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Microscopic dynamics of disoriented chiral condensate formation

Julien Serreau
LPT, Bâtiment 210, Universite´ Paris-Sud, 91405 Orsay, France

~Received 13 September 2000; published 19 January 2001!

The dynamics of the pion field after a quench is studied in the framework of the linear sigma model. Our aim
is to determine to what extent the amplified pion field resembles the disoriented chiral condensate~DCC!
picture originally proposed in the early 1990s. We present the result of a computer experiment where, among
other things, we study in detail the correlation between isospin orientations of the distinct modes of the field.
We show that this correlation is absent. In a sense, the distinct modes behave as distinct DCCs. The implica-
tions of this observation are discussed.

DOI: 10.1103/PhysRevD.63.054003 PACS number~s!: 25.75.2q, 13.85.Hd
is
l a

n
i

l o
bb
en
a
ic
g

ld
ns

an
a

s
re
e

ity
h

th

ed
n

m
li-

i

u
e
th
nt

cal

g a

ng

sta-
ng
r it

ork.
is

o
it-

n a
an-

on
ng
in

-

c-

l

in
I. INTRODUCTION
A disoriented chiral condensate~DCC! is a medium

where ‘‘the quark condensate,^0uqLq̄Ru0&, is chirally rotated
from its usual orientation in isospin space’’@1#. This hypo-
thetical object has attracted the attention of many physic
in the last decade and is still a topic of intense theoretica
well as experimental investigations~see reviews@2# and also
@3#!.

One imagines a rapidly expanding fireball, produced i
high energy hadronic or nuclear collision, whose interior
separated from the outside vacuum by a thin, hot shel
hadronic debris. The quark condensate inside the bu
might then be misaligned with respect to its vacuum ori
tation. The DCC subsequently decays toward an ordin
vacuum by radiation of soft coherent pions. The original p
ture of the DCC is that of a classical pion field oscillatin
coherently in a well defined direction in isospin space@4#
and indeed, Blaizot and Krzywicki showed that such fie
configurations can develop with suitable initial conditio
@5#. This phenomenological picture leads in particular to
very simple, but very striking prediction: the 1/Af event-by-
event distribution of the neutral fractionf of radiated pions.

The idea received a boost in 1993 when Rajagopal
Wilczek proposed a microscopic mechanism for the form
tion of a classical coherent pion field inside the bubble@6#,
the so-called quench scenario: the rapid expansion cause
system, initially thermalized above the critical temperatu
to cool down very rapidly, leading to the amplification of th
soft pion modes via the mechanism of spinodal instabil
Since then, this scenario has attracted much attention and
been further developed. In particular, quantum effects in
mean field approximation have been included~see e.g.@7,8#!
and the drastic quench approximation has been abandon
favor of one taking the expansion explicitly into accou
@8,9#.

The quench scenario has been widely accepted as a
croscopic description of DCC formation in heavy ion col
sions and some works were dedicated to the study of
phenomenological implications@10–12#. However it is less
clear than usually believed whether the typical field config
ration emerging from a quenched thermal ensemble is id
tical to what one had in mind in the early 1990s. Indeed
DCC configuration can be characterized by three esse
features@1,4,5#:
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~a! it is a coherent field excitation, essentially a classi
field configuration,

~b! each Fourier component of the field oscillates alon
well defined orientation in isospin space,1

~c! the orientations of different modes are aligned alo
one single direction.

The object of the present paper is to perform a detailed
tistical analysis of the generic field configuration emergi
from the quench scenario in order to determine whethe
exhibits a DCC structure.

For this purpose one has to choose a reliable framew
Quantum effects are not of first importance as the system
essentially classical@1#. Moreover these corrections can, s
far, only be included in a mean field approximation, not su
able to study the correlations between modes. Finally, i
realistic scenario, where the quench is due to a rapid exp
sion, the system enters only rarely in the instability regi
@13#. Then, to keep the argument simple, it is worth goi
back to the original framework of Rajagopal and Wilczek
which the system, initially in a high temperature (T.Tc)
configuration is evolved with the full, non-linear, zero tem
perature equations of the classical linears-model.

II. THE FORMALISM

A. The quench scenario

The chiral field is parametrized by a four-component ve
tor field in chiral space:f5(p,s) and its time evolution is
governed by the classical linears-model equations of mo-
tion

„]22lv21lf2~xW ,t !…f~xW ,t !5Hns , ~2.1!

where the parametersv, l and H are related to physica
quantities via

mp
2 5ms

222l f p
2 5l~ f p

2 2v2!, and H5 f pmp
2 ,

1In the following we refer to the trajectory of one Fourier mode
isospin space as~iso-!polarization. The case described in~b! will
then be referred to as linear polarization.
©2001 The American Physical Society03-1
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and are chosen so thatmp5135 MeV, ms5600 MeV and
f p592.5 MeV.

The initial field configuration is sampled from a therm
ensemble at some temperatureT.Tc : the values off andḟ
are chosen independently on each site of the cubic la
from Gaussian distributions centered aroundf5ḟ50 and
with variances2 ^f j

2&5v2/16 and^ḟ j
2&5v2/4 ( j 51,2,3,4).

The lattice spacinga has then the physical interpretation
the degeneratep and s correlation length at temperatur
T, a5(200 MeV)21.

We denote byw(kW ,t) andẇ(kW ,t) the Fourier component
of the field and its time derivative at timet, and choose
Neumann boundary conditions so that these components
real. This is not an essential point, but it is more conveni
to make this choice in discussing the question of polari
tion. The infrared cutoff in Fourier space isDk5p/Na
whereNa is the length of the cubic box.

The important point is elsewhere: the values off at dis-
tinct lattice sites are assumed to be independent Gaus
random numbers. One can easily convince oneself that
implies that the values of the Fourier componentsw andẇ at
distinct sites of thediscretized Fourier spaceare indepen-
dentGaussian random numbers as well. In other words, th
is no correlation between modes in the initial state. To cre
a DCC configuration, the quench mechanism has not onl
be efficient in amplifying the modes~which it is!, but it
should also be able tobuild correlationsbetween amplified
modes.

B. Observables

Our goal is to determine whether agenericevent in the
above-described statistical ensemble looks like an ideal D
configuration. For this purpose we shall compute the eve
by-event distribution of the neutral pion fractionf (kW ) in the
mode kW @see Eq.~2.6!# on the one hand, and on the oth
hand we shall measure the correlations of this quantity
tween different modes@see Eq.~2.11!#. Let us briefly review
the main ideas underlying the physics we want to desc
and argue for the relevance of the above mentioned obs
ables.

In this simplified model, although the size of the box
fixed, we have in mind a rapidly expanding system~the
quench assumption is a drastic idealization of the effec
expansion!. This means that after some time it becomes
dilute that the modes decouple and evolve freely. To mo
this we stop the evolution at some freeze-out timet f .3 The
field configuration att f is the ‘‘initial condition’’ for the

2In Ref. @6# the variances are given for the lengths of the vect

f andḟ, e.g.^f2&5( j 51
4 ^f j

2&5v2/4.
3A more realistic description would take into account the poss

finite time extent of the freeze-out period. This would require
model for freeze-out which is out of the scope of this paper.

assume that each modekW freezes out att f which can be thought as
the end of a common freeze-out period.
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subsequent free evolution and determines completely
properties of the outgoing waves which describe free pro
gating pions. Indeed, one might consider the classical fi
configuration att f as the expectation value of the corr
sponding quantum field in the coherent state~we only con-
sider the pion sector!

ua,t f&5expS E d3k a~kW ,t f !•a†~kW ! D u0&, ~2.2!

with

a•a†5(
j 51

3

a jaj
† ,

where aj
†(kW ) is the creation operator of a free pion wit

isospinj and momentumkW , while a j (kW ,t f) is the eigenvalue
of the corresponding annihilation operator (t f is a param-
eter!. The state~2.2! is related to the field configuration a
freeze-out through (vk5Ak21mp

2 )

a~kW ,t f !5
i ẇ~kW ,t f !1vkw~kW ,t f !

A2vk

. ~2.3!

The subsequent evolution reads4

a~kW ,t.t f !5a~kW ,t f !e
2 ivk(t2t f ). ~2.4!

In the following, we drop the implicit dependence on th
parametert f , for example,a(kW ) stands fora(kW ,t f) and
a(kW ,t) for a(kW ,t.t f). Moreover, as long as we focus ou
attention on one particular mode, we shall omit the indicekW ,
it will be reintroduced when needed. The mean number
quanta associated with the classical wave~2.4! reads

n̄ j5^auaj
†aj ua&5ua j~ t !u25ua j u2 ~2.5!

and is time-independent. The fractionf of neutral pions in the
modekW is

f 5
n̄3

n̄11n̄21n̄3

. ~2.6!

Let us now discuss the polarization of the outgoing wav
~2.4!. First, it is easy to see that the motion of the vec
wout(t)5w(t.t f) in isospin space is planar. Indeed, the ve
tor I5wout3ẇout is time-independent.5 The trajectory de-
scribed bywout is an ellipse in the plane perpendicular toI .
Let us callu andL ~respectivelyv and l ) the direction and

s

e

e

4The ‘‘subsequent evolution’’ is introduced for the purpose of t
argument but is not essential.

5I kW is the kW component of the conserved isorotation generat

*d3x f(xW ,t)3ḟ(xW ,t)}*d3k w(kW ,t)3ẇ(kW ,t). For t.t f the modes
are decoupled so eachI kW is conserved.
3-2
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the half-length of the big axis~respectively of the small axis!
of this ellipse (u25v251, u•v50, I5v lL u3v). One has
then

a~ t !5Av

2
~L u1 i l v!e2 i „v(t2t f )1h…, ~2.7!

where h is some phase factor to be determined from E
~2.4!. It follows that

n̄ j5
v

2
~L2 uj

21 l 2 v j
2!,

and

f 5
L2 u3

21 l 2 v3
2

L21 l 2
. ~2.8!

We concentrate on the case of interest, namely the lin
polarization, and make explicit thekW dependence. A linearly
polarized wave is characterized by the fact thatI kW50, that is:
l kW50. Then (ukW is the angle betweenukW and thep3 axis!

al inear~kW ,t !5a~kW !e2 ivk(t2t f )ukW ,

f l inear~kW !5cos2 ukW . ~2.9!

Because both the dynamics@Eq. ~2.1!# and the initial en-
semble are invariants under isospin rotations, there is
privileged direction in isospin space, so if such a linea
polarized wave is generically produced, the event-by-ev
distribution of f (kW ) will be given by the famous 1/Af law.
This will remain approximately true for the more realist
case of ‘‘flat’’ elliptic waves (l kW!LkW), but not otherwise.6

The event-by-event distribution of the neutral fraction in o
mode f (kW ) is then a useful observable and gives a nontriv
information about the polarization of the generic outgoi
waveswkW

out .
As emphasized in the introduction, in an ideal DCC

wkW
out’s oscillate in the same directionu7

aDCC~kW ,t !5a~kW !e2 ivk(t2t f )u.

So, defining the total neutral pion fraction as

6It is worth noting that, although it is always possible to wri

f (kW ) as the squared cosine of some anglexkW , this angle has not, in
general, the meaning of a uniform orientation in isospin space

f (kW ) does not, in general, follow the 1/Af law ~see Appendix!. In

Ref. @9#, the author has a 1/Af distribution for f (kW50W ), this comes
from the fact that the time derivative of the field was not included
the definition of the particle number.

7The DCC is a zero isospin state:*d3k I kW50 @4#. This is very
explicitly stated in@1#, but is also assumed, more or less explicit
in all the original papers, where the DCC idea has been put forw
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.

ar

o

nt

l

l

f tot5
N3

N11N21N3
, ~2.10!

whereNj5*d3k n̄j (kW ), one has

f DCC
tot 5cos2 u,

whereu is the angle betweenu and thep3 axis.
For an ideal DCC, thetotal neutral pion fraction is dis-

tributed according to the 1/Af law. In a realistic situation,
only those modes undergoing amplification should be ta
into account. Moreover, the individual waves are neith
strictly linearly polarized nor strictly aligned with each oth
ers, so one would expect some deviation from the 1/Af law
in the distribution of the total neutral pion fractionf tot ~see
e.g. @9,11#!. We will come back to this later. In the prese
work, we compute the following normalized correlatio
function

C~kW ,kW8!5
^ f ~kW ! f ~kW8!&c

A^ f 2~kW !&c^ f 2~kW8!&c

, ~2.11!

where^A B&c5^A B&2^A& ^B& and^•••& denotes the aver
age over the ensemble at timet f . In the case of linearly
polarized individual waveswkW

out , the f (kW )’s measure the di-

rections of polarization@Eq ~2.9!# andC(kW ,kW8) is a measure
of the degree of alignment of these directions.

III. RESULTS

Our box is a 643 cubic lattice and the equations of motio
~2.1! are implemented via a staggered leap-frog scheme@14#
with time-stepDt50.04a. Once an initial condition has bee
chosen, one can follow the time evolution of thew(kW ,t)s. We
reproduce completely the results of Ref.@6# with the same
bin-average procedure in momentum space: in the iso
directions (j 51,2,3) the soft modes experience drama
amplification, the softer the mode the larger the amplific
tion, and exhibit coherent oscillations with period 2p/vk
;2p/mp . Such behavior does not show up in thes direc-
tion. This average behavior8 can be qualitatively understoo
in the mean-field approximation@6,15#: for short timest
&10a, the curvature of the effective potential~effective
mass squared! is negative and the softest modes, for whi
the associated effective frequency is imaginary, experie
amplification: this is the spinodal instability; for timest
*10a, although this phenomenon is no more efficient~the

o

d.

8The amplification of a particular mode exhibits large fluctuatio
around its average value over the ensemble. In particular it is n

smooth decreasing function ofikW i as revealed by an event-by-eve
analysis. In this respect, the binning procedure of Ref.@6# produces
the same result as the ensemble average. The same is observ
the coherent behavior of the soft modes.
3-3
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FIG. 1. The average amplification̂A(k,t f)&
as a function ofk ~MeV! for t f510a ~left! and
t f556a ~right!. The error bars represent statist
cal errors and the lines are just guides for t
eyes.

FIG. 2. Neutral fraction distribution at time
t f510a for the modesn50 ~left! and n515
~right!. All the histograms forn<14 are compat-
ible with the corresponding initial distribution
while n515 already exhibit a linear shape to b
compared with the 2(12 f ) neutral fraction dis-
tribution in a thermal ensemble@Eq. ~A9!#.

FIG. 3. The same as Fig. 2 at timet f 556a.
The histograms forn<3 follow the correspond-
ing initial distributions. All the modesn>4 ex-
hibit the same linear shape.
054003-4
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MICROSCOPIC DYNAMICS OF DISORIENTED CHIRAL . . . PHYSICAL REVIEW D63 054003
effective mass squared is positive!, the field is still signifi-
cantly amplified. This is due to the mechanism of parame
resonance triggered by the regular oscillations of the me
field around its asymptotic~vacuum! value @15,16#. Obvi-
ously, the amplification does not grow forever and at l
times (t*100a) the energy is equally dissipated among t
modes. In the following we present results for two values
the freeze-out time:t f510a@213103 Monte Carlo ~MC!
events#, corresponding to the end of the spinodal period, a
t f556a@10.93103 MC events#, which is the time when the
averaged amplification of the soft modes@Eq. ~3.1!# is maxi-
mal. For simplicity we only sketch results forkW[(k
5nDk,0,0), whereDk5p/Na'10 MeV (N564 is the
size of the box!. Moreover, the linears-model being an ef-
fective theory for energy scales&100 MeV, we only con-
sider the window 0<n<15.

The amplification factor in the modek at timet f is defined
as

A~k,t f !5
P~k,t f !

P~k,0!
, ~3.1!

where

P~k,t f !5vk(
j 51

3

n̄ j~k,t f !

is the power spectrum in the modek at freeze-out. The mea
numbersn̄ j (k,t f) are extracted from the field configuration
time t f with the help of Eqs. ~2.3! and ~2.5!. The
k-dependence of the ensemble average amplifica
^A(k,t f)& is shown in Fig. 1. It exhibits the expected shap
low momenta are amplified with respect to larger ones. N
the semi-quantitative agreement with mean-field argum
for t f510a: from the mechanism of spinodal instability on
expects a monotonic enhancement of the modes with
mentak& f p . At t f556a the softest modes have grown fu
ther and the window of amplified modes has shrunk con
erably.

Event-by-event distributions of the neutral fraction in d
ferent modes are shown fort f510a and t f556a in Figs. 2

FIG. 4. The average eccentricitŷe(k,t f)& as a function ofk
~MeV! in the initial ensemble~square! and for t f510a ~diamond!
and t f556a ~triangle!. The lines are just guides for the eyes.
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and 3 respectively. All show large fluctuations around t
mean-value^ f &51/3. The most amplified modes, thos
which we are interested in, exhibit a very different sha
from the less amplified ones. A closer analysis reveals
the f-distributions of amplified modes are almost the same
in the initial ensemble@see Eq.~A6!#, whereas those of les
amplified modes look very different and all follow the sam
linear behavior. It is interesting to note that this linear law
what is found in a thermal ensemble of pions@see Eq.~A9!#,
supporting the idea that these modes are already thermal

Figure 4 gives a more precise picture of the above st
ments. It represents the average eccentricity9 of the ellipse
~2.7! as a function of the momentum. One sees that fort f
510a the average polarization is close to its initial value f
almost the whole studied range of momenta, whereas fot f
556a only the few first modes remain close to their initi
value, the average eccentricity being constant fork
*50 MeV. Note the correlation between the shapes of
average amplification and of the average eccentricity as fu
tions of k. Note also that, although the eccentricity of th
softest modes decreases as these modes are amplified,
a very tiny effect10 and in fact the shapes of their neutr
fraction distribution at freeze-out time are mostly determin
by the corresponding initial distributions.

So we see that the modes are far from being strictly
early polarized waves, but this causes only a small devia
from the ideal 1/Af law. There are still important event-by
event fluctuations of the neutral fraction of pions with m
mentumk, so that from the point of view of an experimen
talist the deviation is not very important.

Finally, Fig. 5 shows the correlation function~2.11!: at
both freeze out times the different modes remain comple
uncorrelated. In terms of the average coherent behavior
scribed at the beginning of this section, this means that
though the vectorswkW corresponding to amplified modes d
oscillate coherently, their mean directions of oscillation
isospin space~say, the directions of their big axis! are com-
pletely random: different modes act as independent DC
The obvious phenomenological consequence is that the
nal is washed out when summing up the contributions
different momenta as in Eq.~2.10!. This is illustrated in Fig.
6 where we show the distributions coming from the con
bution of five and ten equivalent modes~that is, modes hav-
ing almost the same individual neutral fraction distribution!.

IV. DISCUSSION

A. Summary

Starting from a chirally symmetric thermal ensemble f
the field f[(p,s), we evolved the system with the zer

9The eccentricity of an ellipse is defined as the ratio of the leng
of its small to its big axis, i.e., in the notations of Eq.~2.7!, ek

5 l k /Lk .
10An event-by-event analysis shows that the proportion of eve

in which the zero-mode eccentricity is lower than 0.1 is: 13% in
initial state, 16% att f510a and 18% att f556a.
3-5
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FIG. 5. The correlation functionC(0,k) @Eq.
~2.11!# vs k ~MeV! for t f510a ~left! and t f

556a ~right!. We computed alsoC(k0 ,k) as a
function of k for different values ofk0, all look
the same as above. The lines are just guides
the eyes.
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temperature, discretized equation of motion of the lin
s-model which can be regarded as an effective the
describing the dynamics of soft, colorless, bosonic exc
tions of QCD. This quenching of initial~thermal! fluctua-
tions is a very efficient mechanism for producing large a
coherent long wavelength oscillations of the pion field
intermediate times@6#.

We performed a detailed analysis of the emerging fi
configuration which shows that nothing significant happe
concerning its isospin structure. The neutral fraction dis
bution of the amplified, long wavelength modes is essenti
the same as it was in the initial ensemble. Although
exactly 1/Af , the distribution is very broad, which is a re
evant point for phenomenology. However, we found that d
tinct modes, and in particular the amplified ones, have co
pletely independent polarizations in isospin space. This
the important phenomenological consequence: the la
event-by-event fluctuations of the neutral fraction are was
out when the contributions of several modes are added, e
when one limits one’s attention to soft modes only.

The key point is to realize that the assumption of a co
pletely randomized initial state made in Ref.@6# implies that,
in the initial configuration, the field modes are also indep
dent Gaussian random numbers. So our result can be
phrased as follows: the non-linearity of the dynamics d
not build correlations between modes. The initially pos
lated chaos is recovered in the final state. This contradicts
widely made assumption that the state produced in the s
plest form of the quench scenario~initially thermalized sys-
tem! is identical to the originally proposed DCC. Th
quenching explains the emergence of a strong, coherent
field, not its hypothetical polarization.

B. Comparison with other works

Analogous results to that shown in Fig. 6 were obtain
before by several authors@10–12#. We briefly review them
below.

Gavin, Gocksch and Pisarski argue in@10# that the system
is composed of ‘‘many small, randomly-oriented domain
of the size of the correlation length, resulting in a binom
distribution of the neutral fraction of thetotal number of
pions. Later on, it was pointed out by Rajagopal@2# that the
system in question is out of equilibrium and cannot
characterized by a single length scale, so that the pictur
Ref. @10# is not adequate. In the present paper we h
shown, working in the momentum representation, that diff
ent modesof the field act as independent DCCs: they a
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amplified and misaligned with respect to the physic
vacuum, but their isospin polarizations are statistica
independent.11 Of course, by taking a Fourier transform, on
finds that the field is also misaligned in the configurati
space and in this sense we agree with the authors of
@10#. We would not say, however, that one has create
plethora of DCCs, each of the size of one lattice spacing.
soft modes which are significantly amplified live in the larg
domain where the field has been quenched~went out of
equilibrium!.12 Incidentally, let us remark that the momen
tum representation picture is also closer to what the exp
menters do see. The ‘‘domains’’ are anyhow ephemeral,
detectors record the momenta of produced particles.

In Ref. @11#, Rajagopal had in mind a disoriented conde
sate formed by the amplified, long wavelength modes ‘‘s
perposed with short wavelength noise.’’ After binning pha
space, he computes the bin-by-bin distribution of the neu

fraction of pions withikW i&300 MeV and observes ‘‘an ad
mixture of a 1/Af distribution.’’ This momentum space pic
ture is more satisfactory. Indeed the observation that mo
of different types~amplified vs thermalized! contribute inco-
herently and delay the signal is in line with our present
sult. However, we saw that soft modes do not act togethe
form a coherent misaligned condensate, their polarizati
are uncorrelated.

Finally, Randrup, studying DCC observables in@12#,
computes the distribution of the neutral fraction of pio
with momenta below different cutoffs. From this he argu
that ‘‘eachkW contributes pions having an independent orie
tation in isospace.’’ This is exactly what we have found he
However, Randrup’s analysis is performed in a model w
expansion. This means that not all the events entering
analysis have experienced amplification. In this sense
work is incomplete and therefore not really conclusive on
matter we are interested in here.

Hence, some of the features of the quench scenario h
been noticed in earlier studies. However, nobody has car
out a detailed statistical analysis of the correlation betw
mode polarizations. In this respect, we believe, our wo
helps to clarify the situation.

11It is worth recalling that we stay in the strong coupling regim
pertinent to heavy ion collisions.

12A priori, several such domains could be formed in a heavy
collision. However, we have argued in Ref.@13#, that the formation
of many bubbles with strong amplification is not likely.
3-6
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FIG. 6. Neutral fraction distributions wher
we took into account the contributions of mode
with n50, . . . ,4~left! andn50, . . . ,9~right! at
t f510a. At this time all these modes have esse
tially the same individual distribution~cf. Fig. 2!.
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C. Speculations

As already mentioned, the simplest form of the quen
scenario is not sufficient to produce a DCC configurati
Inclusion of quantum effects at the mean-field level or
expansion will probably not change this. Instead, it would
instructive to refine the description by including correlatio
in the initial state.

A possible way of including initial correlations could b
to relax the thermal approximation for soft modes. Indeed
the quench mechanism appears to be quite natural in
context of high energy heavy ion collisions, it is not cle
whether the assumption that the initial system is fully th
malized is justified. In particular, in such small systems, lo
wavelength modes may not have enough time to therma
as it is the case in@6# ~see also Fig. 1!. Correlations in the
initial state could possibly be amplified by the subsequ
out of equilibrium evolution. Indeed, from mean-field arg
ments, the spinodal amplification is expected to be quite
bust against a large class of initial conditions.13 One has then
to have a reliable model for the initial state, that is a mo
for the early stages of the collision.

Finally, if some correlations are present in a realistic d
scription of our initial state, it could be that they do n
survive the non-linear dynamics. One would be left ag
with an incoherent superposition of disoriented waves in
final state. In such a situation, large fluctuations of the n
tral fraction of pions in a bin of phase space would only
detectable if one can separate individual modes as we
possible. The volume of the bubble should be large eno
to have a good statistics in each bin, and small enoug
have as few as possible modes in each bin.

D. Conclusion

We believe that a complete microscopic understanding
DCC formation in heavy ion collisions is not achieved yet.
might also be, however, that the original picture of DCC i
too far going idealization. Future investigations will te
whether it is the original picture or the quench scena
which has to be modified. Theoretical developments as w
as experimental data are called for.

13The main restriction being that initial fluctuations should not
too large in order to enter the instability region~negative effective
mass squared!.
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APPENDIX: NEUTRAL FRACTION DISTRIBUTION
IN A GAUSSIAN MODEL

It is instructive to compute the distribution of the neutr
fraction f for the following class of statistical ensembles: l
us consider thewkW ’s and theẇkW ’s as independent Gaussia
numbers with zero mean value and dispersionsa and b re-
spectively (a andb are the same for each mode and for ea
isospin direction!. We write the probability (c stands for

$ j ,kW%)

Proba~$wkW%,$ẇkW%!5)
c

Pw~wc!Pẇ~ ẇc!dwcdẇc ,

~A1!

Pw~x!5
1

A2pa2
expS 2

x2

2a2D ,

Pẇ~x!5
1

A2pb2
expS 2

x2

2b2D . ~A2!

The modes being independent, we focus on one particulkW
and drop the indice. From Eq.~2.3! we have for each isospin
component

w5A2

v
Rea5A cosg,

ẇ5A2v Im a5vA sing, ~A3!

whereg is defined througha5An̄eig, andA5A2n̄/v. The
probability distribution for the amplitudeA and the angleg
is given by

PA,g~A,g!5vAPw~A cosg!Pẇ~vA sing!. ~A4!

The probability distribution of the neutral fractionf
5A3

2/(A1
21A2

21A3
2) is
3-7
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FIG. 7. Neutral fraction distributions in the
initial ensemble@Eq. ~A6!# for n50 ~left! andn
515 ~right! (k5nDk with Dk.10 MeV).
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of
Pf~ f !5E
0

1`

dxdydz PA~x!PA~y!PA~z!

3dS f 2
z2

x21y21z2D , ~A5!

where

PA~A!5E
0

2p

dg PA,g~A,g!.

After some calculations one gets

Pf~ f !5
1

2
„FV~ f !1F2V~ f !…, ~A6!

where

FV~ f !5„V2~12 f !…S V11

V2~122 f ! D
3/2

,

and

V5
b21va2

b22va2
.

It is instructive to look at some specific examples of E
~A2!. First, we can fix one of the two vectorsw andẇ to be
zero. In this casea is proportional to a randomly oriente
vector in isospin space and one recovers the 1/Af law. In-
deed, let us chooseb50 (V521), that isẇ50. Thena
;w and

Pf~ f !5
1

2Af
. ~A7!

The second interesting example is the case wherb
5va (V51`). In terms of a probability distribution for
the complex numbersa j5xj1 iy j

14

14Such a probability distribution for thea ’s is called the
P-representation of the density operator@17#: a very large class of

quantum density operators can be writtenr̂5*d2a Pa(a)ua&^au.
05400
.

Pa~a!d2a5Px,y~x,y!dxdy,

one has, from Eqs.~A2! and ~A3!,

Pa~a!5
1

ps2
e2uau2/s2

, ~A8!

where

s25a b5^n̄&5E d2a Pa~a!uau2

(uau25n̄ is the mean number of quanta in the coherent s
ua& and ^n̄& in the mean number of quanta in the statistic
ensemble!.

For the class of ensembles~A8!, the neutral fraction dis-
tribution reads

Pf~ f !52~12 f !. ~A9!

A particular case of Eq.~A8! is that of a thermal collection
of quanta with frequenciesv.

Finally, the initial ensemble used in the quench scena
belongs to the class~A1!. The f j (xW )’s and theḟ j (xW )’s are
independent Gaussian numbers of variances^f j

2& and ^ḟ j
2&

respectively. This implies that thew j (kW )’s and theẇ j (kW )’s
are independent Gaussian numbers of variancesN^f j

2& and

N^ḟ j
2& respectively (N is a normalization factor!

a25N^f j
2&5N v2

16
, b25N^ḟ j

2&5N v2

4
,

and

V5
41v2

42v2
.

Figure 7 shows the neutral fraction distribution in the init
ensemble for the two extremal values of the studied wind
0<k&150 MeV.15

15Note that although our initial state is a thermal collection
quanta, these are not zero temperature pions~this means that their
dispersion relations are not those of free pions!. That is why the
initial neutral fraction distribution is not the same as Eq.~A9!.
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