PHYSICAL REVIEW D, VOLUME 59, 054015

DCC pion production from classical sources
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We propose a scenario of DQ@isoriented chiral condensatgion production. As the simplest realization
of this scenario we consider the linear sigma madé?) 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 pRHE56-282(99)03801-1

PACS numbgs): 12.38.Mh, 11.30.Rd, 25.75.Dw

I. INTRODUCTION ®o=(0,7)=(f,0). 2

Recently, there has been a lot of interest in the phenomm the absence of the pion field the potential possesses also
ena of coherent pion production from classical souf€es  another local minimum for which the energy is larger then
for a review see e.d2,3)). It is expected that at some mo- that of the ground state, because of the explicit symmetry
ment of the ion-ion or hadron-hadron collision a C|aSSica|breaking term. As a domain of a false vacuum we understand
pion field is produced. This field exists in a finite volume the region of space where the sigma field sits in the local
over a finite period of time and acts as a source of the Kleinmjnimum of the potential. This region is connected with the
Gordon equation for the pion field. The quantization of suchoutside true vacuum by the domain wall in which a substan-
a system leads to states of the pion field qugdta tial part of the energy is stored. The volume energy of the

In the standard picture of heavy ion collision there are twogomain is proportional to its size and to the pion mass
regions of baryon number density concentration which resquared. Thus in the massless pion case the false vacuum
cede from the collision center at almost the Speed of ||ght ||'becomes also the true vacuum. Neverthe|eSS, even in this
between we expect a place where many interesting phenorgase the domain still exists since the ground state is degen-
ena can happen: a chiral phase transition or color deconfingrated and the inside and outside “vacua” can differ from
ment, for example. A collision of heavy ions is obviously a each other.
nonequilibrium process; therefore one can expect large fluc- | et us consider the situation that a small amount of the
tuations of energy density. If in some regions the local enpjon field appears inside the bubble of the false vacuum. We
ergy density is high enough, the quark-gluon plasma can bgxpect that during the evolution the inside false vacuum re-
created. The opposite situation may also be of considerablgxes back to its proper outside value through the dissipation
importance. Let us assume that after some time, after a cobf the domain walls. The energy released in this process is
lision, there are regions cold enough that we can use to theffansferd to the pion field and stored in the long wavelength
description low energy degrees of freedom, namely chirajnodes. The final state of such system should consist of the
fields. For instance, such regions may be created after a rapiflgma field oscillating with a small amplitude around its
quark-gluon plasma expansion and cooling. Additionally letyacuum state and the amplified pion field. This field becomes
us suppose that these regions are domains of a false vacuiyitiassical source of pions quanta. The strategy of described
with the orientation of the chiral vector different from that of above scenario is as fo||ow$j_) During the collision the
a usual(“true” ) vacuum. In the context of chiral fields one domains of the false vacuum with a small amount of the pion
usually uses the linea5,6,7] or nonlinear sigma model field inside are created—this is our initial conditia@) the
[4,8,9. These models describe well the low energy pion in-subsequent classical evolution amplifies the pion modes
teractions. The potential of linear sigma model with explicitthrough the decay of the false vacu&) We assume that
symmetry breaking term, given by the formula there exists a decoupling time after which the pion and sigma

fields decouple from each othe{d) After the decoupling
A time, the produced pion field becomes a classical pion source
V(o, )= 7 (0?+ #2—0v?)2°—f _m2o, (1)  and one can compute the number and spectrum of produced
pions.

In this paper we propose a simple, nontrivial realization of
possesses a unique ground state. In this state the chiral vectbe above scenario. We consider the linear sigma model in
takes the form two dimensions. We solve the classical field equation for the

sigma and pion fields for a certain class of initial conditions.

We follow the energy flow between the sigma and the pion
*Email address: dyrek@if.uj.edu.pl fields. Using our simulation we estimate the number and the
TEmail address: ufsadzik@thp3.if.uj.edu.pl main features of the pion spectrum.
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FIG. 2. Energy of the pion fiel&, as a fraction of the total
energy for different values oE,;;=250 MeV (black curve, 400
MeV (dark gray curveand 500 MeV(light gray curve.

FIG. 1. The initial configuration oé (gray curve and 7 (black
curve fields for the total energf =400 MeV.

In Sec. Il we explain the initial configuration. In Secs. I,
IV we discuss the decay of the false vacuum for massless (t,x)=N tanhx tan _
and massive pion cases. The last section contains a simple ’ v2J1—Uu? v2J1—u?
model for disoriented chiral condensdf@CC) production.

—Xg—ut X+ Xo+ ut

®

The normalization factoN is the most uncertain parameter.

Il INITIAL CONFIGURATION To fix the order of its magnitude we use the following con-
' dition:
We analyze the equations of the linear sigma-model in )
1+1 dimension that consists of two real fieldsand 0%(0,0+7%(0,0)= o, (6)
F(t,x)— " (t,X) =\ 2= a2(t,x) — 72(t,X))o(t,X) +H, where o is vacuum expectation value of the sigma field.

(3)  The evolution of the system is described by the equations
(3). We solve them numerically using a kind of predictor-
7 (t,x) — 7" (t,X) =N (02— ?(t,x) — 72(t, X)) 7 (1, %), corrector scheme presented in Appendix A.

where dot and prime denote the derivatives with respect to 1. MASSLESS PION CASE
time and spatial coordinate, respectively. ] ) )

We choose the same values of parameters as in péper In the first step we consider the case v_wth the_parameter
v=87.4 MeV, H= (119 MeV)? and\ =20. The parameters H =Q. Now the ground state of the system is described by the
of the model are related to physical quantities: the pion def€lation
cay constant f_=92.5MeV, mass of the pionm,
=135 MeV, and mass of the sigma particle.=600 MeV.

The parameteH is directly related to the mass of the pion: or vanishing pion field we have two independent vacua for
for vanishingH mass of the pion also vanishes. We takesigma field: 0= +v. For m(t,x)=0 there exists a single
these parameters later for our model of DCC production. kink (K) and anti-kink (?) static solution:

An example of an initial configuration af and = fields is ’
given in Fig. 1. The sigma field is described by the function

a?(t,x) + 72(t,x)=v>. (7

_ X—Xo
[10] O-K(K): g ) tanh ‘/2 . (8)
(t.x) 14t hx—xo—ut ¢ X+ X+ ut _
o(t,X)=0 an —tan , i i i -
0 VIi— 2 N N Thus the function(4) approximately describes tHeK con

) figuration for large separatiory. This configuration was
investigated in detail by Campbaet al.[10] as the model of

where the parameter, is equal to vacuum expectation value kink-antikink intgraction ind* theory. In the absence of the

of the sigma field. WheH=0 theno,=v, otherwises, pion field theKK configuration is stable—kinks can be re-
=f_. The velocityu of the domain walls is uniquely related flected from each other or they create a long-living bound
to the initial energy of the system provided we fix the valuestate[10]. If the pion is present it takes some energy from the
of x, describing the initial size of the domain. The largeris  Sigma field. Our present consideration can be also described
the energy of the system, the closer is the veloaity the as a model of th&K interaction in the presence of the pion
speed of light and the steeper are the walls of the field. Wéield. We choose the initial conditions in such a way that the
take 0.5 fm as the value of, which corresponds to the energy of the sigma field is greater than that of the pion field.
initial size of the well of order 1 fm. The initial pion field is The nonlinear interaction of the fields leads to energy-
given by flow from one field to the other. This is shown in Fig. 2
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FIG. 3. Evolution ofo (gray curve and 7 (black curve fields for energy 250 MeV for massless pion case.

which presents the energy of the pion field as a function of During the evolution the system approaches its ground
time. In the final state about 45% of the energy is stored irstate. Because of the infinite degeneracy of possible vacua
the pion field and the rest of the energy remains in the sigméhere is no reason to expect that the final vacuum state is the
field (the interaction energy after a long time is relatively same as the initial one. Figure 3 shows a series of snapshots
small. of the state of the system at different times. It is clearly seen
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Theta (x=0) [rad] We see that at late times the energy of the pion field oscil-
1 lates around the mean value of about 85%. We checked that
: the order of the energy flow depends very weakly on the
initial pion field amplitude. However this amplitude affects
the size of the oscillations. The smaller initial pion amplitude
is, the larger are the oscillations. This means that the pion
and sigma fields create a long-living bound state. Such a
situation can violate our assumption about decoupling of
pion and sigma fields. It is possible that this is only a (1
+1)-dimensional effect although recently there have been
510 15 20 25 30° [Em published paperfl1,17 in which authors report on similar
bound states in (21)-dimensional cases. This means that
the problem of bound states require further elaboration. Nev-
ertheless our analysis shows that for not too large initial en-
ergies and not too small initial pion field amplitudes the

that the final ground state is different from the initial one andbound state is very weak. Thus we constrained ourselves to

it expands with the speed of light. One can define a variablgonS'dera'uon of energies below.0.6 _Ge\{. For these configu-
P rations one can find the decoupling time in reasonable length

(not more than 40-50 fin
6(t) =arctar(=(t,0)/ (t,0)) (9) Before we will go to the results let us consider the ap-

proximate explanation of the energy exchange. The equation

to describe the orientation of the vector(in 7)-space at the of motion for the pion field can be written in the form

point x=0. The time dependence #fis shown in Fig. 4. It

can be seen that the system goes directly to its ground state. #(t,x) — 7" (t,X) + MZgm=0 1y

The time of the setting of the new ground statexatO is

proportional to the initial energy. The value éflecreases to where

zero with an increase of the initial energy.

FIG. 4. Dependence df atx=0 for different values of energy:
E=250 MeV (black curve, 400 MeV (dark gray curvi and 500
MeV (light gray curve.

Mae=N(o?(t,X) + 72(t,%) —v?). (12)
IV. MASSIVE PIONS CASE

_ When the effective magsg; is smaller than zero one can
In the case oH parameter different from zero the system gpiain the pion field amplification for sufficiently low mo-

has a unique ground state,=f,, mo=0. The formula(4)  menta modes. In our picture the region of negative effective
does not describe th€K pair anymore. It is interesting to mass consists of two separated regions located at the borders
compare the of the system for the cases of massive and massf-the sigma wellsee Fig. &. In these places the pion field is
less pion fields. amplified when interacting with the sigma field. During the
In Fig. 5 we show the energy flow from the sigma to theevolution these regions recede from each other at almost
pion field. The pion energy density in the figure is defined aspeed of light and are accompanied by the pion field result-
ing from the pion cluster that was initially located within the

1 i IIl. While the fields interact the energy flows to the
E= = (T + 72+ m27?). 10 slgma weil. . ; nergy
2 (m+m ) (10 pion modes and the sigma domain wall dissipates. When the
Epi/Etot
1
e
. o
0.6
0.4
0.2
0 5 10 15 20 25 30 35 & (Fm

FIG. 5. Energy of the pion fiel& , as a fraction of the total energy for different valuessgfi=250 MeV (black curve, 400 MeV (dark
gray curve and 500 MeV(light gray curve in the massive pions case.
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V. SIMPLE MODEL FOR DCC PRODUCTION

Let us consider the following picture of nuclei collisions
similar to that described in papg®]. In the center of mass
frame the nuclei approach each other with the relative veloc-
ity closed to that of light. Along the direction of motion
> nuclei are lorentz contracted. In the central collisions the area
of colliding nuclei isS= 7R3, whereR,=1.07AY% fm is a
radius of a nucleus. Such a system possesses the cylindrical
symmetry. During the collision the nuclei interact while
passing through each other and then recede to infinity.

We assume that in the short time after the collisieriL
FIG. 6. The sigma well and the domain walls. fm) part of the energy is used to create the domain of the
false vacuum described by formuld). Using the equations

sigma domain walls vanish the fields decouple from eacf?f motion (3) we perform the evolution of the initial fields
other but the decoupling time is rather long along the direction of motion up to the tintg when the
A generic example of the system evolu.tion is given ininteraction of theo and 7 fields becomes negligible. At that

Fig. 7. During the evolution the system tries to reach themoment (c) we start to treat ther field as source of free

ground state. After some time the sigma field in the interiof?'ON quanta of masst
reaches its vacuum state and oscillates around it with a small
amplitude. Similarly, the pion field creates a region of field
oscillating with a constant amplitude. This oscillating behav- ) ) ) ) )
ior for x=0 is shown in Fig. 8. It can be understood in theWh‘?re source is depved from the classical pion field. The
following way. The system possesses two fundamental oscift-dimensional Fourier transform of the source calculated on
lation frequenciesn,. and m,, corresponding to two direc- he mass shell

tions of the(o,7)-space along pion and sigma axes. After . .

getting to the vicinity of the vacuum value the pion field (k) =p(k°=E, k), (16)
starts to oscillate with a relatively large amplitude along the

pion direction ¢r=ay) with the frequencym, and with & \hereE, = \k?+m? is the energy of a free particle of mass
small amplitude along sigma direction with the frequencym, can be extracted from the 3-dimensional Fourier trans-

m, . It can be easily seen after the Fourier analysist@f) ¢ =+ &) of the classical pion fiel _— I
=m(t,x=0) which is shown in Fig. 9. At late times when boyrrﬂlg(fgllgv(v)ing ?e?aii)s;fz. pion field and its time derivative

the amplitude of the pion field is smaller tham, the leading
frequency of the oscillation in the vicinity of=0 is de-
scribed by the equation

(O4m?) 7r(t,x) = p(t,x), (15)

(k)= —ie B[ E, 7 (t,K) +i#(t,K)]. 17)

Using the standard methods one can solve (E§). and cal-

ar(t) + N (f5—0?) m(1) =0, (13 culate the inclusive spectrum of particles for coherent states
[2,4,13:
where\ (f2—v?)=m?. It follows directly from this equa-
tion that the frequency of the oscillation és,=m_. When dN |7>(I2)|2
the amplitude of the sigma field near the origin falls below Bk m (18)

f , one can divide the field into two componentgt,x=0)
=f_.+ da(t), wheredo(t) satisfies the approximate equa-

tion: Our picture assumes that all particles from the domain are

created along the direction of the collisiéwith zero trans-
verse momentuim Therefore it is convenient to calculate all

So(t)+ . m(1)2=0 (14)  the quantities like the erzlergy or the number of pions per unit
of transverse areél fm<). Thus the formula(18) can be

) reduced to
Since thew(t)~exp(im,t) then one can deduce from the

above equation that the leading frequency of the sigma field _ 12
is w,=2m_ (Fig. 10. d_N: (k)] (19)
The amplitude of the field oscillation is getting smaller dk (2m)2E;’
with the passing time and the two conditions for thend o
amplitude(| =(t)|<m,, | da(t)|<f ) are better fulfilled and and describes the flux of pions emitted per unit transverse
the above picture becomes more clear. area. Let us also observe that the initial energy is localized in
The oscillations of the pion and sigma fields near0  the tube of the volume of order 1 firthus the initial energy
exponentially decrease because of the energy flow along thie 1+ 1 dimension corresponds to the average energy density
x direction. in (3+1)-dimensional picture.
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FIG. 7. Evolution ofo (gray curve and 7 (black curve fields for energy 400 MeV for massive pion case.

The momentum spectrum depends on time because of theder of ~20—-25 fm. Using our lattice we are able to obtain
interaction between the pion and sigma fields. After the timea stable final configuration for the energies up to 0.6 GeV.
t. the spectrum stabilizes itself and the pion field starts to In the Figs. 12,13 we show the generic examples of the
behave like a free field. spectrum after timé= 35 fm for initial energies 0.412 GeV

In the sequence of snapshg¢Eg. 11) we show the time and 0.506 GeV. The numbers of emitted pions &e
evolution of the spectrum for initial energy 0.255 GeV. We =0.9,1.4,1.8 for the initial energies 0.255, 0.412, 0.506
found that for this energy the timie is rather long, of the GeV, respectively, which gives a linear growth in the first
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FIG. 8. Time dependence of the pidblack curve and sigma FIG. 9. Fourier analysis of the pion field time dependence at
(gray curve field at pointx=0. =0. The sharp peak corresponds to the value of the pion (188s

MeV).
approximation. From the given spectra we can also conclude
that for higher initial energy, pions have a tendency to fillthe |f gne can take into account in more realistic picture a
lower momentum states. For the energy 0.255 GeV aboyfansverse flow of pions than the signal from the produced
35% of all produced pions is located in the first inomen- ¢ ;ster could be detected in central rapidity region. This hap-
tum below 0.1 GeYwhile for energy 0.506 GeV it is 65%. pens when the laboratory frame coincides with the rest frame
of the initial domain of the false vacuum.

VI. CONCLUSIONS The time of stabilization of the spectrum depends on the
gmount of the initial pion field and initial energy, and is
rather long(e.g., of the order of 20-25 fm for relatively

mall energy value 0.255 GeVThis result depends, as we

In this paper we considered the interaction of the pion an
sigma fields in theO(2) model in two dimensions. We

solved the classical equations of motion for the case of tht ink th b f di . In hiaher di ional
masslessifl =0) and massiveH # 0) pion field. At the ini- INk, on the number of dimensions. 1n higher dimensiona

tial moment we prepare our system as the domain of the faleAse the decoupling time would be shorter. Nevertheless this
vacuum described by the sigma “well,” of length1 fm fact should not spoiled the physical predictions listed above,
and the nonzero pion field inside it. The energy of the pionbecaus:e the most important energy flow takes place at initial

field we choose much smaller than the energy contained iime of the evolution. The small number of emitted pions
the sigma field. suggests that a large signal of final pions requires a large

The main numerical results are the following. energy of deformed vacuum or the domains of large sizes or
For H=0 during the evolution the pion field is amplified both.
to about 40% of the total energy of the system. In this case, In the future work we would like to extend our simulation
when the ground state is degenerated, the system during the 3+ 1 dimension with additional assumption of cylindrical
evolution switches from one ground state to another one. symmetry of the system. We are planning to consider more
For the massive case the pions take about 85% of the totagalistic full isotopic space content of the pion fields. Also
energy. We checked that the order of the amplification doesore realistic initial conditions are of importance. The last
not depend on the initial enerdgt least up ttE=0.6 Ge\j  but not least is a possible application of described scenario to
and the size of the pion field normalization. “Baked Alaska” picture. In the most simple form it is es-
On the other hand the initial amount of pions influencessentially (1+1)-dimensional model. In this situation the
the decoupling time of the pion and sigma fields. This comegproblem of the long-living bound states are of great impor-
from the fact that for sufficiently small amount of the pion tance.
field the system has a tendency to create a long-living bound
state. This effect may have {11)-dimensional origin. The

e . | sigma (omega) |
answer if this is the case we will left to our future work.

In this paper we rather concentrate on possible application 2
of the scenario described in the Introduction to the produc-  *-7°
tion of the DCC. Despite of the fact that we consider only the 1.5
simplest (& 1)-dimensional model we can still draw some l'zi
model independent physical conclusions. 0 75
The pion field is amplified during the classical evolution 0.5
through the decay of the false vacuum. 0.25
Created pions have a tendency to fill the lower momen- 0 omega [1/fm]
tum states. The higher is initial energy the more pions con- 0.5 1 1.5 2 2.5 3 3.5 4
dense in the first birfbelow 0.1 GeV. FIG. 10. Fourier analysis of the sigma field time dependence at

Basing on our simulations we expect the production ofx=0. The peak at=0 corresponds to nonzero value of the sigma
~2 pion/fn? of the cross area for initial energy density field in the ground state. The second peak corresponds to the value
=0.5 GeV/fn?. 65 percent of these pions are in the first bin. of the sigma masg00 MeV).
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FIG. 11. Momentum spectra of produced pions for energy 250 MeV calculated at different.tifieshorizontal axes are scaled in GeV.
Nyt denotes the total number of produced pions.
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FIG. 12. Momentum spectrum of pion produced for energy 412  FIG. 13. Momentum spectrum of pion produced for energy 506
MeV. MeV.
tions that is based on predictor-correctorscheme.
: . _ n+1l,. 2  n+1\2_  ~n+1\2
We start our evolution at=0 fm. At each time step we =Aaogi = (i )= (7))
; : +1 ~n+1 o
evaluate predictory values of fiel@g' "~ and7]'"* using an + a0t WLt (1 2@) "W+ H, (A3)

explicit method:

~n+1 n n—1 n n n
o] "—20;+0; g1~ 20 to_,

dt2 v =NofW/+H, ’7Tin+1_27Tin+7Tin_1 = 2w
(A1) dt? dx?
it =2mltat al - 2a] mn
di? dx? —AmW =Naa] 2= (o2 (7]h?)
I | I
(A2)

+am! W (1-2a) 7MW, (A4)
where the upper index is a temporal one, the lower index is a
spatial one, and\V'=v?—(o)?—(#")2. Then we use the
predicted values in an implicit method for evaluating thewhere« is a numerical constant less thanin our calcula-
corrected values of fields!"* and 7' *: tions we have takea=0.3.
The presented numerical algorithm conserves the total en-
oM t=20"+oM"t ol 200+ 07
[ [ i Tin i i—1 ergy of the system at the level of accuracy of the order of
dt? dx? 1073,
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