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Utilizing the Langevin equation for the linear model we investigate the interplay of friction and
white noise on the evolution and stability of collective pionic fields in energetic heavy ion collisions.
We find that the smaller the volume, the more stable transverse (pionic) fluctuations become on a
homogeneous disoriented chiral field background (the average transversénfesgreases). On the
other hand the variance of? increases even more, so for a system thermalized in an initial volume of
10 fm?* about96% and even in1000 fm? about60% of the individual trajectories enter into unstable
regions (2> < 0) for a while during a rapid one-dimensional expansien£ 1 fm/c). In contrast the
ensemble averaged solution in this case remains stable. This result supports the idea of looking for
disoriented chiral condensate (DCC) formation in individual events. [S0031-9007(97)04270-1]

PACS numbers: 25.75.—q, 11.30.Rd, 12.38.Mh, 24.60.Ky

Ultrarelativistic heavy ion collisions offer the possibil-  An alternative scenario was suggested by Gavin and
ity to study hadronic matter at high initial temperaturesMiiller [8] who proposed to use instead of the bare po-
and energy densities. Because of their small masses pential the effective one-loop potential including the ther-
ons contribute most dominantly to the large multiplicity mal fluctuations on the mean-field level. If the system
of produced particles. It was speculated that some ofools rapidly enough [due to longitudindd (= 1) or radial
the observed pions are produced by the coherent dec& = 3) expansion] and, similar to the quench scenario, if
of a semiclassical pion field [1,2]. The idea of so calledthe order parameter is small enough at the onset of the evo-
“disoriented chiral condensate¢DCC) was then made lution below the critical temperature, DCC might emerge
widely known due to Bjorken, Kowalski, and Taylor [3]. as well. The latter assumption, however, has also been
They speculated that events can occur in which the classgriticized: if the order parameter stays in thermal contact
cal pion field is oriented along a single direction in isospinwith the fluctuations giving rise to the effective one-loop
space. potential, then one also has to allow for the thermal fluc-

Rajagopal and Wilczek [4] have proposed that in a rapiduations in the initial conditions [9,10]. Quenched initial
guench through the second order chiral QCD phase trarsonditions seem to be statistically unlikely.
sition such disordered chiral configurations may emerge. In this Letter we address the question of the “likeliness”
Unstable, exponentially increasing long wavelength piorof an instability leading potentially to a DCC event in the
fields can develop during the “roll down” period of the light of different (dynamically preheated) initial conditions
order parameter according to the pure classical equatioas raised by Blaizot and Krzywicki [11].
of motion [4,5]. The spontaneous growth and subsequent In a simplified model we study the influence of the ther-
decay of these configurations would give rise to large colmal modes (“fluctuations”) on the off-equilibrium evolu-
lective fluctuations in the number of produced neutral pi-tion of the order parameters. These chiral fields are treated
ons compared to charged pions, and thus could provide $emiclassically within the chiral 0(4y model. The long
mechanism explaining a family of peculiar cosmic raywavelength modes, especially the zero modes used as or-
events, the Centauros [6]. A deeper reason for these stroigigr parameters, represent an open system which constantly
fluctuations lies in the fact that all pions are assumed to sinteracts with the thermal fluctuations (the “reservoir” or
in the same momentum state and the overall wave functiotheat bath”). On the one-loop level the interaction with
can carry no isospin [7]. the hard modes will generate an effective mass t%:m‘ﬁz

However, the proposed quench scenario assumes [8—10], leading to the effective Hartree-Fock potential. It
highly nonequilibrium initial configuration for the phase was recently shown in detail that in th#g* theory hard
transition to occur, namely, that the potential governingmodes can be integrated out on the two-loop level leading
the evolution of the order parameter and the long waveto dissipationandnoisein the quasiclassical limit for the
length modes immediately turns to the classical one govpropagation of the long wavelength fields [12]. The re-
erning the vacuum structure at zero temperature. Thisulting equations of motion are of Langevin-type. In the
represents a very drastic assumption as the soft and classieak coupling limit, the friction coefficient is directly
cal modes completely decouple in ad hocmanner from related to the on-shell plasmon damping raje= 2y,,.
the residual thermal fluctuations at or slightly below theThe noise term shows up as an imaginary part in the effec-
critical temperature. It is not likely to happen in an ultra- tive action and is related to the friction via the fluctuation-
relativistic heavy ion collision. dissipation theorem. The interplay of noise and dissipation
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guarantees that the soft modes eventually become theand longitudinal mass for the fluctuations [8—10],
mally populated on the average.

We propose to study the following Llangevin equations m? = /\<¢)(2) + Zq)lz + 1 T2 — f%) + m2,
of motion for the order parameteds, = v [ d°x ¢.(x, 1) 3 2
in a volumeV':

e = m? + 2A<q>§ n Zcpg>, ©)

oy + <— + n)CI)O + midDy = frm> + &, i
7 (1) are notreally equal.

&, + <2 n n)d)i + M, = &, The p_henomenon of long wavelength DCC amplification
T occurs in periods when the transverse mass squared

becomes negative. This happens during a quench scenario
or rapid cooling. For the sake of simplicity we trepss a
constant, obtained using (4) and'T = 1 throughout the
evolution. AtT =T, = 2f2 — 2m2 /1 = 123 MeV
my = )\(q’g + D D + %Tz - f%) +my. (2)  the friction 5 = 2y, = 2.2 (fm/c)~!is rather strong.
i Therefore we also investigate scenarios witR and1/4

Herer is the proper time of the expanding system and theof this value.
“dot” denotes the derivative with respectto The above Aside from a theoretical justification one can regard the
equations assume #&-dimensional scaling expansion, Langevin equation as a practical tool to study the effect of
resulting in an additional effective damping terb/=  thermalization on a subsystem, to sample a large set of pos-
[8—-10]. sible trajectories in the evolution, and to address also the

Before presenting our results some comments are iguestion of all thermodynamically possible initial configu-
order: We use the standard parametéfs= 93 MeV  rations in a systematic manner. Applying this we are able
for the pion decay constant, = 140 MeV for the pion  to study the up to now unknown influence of thermal fluc-
mass, andx = 20 for the coupling constant. With this tuations on the growth of disoriented chiral domains. We
choice we are obviously in the strong coupling regime, s@expect that the noise term leads to a subsequent thermaliza-
our conclusions drawn from the investigation of the weakiion making DCC formation less likely, but allowing also
coupling regime [12] are rather a motivation for our presenftor large fluctuations on an event by event basis. Thus we
usage of simple effective terms for noise and dissipation.need to study how fast the system cools and destabilizes

We treat the dissipation term as Markovian, whichand how fast it can thermalize.
assumes a clear separation among the time scales of theThe scaling expansion and cooling of the system is
hard and soft modes. In the semiclassical Markoviarniescribed by the equations
apprOX|mat|on the noise is effectively white and at the two-

with ®¢ = (o, 7!, 7%, 73) being the chiral meson fields
and

loop level it is Gaussian [12], l + D _ 0, vV _D _ 0. (6)
(£a(t) = 0 o v
or 3) In the framework of the model described so far we inves-
(1) ép(n)) = n5ab5( ), tigate different evolution scenarios for the order parame-

ters®d,. For comparison we calculate the pure classical

where T is the temperaturey the volume, andy the (7 = 0,7 = 0) and the one-loop annealing scenanjo<
friction coefficient. 0) for the k = 0 modes with quenched initial condition

Finally we have to specify the friction coefficienf (P, = 0,®, = 0,a = 0...3). These scenarios contain
for the o and pion field. The on-shelk{ = m) plasmon long and highly unstable periods of the evolution during a
damping rate for standargl* theory arising from the “sun- rapid (ro = 1 fm/c) one-dimensionallp = 1) scaling ex-
set” diagram [12,13] can be easily calculated in the 0(4pansion. This can be inspected in the lower part of Fig. 1
model, assuming that all four massesfor the fluctua- where the characteristic quantiy, = sgn(m?)y/|m?| is
tions (i.e., hard quanta) are equal: plotted as a function of time.

In the two-loop motivated Langevin scenario we let

= 2 T? (1 - T) 4 the system thermalize at temperattire= T, for 10 fm/c
n=2¥p = g3 A s ¢ @ from the quenched initial condition and then switch on the
one-dimensional expansion according to Eq. (6) with=
wherefs,(x) = — [} dt 'n—t defines the Spence function. 1 fm/c. The outcome of thermalization depends on the

Admittingly this “ch0|ce” |s only a crude estimate as the volume occupied by the = 0 modes—in agreement with
zero modes do not evolve on shell during the (possiblythe equipartition theorem. The middle part of Fig. 1 shows
unstable) evolution. Thus the dissipation and noise correthe (ensemble) average evolutionl0f0 trajectories, each
lation should better be described by non-Markovian termgropagated according to the Langevin equation (1), for
including memory effects. In addition, the O(4) transversedifferent initial volumes oV, = 1, 10, 100, and 000 fm?.
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0.5 At the end of the expansion, relaxes to the value of
m, = 140 MeV, as can be seen from the curves in the
middle part of Fig. 1. These ensemble averaged curves
do not show any significant period of instability. This

b, [GeV]
[=N=N=)
ke
——
—

011 U U U result is in agreement with those of Randrup [14] for
-0.2 a one-dimensional expansion from a thermalized initial
0.3 condition.
— o5 This lack of instability in the average.d evolution
> o4l does not mean, however, that DCC formation cannot be
G 3] expected in heavy ion collisions: Using the Langevin
- 02 equation we are able to explicitly single out particular
3. . . .
0.1] evolutions which are the most unstable. The upper
0.0 I part of Fig. 1 presents such an evolution preheated in a

Vo = 10 fm? initial volume atT = T.. Here, in spite

of the initial thermalization and ongoing noise during
the expansion, quite significant unstable periods develop.
For quantifying the strength of instability we define the
quantity [14]

by [GeV]

G = [ Imlo-mar (©)
0 5 10 15 20 25 30 o _ _ _
The amplification of small amplitude instabilities with
t [fm/c] , .
. k = 0 is then exps. For the particular event shown
FIG. 1. (uppenu,(t) = sgrim;)\/|m?| is shown for the most in Fig. 1 G = 4.7371. The distribution of this quantity,
unstable event of000 propagated according to (1) with an ini- P(G), is shown in Fig. 2 for an initial volume of, =

tial volumeV, = 10 fm? (the one-dimensional expansion starts 3 oS ; .
at = 10 fm/c—compare text). (middle) The ensemble aver- 10 fm_,}he 1000 individual trajectories are all preheated
=T,.

() .
aged valu 1) =1/N),; t) (for N = 1000 events) is .
gﬁ,en for ,%ﬁéf \),z,mmésvoz;ﬂf, (12),(100, and 000 fm? (fro)m We observe that only i#.3% of all cases an unstable

top to bottom). (lower) For comparison also the deterministicperiod is missing. The average trajectory shows, however,
solution for u,(z) [n, ¢ = 0in (1)] for the pure T = 0in (2)]  no signal, because the unstable periods occur at different
(solid line) and annealing scenario (dotted line) is shown foltimes. Therefore the middle part of Fig. 1 dowest allow
guenched initial conditions. The one-dimensional expansion i$or drawing a conclusion

started also at = 10 fm/c. . ’ . .

In order to review the tendencies Table | summarizes
the most important properties of the distribution of the
amplification factor in the Langevin scenario. The fraction
of events with no instability at all are written in the second
column for the various initial volumes. In these cases no

[For D = 1 the volumeV (7) increases linear with time
by 7/79. For a typical duration of the expansion of~

10 fm/c the final volume is then a factor of 10 larger.
Initial volumes of abouf-25 fm* seems reasonable for a
resulting DCC domain. We will thus focus our discussions

mainly onV, = 10 fm3.] Because of the high friction 50
coefficientn the equipartition is set after the first few fim

We find that the smaller the volume, the Iarge’f.

The volume dependence of the thermalized chiral order 409
parameter fields can be analyzed using the virial theorem
oH - 0H 304
q)a = (I)a—. =T. (7) o)
a(ba a(I)a a
In the m, = 0 limit the large volume limit is calculated 20
as [withf = (T2 — T?)]
10

. f+ 57 +0Q1/V), T<T,,
Y @2 = N T—T.. (8 " Wﬁmm "
a=0 0 -

%+@(1/V2), T>T,. o 1 2 3 a =

From this m? = AQ ®2 — f) = O(1/V) follows for  FiG. 2. Distribution of the enhancement fact6r for Vo =
T < T. in accordance with the Goldstone theorem. 10 fm3. The most unstable event has= 4.7371.
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TABLE |. Statistical properties of individual evolutions ac- such events are remarkably high. The most extreme events
cording to the Langevin scenario. The upper table belongs taare quite similar to the predictions of the quenched models.
the ft”c“of n :227171' the middle ton = y,;, and the lower  \yhijle in general the damping stabilizes the evolution
one ©on = yp/2 of long wavelength fields, the fluctuations increase the

14 P(G = 0) (G) Gmax chances for prolonged unstable periods in al66Gt—90%
1 0% 3.0983 71163 of all events. .AII these estimates are optimis_tic, because
10 4.2% 0.8540 47371 the back reaction of the soft blat_# 0 modes will lead to
100 40.3% 0.2728 20309 & shortening of the unstable periods [15].
1000 40.4% 0.1082 0.6780 Our findings support the idea of looking for DCC
1 0% 3.0883 g5129 formation experimentally in individual events.
10 7.0% 0.7684 4.5744 This work has been supported by the Deutsche Forsch-
100 48.4% 0.2011 1.8699 ungsgemeinschaft (DFG) and the Hungarian Academy of
1000 56.5% 0.0557 0.5327 Sciences (MTA) in the framework of Project No. 79/1995
1 0% 3.1088 9.0965 and by the Hungarian National Research Fund (OTKA)
10 12.3% 0.7775 5.6462 under Project No. T019700. T.S.B. thanks Graduierten-
100 54.4% 0.1620 1.8172 kolleg (Universitat Frankfurt/Giessen) for support and for
1000 59.7% 0.0483 0.5063 enlightening discussions with Professor Walter Greiner.

C. G. thanks X.N. Wang for fruitful discussions.

DCC signal can develop at all. The average growth factor
(G) and its maximum withi 000 events G.x, are shown

in the third and fourth columns, rpspectwgly_. . *Electronic address: tsbiro@sunserv.kfki.hu
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