is thus a coincidence that the values ofq for
which the intermittency signal appears in Refs.@3,4# for the
lattice with 63 sites roughly agree with the critical value fo
the infinite latticeqcr

`'0.25. And in fact, it has recently bee

1The calculations for the lattice with 63 sites show that
q50.5521.23m11.42m220.75m3 is a good approximation for the
description of the general relation between these two paramete
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shown@26# that for the lattice with 63 sites the critical value

is qcr
63'0.34. These results indicate that intermittency

cluster size distributions is not connected to criticality in t
percolation theory. Therefore, the use of the intermitten
analysis as a method to search for hints of criticality
nuclear multifragmentation is questionable.

Intermittency analysis of the latest projectile fragmen
tion ALADIN @27–30,32# data from 600, 800, and 100
MeV/nucleon Au1 Au reactions resembles, at least qualit
tively, the trends predicted by the percolation model.

Because of the existence of experimental detection thre
olds and of the transparency of the experimental setup
neutrons, the ALADIN data are not presented as a funct
of the reduced multiplicitym, but as a function of the pro
jectile charge that remains bound in fragments~with charge
Z>2) after the interaction. This quantityZbound has been
shown to be a good indicator of the centrality of the intera
tion, monotonically decreasing with decreasing impact
rameter@30#. Zbound is believed to select events from simila
initial conditions @29#, thus avoiding spurious fluctuation
resulting from the mixing of events.

The experimental quantitŷg2(Zbound)&, rescaled for plot-
ting purposes, is presented in Fig. 3~stars! for 600 ~left
panel! and 1000~right panel! MeV/nucleon Au1 Au reac-
tions~a similar plot is obtained for Au1 Au reactions at 800
MeV/nucleon!. Here^g2(Zbound)& is calculated according to
Eq. ~2! whereMp

j is now thepth charge distribution momen
for the j th event. The largest fragment detected in the ev
is excluded in an attempt to eliminate the large ‘‘percol
ing’’ cluster @25#. Also Z52 fragments are excluded, mot
vated by the fact thata particles may originate from pro
cesses not related to the fragmentation of the projec
spectator such as preequilibrium emission, coalescenc
nucleons, etc.@31#. The summation runs over all the even
in a sample ofNev events with fixedZbound.

It is impossible to interpret all the ALADIN experimenta
data within the frame of the standard bond percolation mo
used in this work, and modifications would be needed@27#..
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FIG. 2. Double logarithmic plot lnFk vs
2 lnD (k52–5!, for 63 percolation events se
lected as ‘‘subcritical’’ 0,m,0.15 ~top left
panel!, ‘‘near-critical’’ 0.15<m<0.40, regionA
in Fig. 1 ~top right panel!, ‘‘overcritical’’
0.40,m,1.0 ~bottom left panel!, and ‘‘optimal’’
0.40,m,0.60, regionC in Fig. 1 ~bottom right
panel!.
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However, the bond percolation model, for the latti
with 63 sites, predictsZbound580.3210.41m2279.2m2

1199.2m3. One gets this general dependence going o
from the size~mass! of the cluster to its charge, by means
an empirical formula@18# and taking into account the effi
ciency of ALADIN @27#. According to this, the region o
‘‘near-critical’’ events (m50.15–0.40! is projected into the
interval of Zbound549–75 which covers the experimental
observed broad maximum of^g2(Zbound)& in Fig. 3. Thus
one could believe that this peak is a signature of the ‘‘ne
critical’’ events in the experimental distributions. ‘‘Overcrit
cal’’ events are found to the left of the peak.

We now proceed to explore the occurrence of interm
tency by studying the SFM. The occurrence of intermitten
is indicated by the following features@20#: lnFk are positive
for eachD; a single, positive slope is observed for the dou
r
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-
y

e

logarithmic plot lnFk vs 2 lnD; the relative ordering of the
moments is lnFk11.lnFk .

We observe a clear correlation between the qualita
behavior of the SFM and the width of the fragment (Z>3!
multiplicity distributions@16,9#. For this reason we show th
ratio s2/^n& ~divided by 10 for plotting purposes! as a solid
line in Fig. 3.

When the multiplicity distributions are much narrow
than Poisson distributions@i.e., (s2/^n&),1#, which occurs
for Zbound,40, no intermittency signal is found. The value
of lnFk are negative everywhere and the relative ordering
the various moments is reversed compared to that of a si
for intermittency.

When the dispersion increases, thus approaching Pois
we encounter a ‘‘transition region’’ where lnFk are positive
for small bin sizes, but tend to become negative for the la
FIG. 3. Plotted as a function ofZbound, from
600 ~left panel! and 1000~right panel! MeV/
nucleon Au1 Au collisions~ALADIN data!: Re-
duced variance^g2&21 ~stars!. Variance-to-
mean ratio ~divided by 10! of fragment
multiplicity distributions ~solid line!. Slopes of
the double logarithmic plot lnFk vs 2 lnD for
k52 andD51–20 ~circles!.
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est bin ~all fragments in one bin! @16,9#. This ‘‘transition
region’’ ~approximately 40,Zbound,50!, to the left of the
critical peak, represents ‘‘overcritical’’ events and yields t
largest ‘‘intermittency signal,’’ in qualitative agreement wi
the percolation predictions. The positive slopes of strai
lines fitted to the plots lnFk vs 2 lnD are presented in Fig. 3
~circles! for k52 andD51–20. The error bars represent th
statistical error only~one standard deviation!, but there is
also a smaller systematic error originating from the range
binning resolution chosen for the fitting procedure. T
rangeD51–20 used in our analysis yields good values
x2 per degree of freedom. However, deviations from line
ity of the double logarithmic plot lnFk vs2 lnD are observed
for increasingD, particularly at small values ofZbound.

Finally, for multiplicity distributions larger than Poisson
the slopes of the SFM are consistent with zero or negati2

We believe that the intermittentlike signal observed in

2For 1000 MeV/nucleon collisions, a weak intermittency sign
can be identified in the range 58<Zbound<60, where the slopes o
the SFM are 0.02260.013(k52),0.03460.024(k53).
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‘‘transition region’’ ~40,Zbound,50! originates from both
the constraints introduced by conservation laws@23# and a
certain summation over different event classes in the reg
aroundZbound'50 @32,33#, and is not connected to criticality

In conclusion, the bond percolation model does not c
firm the intermittent pattern of the fragment size fluctuatio
in the critical region. Therefore, one should not link the e
perimentally observed intermittency signal to the develo
ment of a critical behavior in the reactions. The latest AL
DIN experimental data from 600, 800, and 1000 Me
nucleon Au 1 Au reactions qualitatively follow the
predictions of the bond percolation model.

We are deeply indebted to Dr. W. Trautmann and
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perimental data and for careful reading of our manuscr
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