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DCC pion production from classical sources

A. Dyrek*
Institute of Physics, Jagellonian University, ul. Reymonta 4, PL-30 059 Krako´w, Poland

M. Sadzikowski†

Institute of Nuclear Physics, Radzikowskiego 152, PL-31 342 Krako´w, Poland
~Received 23 March 1998; published 8 February 1999!

We propose a scenario of DCC~disoriented chiral condensate! pion production. As the simplest realization
of this scenario we consider the linear sigma modelO(2) in two dimensions. Through a numerical evolution
of the classical equation of motion we evaluate the energy exchange between the sigma and the pion fields.
Using our simulations we estimate the number and spectrum of emitted pions.@S0556-2821~99!03801-1#

PACS number~s!: 12.38.Mh, 11.30.Rd, 25.75.Dw
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I. INTRODUCTION

Recently, there has been a lot of interest in the phen
ena of coherent pion production from classical sources~@1#,
for a review see e.g.@2,3#!. It is expected that at some mo
ment of the ion-ion or hadron-hadron collision a classi
pion field is produced. This field exists in a finite volum
over a finite period of time and acts as a source of the Kle
Gordon equation for the pion field. The quantization of su
a system leads to states of the pion field quanta@4#.

In the standard picture of heavy ion collision there are t
regions of baryon number density concentration which
cede from the collision center at almost the speed of light
between we expect a place where many interesting phen
ena can happen: a chiral phase transition or color decon
ment, for example. A collision of heavy ions is obviously
nonequilibrium process; therefore one can expect large fl
tuations of energy density. If in some regions the local
ergy density is high enough, the quark-gluon plasma can
created. The opposite situation may also be of consider
importance. Let us assume that after some time, after a
lision, there are regions cold enough that we can use to t
description low energy degrees of freedom, namely ch
fields. For instance, such regions may be created after a r
quark-gluon plasma expansion and cooling. Additionally
us suppose that these regions are domains of a false vac
with the orientation of the chiral vector different from that
a usual~‘‘true’’ ! vacuum. In the context of chiral fields on
usually uses the linear@5,6,7# or nonlinear sigma mode
@4,8,9#. These models describe well the low energy pion
teractions. The potential of linear sigma model with expli
symmetry breaking term, given by the formula

V~s,pW !5
l

4
~s21pW 22v2!22 f pmp

2 s, ~1!

possesses a unique ground state. In this state the chiral v
takes the form
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F05~s,pW !5~ f p ,0W !. ~2!

In the absence of the pion field the potential possesses
another local minimum for which the energy is larger th
that of the ground state, because of the explicit symme
breaking term. As a domain of a false vacuum we underst
the region of space where the sigma field sits in the lo
minimum of the potential. This region is connected with t
outside true vacuum by the domain wall in which a subst
tial part of the energy is stored. The volume energy of
domain is proportional to its size and to the pion ma
squared. Thus in the massless pion case the false vac
becomes also the true vacuum. Nevertheless, even in
case the domain still exists since the ground state is de
erated and the inside and outside ‘‘vacua’’ can differ fro
each other.

Let us consider the situation that a small amount of
pion field appears inside the bubble of the false vacuum.
expect that during the evolution the inside false vacuum
laxes back to its proper outside value through the dissipa
of the domain walls. The energy released in this proces
transferd to the pion field and stored in the long wavelen
modes. The final state of such system should consist of
sigma field oscillating with a small amplitude around
vacuum state and the amplified pion field. This field becom
a classical source of pions quanta. The strategy of descr
above scenario is as follows:~1! During the collision the
domains of the false vacuum with a small amount of the p
field inside are created—this is our initial condition;~2! the
subsequent classical evolution amplifies the pion mo
through the decay of the false vacua;~3! We assume that
there exists a decoupling time after which the pion and sig
fields decouple from each other;~4! After the decoupling
time, the produced pion field becomes a classical pion sou
and one can compute the number and spectrum of produ
pions.

In this paper we propose a simple, nontrivial realization
the above scenario. We consider the linear sigma mode
two dimensions. We solve the classical field equation for
sigma and pion fields for a certain class of initial condition
We follow the energy flow between the sigma and the p
fields. Using our simulation we estimate the number and
main features of the pion spectrum.
©1999 The American Physical Society15-1
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A. DYREK AND M. SADZIKOWSKI PHYSICAL REVIEW D 59 054015
In Sec. II we explain the initial configuration. In Secs. I
IV we discuss the decay of the false vacuum for mass
and massive pion cases. The last section contains a si
model for disoriented chiral condensate~DCC! production.

II. INITIAL CONFIGURATION

We analyze the equations of the linear sigma-mode
111 dimension that consists of two real fieldss andp:

s̈~ t,x!2s9~ t,x!5l„v22s2~ t,x!2p2~ t,x!…s~ t,x!1H,
~3!

p̈~ t,x!2p9~ t,x!5l„v22s2~ t,x!2p2~ t,x!…p~ t,x!,

where dot and prime denote the derivatives with respec
time and spatial coordinate, respectively.

We choose the same values of parameters as in pape@6#:
v587.4 MeV, H5(119 MeV)3 andl520. The parameters
of the model are related to physical quantities: the pion
cay constant f p592.5 MeV, mass of the pionmp

5135 MeV, and mass of the sigma particlems5600 MeV.
The parameterH is directly related to the mass of the pio
for vanishingH mass of the pion also vanishes. We ta
these parameters later for our model of DCC production

An example of an initial configuration ofs andp fields is
given in Fig. 1. The sigma field is described by the functi
@10#

s~ t,x!5s0S 11tanh
x2x02ut

&A12u2
2tanh

x1x01ut

&A12u2D ,

~4!

where the parameters0 is equal to vacuum expectation valu
of the sigma field. WhenH50 then s05v, otherwises0
5 f p . The velocityu of the domain walls is uniquely relate
to the initial energy of the system provided we fix the val
of x0 describing the initial size of thes domain. The larger is
the energy of the system, the closer is the velocityu to the
speed of light and the steeper are the walls of the field.
take 0.5 fm as the value ofx0 which corresponds to the
initial size of the well of order 1 fm. The initial pion field is
given by

FIG. 1. The initial configuration ofs ~gray curve! andp ~black
curve! fields for the total energyE5400 MeV.
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p~ t,x!5NS tanh
x2x02ut

&A12u2
2tanh

x1x01ut

&A12u2D . ~5!

The normalization factorN is the most uncertain paramete
To fix the order of its magnitude we use the following co
dition:

s2~0,0!1p2~0,0!5s0
2, ~6!

where s0 is vacuum expectation value of the sigma fie
The evolution of the system is described by the equati
~3!. We solve them numerically using a kind of predicto
corrector scheme presented in Appendix A.

III. MASSLESS PION CASE

In the first step we consider the case with the param
H50. Now the ground state of the system is described by
relation

s2~ t,x!1p2~ t,x!5v2. ~7!

For vanishing pion field we have two independent vacua
sigma field:s056v. For p(t,x)50 there exists a single
kink ~K! and anti-kink (K̄) static solution:

sK~K̄ !56v tanh
x2x0

&
. ~8!

Thus the function~4! approximately describes theKK̄ con-
figuration for large separationx0 . This configuration was
investigated in detail by Campbellet al. @10# as the model of
kink-antikink interaction inF4 theory. In the absence of th
pion field theKK̄ configuration is stable—kinks can be re
flected from each other or they create a long-living bou
state@10#. If the pion is present it takes some energy from t
sigma field. Our present consideration can be also descr
as a model of theKK̄ interaction in the presence of the pio
field. We choose the initial conditions in such a way that t
energy of the sigma field is greater than that of the pion fie

The nonlinear interaction of the fields leads to energ
flow from one field to the other. This is shown in Fig.

FIG. 2. Energy of the pion fieldEp as a fraction of the total
energy for different values ofEtot5250 MeV ~black curve!, 400
MeV ~dark gray curve! and 500 MeV~light gray curve!.
5-2
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FIG. 3. Evolution ofs ~gray curve! andp ~black curve! fields for energy 250 MeV for massless pion case.
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which presents the energy of the pion field as a function
time. In the final state about 45% of the energy is stored
the pion field and the rest of the energy remains in the sig
field ~the interaction energy after a long time is relative
small!.
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During the evolution the system approaches its grou
state. Because of the infinite degeneracy of possible va
there is no reason to expect that the final vacuum state is
same as the initial one. Figure 3 shows a series of snaps
of the state of the system at different times. It is clearly se
5-3
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A. DYREK AND M. SADZIKOWSKI PHYSICAL REVIEW D 59 054015
that the final ground state is different from the initial one a
it expands with the speed of light. One can define a varia
u:

u~ t !5arctan„p~ t,0!/s~ t,0!… ~9!

to describe the orientation of the vector in~s,p!-space at the
point x50. The time dependence ofu is shown in Fig. 4. It
can be seen that the system goes directly to its ground s
The time of the setting of the new ground state atx50 is
proportional to the initial energy. The value ofu decreases to
zero with an increase of the initial energy.

IV. MASSIVE PIONS CASE

In the case ofH parameter different from zero the syste
has a unique ground states05 f p , p050. The formula~4!

does not describe theKK̄ pair anymore. It is interesting to
compare the of the system for the cases of massive and m
less pion fields.

In Fig. 5 we show the energy flow from the sigma to t
pion field. The pion energy density in the figure is defined

E5
1

2
~ṗ21p821mp

2 p2!. ~10!

FIG. 4. Dependence ofu at x50 for different values of energy
E5250 MeV ~black curve!, 400 MeV ~dark gray curve! and 500
MeV ~light gray curve!.
05401
le

te.

ss-

s

We see that at late times the energy of the pion field os
lates around the mean value of about 85%. We checked
the order of the energy flow depends very weakly on
initial pion field amplitude. However this amplitude affec
the size of the oscillations. The smaller initial pion amplitu
is, the larger are the oscillations. This means that the p
and sigma fields create a long-living bound state. Suc
situation can violate our assumption about decoupling
pion and sigma fields. It is possible that this is only a
11)-dimensional effect although recently there have be
published papers@11,12# in which authors report on simila
bound states in (211)-dimensional cases. This means th
the problem of bound states require further elaboration. N
ertheless our analysis shows that for not too large initial
ergies and not too small initial pion field amplitudes t
bound state is very weak. Thus we constrained ourselve
consideration of energies below 0.6 GeV. For these confi
rations one can find the decoupling time in reasonable len
~not more than 40–50 fm!.

Before we will go to the results let us consider the a
proximate explanation of the energy exchange. The equa
of motion for the pion field can be written in the form

p̈~ t,x!2p9~ t,x!1meff
2 p50 ~11!

where

meff
2 5l„s2~ t,x!1p2~ t,x!2v2

…. ~12!

When the effective massmeff is smaller than zero one ca
obtain the pion field amplification for sufficiently low mo
menta modes. In our picture the region of negative effect
mass consists of two separated regions located at the bo
of the sigma well~see Fig. 6!. In these places the pion field i
amplified when interacting with the sigma field. During th
evolution these regions recede from each other at alm
speed of light and are accompanied by the pion field res
ing from the pion cluster that was initially located within th
sigma well. While the fields interact the energy flows to t
pion modes and the sigma domain wall dissipates. When
FIG. 5. Energy of the pion fieldEp as a fraction of the total energy for different values ofEtot5250 MeV ~black curve!, 400 MeV~dark
gray curve! and 500 MeV~light gray curve! in the massive pions case.
5-4
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DCC PION PRODUCTION FROM CLASSICAL SOURCES PHYSICAL REVIEW D59 054015
sigma domain walls vanish the fields decouple from e
other but the decoupling time is rather long.

A generic example of the system evolution is given
Fig. 7. During the evolution the system tries to reach
ground state. After some time the sigma field in the inter
reaches its vacuum state and oscillates around it with a s
amplitude. Similarly, the pion field creates a region of fie
oscillating with a constant amplitude. This oscillating beha
ior for x50 is shown in Fig. 8. It can be understood in t
following way. The system possesses two fundamental os
lation frequenciesmp and ms corresponding to two direc
tions of the~s,p!-space along pion and sigma axes. Aft
getting to the vicinity of the vacuum value the pion fie
starts to oscillate with a relatively large amplitude along
pion direction (s5s0) with the frequencymp and with a
small amplitude along sigma direction with the frequen
ms . It can be easily seen after the Fourier analysis ofp(t)
5p(t,x50) which is shown in Fig. 9. At late times whe
the amplitude of the pion field is smaller thanmp the leading
frequency of the oscillation in the vicinity ofx50 is de-
scribed by the equation

p̈~ t !1l~ f p
2 2v2!p~ t !50, ~13!

where l( f p
2 2v2)5mp

2 . It follows directly from this equa-
tion that the frequency of the oscillation isvp5mp . When
the amplitude of the sigma field near the origin falls belo
f p one can divide the field into two componentss(t,x50)
5 f p1ds(t), whereds(t) satisfies the approximate equ
tion:

d̈s~ t !1l f pp~ t !250 ~14!

Since thep(t);exp(impt) then one can deduce from th
above equation that the leading frequency of the sigma fi
is vs52mp ~Fig. 10!.

The amplitude of the field oscillation is getting small
with the passing time and the two conditions for thep ands
amplitude„up(t)u!mp , uds(t)u! f p… are better fulfilled and
the above picture becomes more clear.

The oscillations of the pion and sigma fields nearx50
exponentially decrease because of the energy flow along
x direction.

FIG. 6. The sigma well and the domain walls.
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V. SIMPLE MODEL FOR DCC PRODUCTION

Let us consider the following picture of nuclei collision
similar to that described in paper@9#. In the center of mass
frame the nuclei approach each other with the relative ve
ity closed to that of light. Along the direction of motio
nuclei are lorentz contracted. In the central collisions the a
of colliding nuclei isS5pRA

2, whereRA51.07A1/3 fm is a
radius of a nucleus. Such a system possesses the cylind
symmetry. During the collision the nuclei interact whi
passing through each other and then recede to infinity.

We assume that in the short time after the collision~;1
fm! part of the energy is used to create the domain of
false vacuum described by formula~4!. Using the equations
of motion ~3! we perform the evolution of the initial fields
along the direction of motion up to the timetc when the
interaction of thes andp fields becomes negligible. At tha
moment (tc) we start to treat thep field as source of free
pion quanta of massm:

~h1m2!p̂~ t,x!5r~ t,x!, ~15!

where sourcer is derived from the classical pion field. Th
4-dimensional Fourier transform of the source calculated
the mass shell

r̃~kW !5 r̃~k05Ek ,kW !, ~16!

whereEk5AkW21m2 is the energy of a free particle of mas
m, can be extracted from the 3-dimensional Fourier tra
form p̃(t,kW ) of the classical pion field and its time derivativ
by the following relation@2#:

r̃~kW !52 ieiEkt@Ekp̃~ t,kW !1 ip8 ~ t,kW !#. ~17!

Using the standard methods one can solve Eq.~15! and cal-
culate the inclusive spectrum of particles for coherent sta
@2,4,13#:

dN

d3k
5

ur̃~kW !u2

~2p!32Ek
. ~18!

Our picture assumes that all particles from the domain
created along the direction of the collision~with zero trans-
verse momentum!. Therefore it is convenient to calculate a
the quantities like the energy or the number of pions per u
of transverse area~1 fm2!. Thus the formula~18! can be
reduced to

dN

dk
5

ur̃~kW !u2

~2p!2Ek
, ~19!

and describes the flux of pions emitted per unit transve
area. Let us also observe that the initial energy is localize
the tube of the volume of order 1 fm3, thus the initial energy
in 111 dimension corresponds to the average energy den
in (311)-dimensional picture.
5-5
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FIG. 7. Evolution ofs ~gray curve! andp ~black curve! fields for energy 400 MeV for massive pion case.
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The momentum spectrum depends on time because o
interaction between the pion and sigma fields. After the ti
tc the spectrum stabilizes itself and the pion field starts
behave like a free field.

In the sequence of snapshots~Fig. 11! we show the time
evolution of the spectrum for initial energy 0.255 GeV. W
found that for this energy the timetc is rather long, of the
05401
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e
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order of;20–25 fm. Using our lattice we are able to obta
a stable final configuration for the energies up to 0.6 Ge

In the Figs. 12,13 we show the generic examples of
spectrum after timet535 fm for initial energies 0.412 GeV
and 0.506 GeV. The numbers of emitted pions areN
50.9,1.4,1.8 for the initial energies 0.255, 0.412, 0.5
GeV, respectively, which gives a linear growth in the fir
5-6
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DCC PION PRODUCTION FROM CLASSICAL SOURCES PHYSICAL REVIEW D59 054015
approximation. From the given spectra we can also concl
that for higher initial energy, pions have a tendency to fill t
lower momentum states. For the energy 0.255 GeV ab
35% of all produced pions is located in the first bin~momen-
tum below 0.1 GeV! while for energy 0.506 GeV it is 65%

VI. CONCLUSIONS

In this paper we considered the interaction of the pion a
sigma fields in theO(2) model in two dimensions. We
solved the classical equations of motion for the case of
massless (H50) and massive (HÞ0) pion field. At the ini-
tial moment we prepare our system as the domain of the f
vacuum described by the sigma ‘‘well,’’ of length;1 fm
and the nonzero pion field inside it. The energy of the p
field we choose much smaller than the energy containe
the sigma field.

The main numerical results are the following.
For H50 during the evolution the pion field is amplifie

to about 40% of the total energy of the system. In this ca
when the ground state is degenerated, the system during
evolution switches from one ground state to another one

For the massive case the pions take about 85% of the
energy. We checked that the order of the amplification d
not depend on the initial energy~at least up toE50.6 GeV!
and the size of the pion field normalization.

On the other hand the initial amount of pions influenc
the decoupling time of the pion and sigma fields. This com
from the fact that for sufficiently small amount of the pio
field the system has a tendency to create a long-living bo
state. This effect may have (111)-dimensional origin. The
answer if this is the case we will left to our future work.

In this paper we rather concentrate on possible applica
of the scenario described in the Introduction to the prod
tion of the DCC. Despite of the fact that we consider only t
simplest (111)-dimensional model we can still draw som
model independent physical conclusions.

The pion field is amplified during the classical evolutio
through the decay of the false vacuum.

Created pions have a tendency to fill the lower mom
tum states. The higher is initial energy the more pions c
dense in the first bin~below 0.1 GeV!.

Basing on our simulations we expect the production
;2 pion/fm2 of the cross area for initial energy densitye
50.5 GeV/fm3. 65 percent of these pions are in the first b

FIG. 8. Time dependence of the pion~black curve! and sigma
~gray curve! field at pointx50.
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If one can take into account in more realistic picture
transverse flow of pions than the signal from the produc
cluster could be detected in central rapidity region. This h
pens when the laboratory frame coincides with the rest fra
of the initial domain of the false vacuum.

The time of stabilization of the spectrum depends on
amount of the initial pion field and initial energy, and
rather long~e.g., of the order of 20–25 fm for relativel
small energy value 0.255 GeV!. This result depends, as w
think, on the number of dimensions. In higher dimensio
case the decoupling time would be shorter. Nevertheless
fact should not spoiled the physical predictions listed abo
because the most important energy flow takes place at in
time of the evolution. The small number of emitted pio
suggests that a large signal of final pions requires a la
energy of deformed vacuum or the domains of large size
both.

In the future work we would like to extend our simulatio
to 311 dimension with additional assumption of cylindric
symmetry of the system. We are planning to consider m
realistic full isotopic space content of the pion fields. Al
more realistic initial conditions are of importance. The la
but not least is a possible application of described scenari
‘‘Baked Alaska’’ picture. In the most simple form it is es
sentially (111)-dimensional model. In this situation th
problem of the long-living bound states are of great imp
tance.

FIG. 9. Fourier analysis of the pion field time dependence ax
50. The sharp peak corresponds to the value of the pion mass~135
MeV!.

FIG. 10. Fourier analysis of the sigma field time dependenc
x50. The peak atv50 corresponds to nonzero value of the sigm
field in the ground state. The second peak corresponds to the v
of the sigma mass~600 MeV!.
5-7
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FIG. 11. Momentum spectra of produced pions for energy 250 MeV calculated at different timest. The horizontal axes are scaled in Ge
Ntot denotes the total number of produced pions.
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APPENDIX A: THE NUMERICAL SCHEME

We solve the equations of motion~1! step by step on a
1-dimensional lattice of 10000–50000 points. We use
time stepdt50.01 fm and the spatial stepdx51.2dt. We
have developed a numerical algorithm for solving the eq
5-8
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DCC PION PRODUCTION FROM CLASSICAL SOURCES PHYSICAL REVIEW D59 054015
tions that is based on apredictor-correctorscheme.
We start our evolution att50 fm. At each time step we

evaluate predictory values of fieldss̃ i
n11 andp̃ i

n11 using an
explicit method:

s̃ i
n1122s i

n1s i
n21

dt2
2

s i 11
n 22s i

n1s i 21
n

dx2 5ls i
nWi

n1H,

~A1!

p̃ i
n1122p i

n1p i
n21

dt2
2

p i 11
n 22p i

n1p i 21
n

dx2 5lp i
nWi

n ,

~A2!

where the upper index is a temporal one, the lower index
spatial one, andWi

n5v22(s i
n)22(p i

n)2. Then we use the
predicted values in an implicit method for evaluating t
corrected values of fieldss i

n11 andp i
n11:

s i
n1122s i

n1s i
n21

dt2
2

s i 11
n 22s i

n1s i 21
n

dx2

FIG. 12. Momentum spectrum of pion produced for energy 4
MeV.
ys

v.
,

05401
a

5l@as i
n11

„v22~s i
n11!22~p̃ i

n11!2
…

1as i
n21Wi

n211~122a!s i
nWi

n#1H, ~A3!

p i
n1122p i

n1p i
n21

dt2
2

p i 11
n 22p i

n1p i 21
n

dx2

5l@ap i
n11

„v22~s i
n11!22~p̃ i

n11!2
…

1ap i
n21Wi

n211~122a!p i
nWi

n#, ~A4!

wherea is a numerical constant less than1
2. In our calcula-

tions we have takena50.3.
The presented numerical algorithm conserves the total

ergy of the system at the level of accuracy of the order
1023.

2 FIG. 13. Momentum spectrum of pion produced for energy 5
MeV.
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