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Thermal and nonthermal pion enhancements with chiral symmetry restoration

Pengfei Zhuang and Zhenwei Yang
Physics Department, Tsinghua University, Beijing 100084, China

~Received 6 June 2000; published 5 December 2000!

The pion production by sigma decay and its relation with chiral symmetry restoration in hot and dense
matter are investigated in the framework of the Nambu–Jona-Lasinio model. The decay rate for the process
s→2p to the lowest order in a 1/Nc expansion is calculated as a function of temperatureT and chemical
potentialm. The thermal and nonthermal enhancements of pions generated by the decay before and after the
freeze-out are present only in the crossover region of the chiral symmetry transition. The strongest nonthermal
enhancement is located in the vicinity of the end point of the first-order transition.
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I. INTRODUCTION

It is generally believed that there are two QCD pha
transitions in hot and dense nuclear matter@1#. One of them
is related to the deconfinement process in moving from
hadron gas to a quark-gluon plasma, and the other one
scribes the transition from the chiral symmetry break
phase to the phase in which it is restored. Since the de
finement and restored phases are only intermediate stat
relativistic heavy ion collisions which are considered to
the way to generate the two transitions in laboratories,
key problem is how to extract possible signatures of
phase transitions hidden in the final state distributions.

One way to study the signatures of the chiral transition
to compare the properties of hadronic systems with and w
out undergoing a chirally symmetric phase. In recent ye
many such signatures have been proposed, such as the e
of pions due to a rapid thermal and chemical equilibration
the symmetric phase@2#, the excess of low-energy photo
pairs by pion annihilation in hot and dense medium@3#, the
dilepton enhancement from leptonic decay of sigma@4#, and
the enhancement of the continuum threshold in the sc
channel@5#. Most of the signatures are associated with
changes of sigma properties at finite temperatures and
sities. In the vacuum there is no obvious reason for the p
ence of the scalar meson sigma in the study of chiral pr
erties. However, there is a definite need@6# for sigma at finite
temperatures and densities in the investigation of chiral s
metry restoration. With increasingT and m, sigma changes
its character from a resonance with large mass to a bo
state with small mass. This medium dependence of the si
mass makes important sense not only in the above mentio
particle yields, but also in thermodynamics@7#. The contri-
bution from sigma to any thermodynamic function can
most case be neglected, because it is heavy, while it play
important role in the region around the critical point of t
chiral phase transition, since therems50.

From the recent QCD model calculations@8#, the chiral
phase transition in the chiral limit with massless pions is
second order at high temperatures, and of first order at h
densities. Therefore, there is a tricritical pointP in the T-m
plane which separates the first- and second-order phase
sition. In the real world with nonzero pion mass, the seco
order phase transition becomes a smooth crossover an
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tricritical point P becomes an end pointE of a first-order
phase transition line. In relativistic heavy ion collisions, f
the choice of control parameters such as colliding energy
an impact parameter such that the freeze-out of the sys
occurs near the pointE, sigma is one of the most numerou
species at the freeze-out, since it is nearly massless. T
light sigmas at the freeze-out will lead to large event-b
event fluctuations@9# of final state pions due to thes ex-
change in the pion thermodynamic potential. Another dir
signature of this critical end pointE is a nonthermal exces
@9# of pions from the hadronic decay of sigma. With th
expansion of the hadronic system produced in relativis
heavy ion collisions, the in-medium sigma mass rises
wards its vacuum value and eventually exceeds thepp
threshold. As thespp coupling is large, the decay proceed
rapidly. Since this process occurs after freeze-out, the p
generated by it do not have a chance to thermalize. Thus,
expected@9# that the resulting pion spectrum will have
nonthermal enhancement at low transverse momentum.

The present paper is devoted to a systematic and deta
investigation of the above idea@9# on excess pions produce
by sigma decay in a chiral quark model in the wholeT-m
plane, without the assumption that the freeze-out occur
the chiral transition. In the chiral limit, we know very we
that the sigma decay into two pions starts at the phase t
sition point, and the freeze-out happens later. Therefore,
sigma decay before and after the freeze-out will result
thermal and nonthermal enhancements of pions, respectiv
Our motivation here is to see that in which temperature a
density region of freeze-out there is a strong nonthermal
hancement.

We proceed as follows. In Sec. II we calculate the sig
decay rate as a function ofT andm to the lowest order in a
1/Nc expansion in the framework of the Nambu–Jon
Lasinio model~NJL! at quark level@10#, and discuss the
importance of the Bose-Einstein statistics at highT and the
dominance of the first-order transition at highm. The in-
medium pion mass drops down with decreasingT and m.
When it approaches to its vacuum value, the freeze-out h
pens. With this definition of freeze-out and the help of sc
ing hydrodynamics to describe the expansion of the hadro
system, we study in Sec. III the thermal and nonthermal p
enhancements due tos decay. Finally we give our summar
and point out open problems that remain.
©2000 The American Physical Society04-1
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II. SIGMA DECAY RATE AT FINITE TEMPERATURES
AND DENSITIES

One of the models that enables us to see directly how
dynamical mechanisms of chiral symmetry breaking and
toration operate is the NJL model applied to quarks@10#.
Within this model one can obtain the hadronic mass sp
trum and the static properties of mesons remarkably well
particular, one can recover the Goldstone mode, and s
important low-energy properties of current algebra such
the Goldberger-Treiman and Gell-Mann–Oakes–Renner
lations. Because of the contact interactions between qu
that is introduced in this model, there is of course no c
finement. A further consequence of this feature is that
model is nonrenormalizable, and it is necessary to introd
a regulatorL that serves as a length scale in the proble
The sigma decay rate at zero density in this model was
studied by Hatsuda and Kunihiro@11#. In order to investigate
the thermal and nonthermal pion yields by sigma decay,
recalculate here the decay rate in the wholeT-m plane, and
analyze its relation with the first-order transition in high de
sity region.

The two-flavor version of the NJL model is define
through the Lagrangian density

LNJL5c̄~ igm]m2m0!c1G@~ c̄c!21~ c̄ ig5tc!2#, ~1!

where only the scalar and pseudoscalar interactions co
sponding tos andp mesons, respectively, are consideredc

and c̄ are the quark fields, the operatort is the SU(2)
isospin generator,G is the coupling constant with dimensio
GeV22, andm0 is the current quark mass.

In an expansion in the inverse number of colors, 1/Nc , the
zeroth order~Hartree! approximation for quarks togethe
with the first-order@random phase approximation~RPA!# ap-
proximation for mesons gives a self-consistent treatmen
the quark-meson plasma in the NJL model. In the chiral lim
the tricritical pointP is located atTP579 MeV, mP5280
MeV in the T2m plane. In the case of explicit chiral sym
metry breaking the endpoint of the first-order transition li
is shifted with respect to the tricritical pointP towards large
m, its position isTE523 MeV,mE5325 MeV. To the lowest
order, namely (1/Nc)

1/2, the Feynman diagram for the deca
processs→2p is sketched in Fig. 1. The partial decay ra
in the rest frame of sigma is given in terms of the Loren
invariant matrix elementM by

dGs→2p

dV
5

1

32p2

upu

ms
2

uM u2, ~2!

whereupu5Ams
2/42mp

2 is the pion momentum,ms andmp

are respectivelys and p mass. Using an obvious notatio
for the M-matrix element, one has

M5gsgp
2 Aspp ~3!

with
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Aspp5T(
n

eivnhE d3q

~2p!3
TrS~q,ivn!Gp

3SS q1p,ivn1
ms

2 DGpS~q,ivn1ms!. ~4!

Herevn5(2n11)pT,n50,61,62, . . . , arefermionic Mat-
subara frequencies,Gp5 ig5t is the pseudoscalar interactio
vertex. The quark propagator is denoted byS(q,ivn)
5@g0( ivn1m)2g•q1mq#/@( ivn1m)22Eq

2# with the
quark energyEq5Amq

21q2. In Eq.~4!, Tr refers to the trace
over color, flavor and spinor indices. The pion-quark-qua
and sigma-quark-quark coupling strengths in Eq.~3! are de-
termined in the model via@10#

gp
22~T,m!5

]Pp~k0 ,0;T,m!

]k0
2 U

k
0
25m

p
2

,

gs
22~T,m!5

]Ps~k0 ,0;T,m!

]k0
2 U

k
0
25m

s
2

, ~5!

where Pp and Ps are the standard mesonic polarizatio
functions @10# for pion and sigma. The dynamically gene
ated quark massmq(T,m) and the meson massesmp(T,m)
and ms(T,m) are calculated using the usual gap equatio
@10# in the Hartree approximation for quarks and RPA f
mesons. After evaluation of the Matsubara sum in Eq.~4!,
one has@12#

Aspp~T,m!

54mqNcNfE d3q

~2p!3

f F~Eq2m!2 f F~2Eq1m!

2Eq

3
8~q•p!22~2ms

214mp
2 !q•p1ms

4/222ms
2Eq

2

~ms
224Eq

2!@~mp
2 22q•p!22ms

2Eq
2#

,

~6!

FIG. 1. The Feynman diagram fors decay into 2p to the lowest
order in 1/Nc expansion. The solid lines denote quarks and a
quarks, and the dashed lines denote mesons.
4-2
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where f F(x)5(11ex/T)21 is the Fermi-Dirac distribution
function.

Sigma can decay into neutral and charged pions. By c
sidering the exchange contribution fors→2p0 due to the
identical particle effect, the total decay rate can be written

Gs→2p~T,m!5Gs→2p0
~T,m!1Gs→p1p2

~T,m!

5
3

8p

Ams
2

4
2mp

2

ms
2

gs
2gp

4 uAspp~T,m!u2

3F112 f BS ms

2 D G , ~7!

where we have taken into account the Bose-Einstein st
tics in terms of the distribution functionf B(x)5(ex/T

21)21 for the final state pions@11#.
From the comparison ofspp coupling strengthgspp de-

fined through the LagrangianLI;gsppspp and the
M-matrix element~3! in the NJL model, we have

gspp~T,m!52M ~T,m!52gsgp
2 A~T,m!. ~8!

In the numerical calculations we used the dynami
quark massmq50.32 GeV, the pion decay constantf p

50.093 GeV and the pion massmp50.134 GeV in the
vacuum (T5m50) as input to determine the three para
eters in the NJL model, namely, the coupling constantG
54.93 GeV22, the momentum cutoffL50.653 GeV, and
the current quark massm050.005 GeV.

We first discuss the temperature dependence ofgspp and
Gs→2p in the case of zero baryon density which correspo
to the central region of relativistic heavy ion collisions. T
coupling strengthgspp is about 2 GeV in the vacuum an
almost a constant in the temperature regionT,0.1 GeV, and
then decreases smoothly with increasing temperature
shown in Fig. 2. The energy condition for the decay proc
s→2p to happen isms>2mp in the rest frame ofs. At the
threshold temperatureT.0.19 GeV determined byms(T)

FIG. 2. The decay rateGs→2p and the coupling strengthgspp

as functions ofT at m50. The thick and thin solid lines indicate th
decay rates with and without consideration of Bose-Einstein sta
tics for the final state pions.
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52mp(T), gspp has a sudden jump from about 0.3/fm
zero. In a wide temperature region, the decay rate~7! goes up
gradually from its vacuum value;0.45/fm to the maximum
;0.5/fm at T.0.17 GeV, then it drops down rapidly bu
continuously and becomes zero at the threshold tempera
The fact that the maximum decay rate is not in the vacu
where the mass difference betweens andp has the largest
value, but atT.0.17 GeV is beyond our expectation.
originates from the important Bose-Einstein statistics of
final state pions at high temperatures. This can be s
clearly in Fig. 2 where we show the decay rates with a
without consideration of the Bose-Einstein statistics. T
rapid decrease ofGs→2p at high temperatures is due to th
behavior of gspp and the phase space fact
Ams

2/42mp
2 /ms

2 .
The density dependence ofgspp andGs→2p is shown in

Fig. 3. Since the threshold temperature fors decay decrease
with increasing chemical potential, the crucial Bose-Einst
statistics effect at high temperatures is gradually washed
as the chemical potential goes up. There is almost no dif
ence between with and without such statistics whenm
>0.25. Instead of the statistics the first-order chiral transit
dominates the behavior ofgspp andGs→2p at high densities.
When the system passes through the first-order transition
from the chirally symmetric phase to the broken phase,
the massesmq ,mp , andms are discontinuous,mq and ms

jump up, andmp jumps down. Therefore, the mass diffe
ence betweens and p has a jump from less than 2mp to
larger than 2mp , and thes decay starts not at the threshol
but at some value beyond the threshold. This means tha
decay in the first-order transition region happens sudde
with a nonzero rate, the temperature dependence of the d
rate behaves similar to a step function. This is shown in F
3 for m50.33 GeV>mE . When approaching to the endpoin
E from the first-order transition side, the jump of the ma
difference disappear. The decay rate becomes continu
while the coupling strength has still a jump.

To see the parameter dependence of the above discus
we considered another set of parametersG55.46
GeV22,L50.632 GeV, andm050.0055 GeV. It makes

s-

FIG. 3. The decay rateGs→2p as a function ofT for different
chemical potentials. The lines marked a,b,c,d,e correspond tm
50, 0.1, 0.2, 0.25, 0.3 GeV,mE50.325 GeV, respectively, and th
line f is with m50.33 GeV.mE .
4-3
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shifts of the magnitudes ofgspp and Gs→2p , but does not
change their shapes, especially the behavior around
threshold temperature or the chiral phase transition poin

Let us summarize the calculations of thes decay rate.
When the chemical potential is extremely high, the fir
order chiral transition results in an almost temperatu
independent decay rate. For most of the decay process
the crossover region, the maximum decay rate does no
cate in the vacuum, but is very close to the threshold po
Only when the chemical potential is around 0.25 GeV wh
is close to the endpointE, the decay rate increases contin
ously and not very fast in the beginning, and then it beha
as a constant. As we discussed in the introduction, the fre
out of the pions may occur afters decay. According to the
decay rate shown in Fig. 3, when the decay happens in
first-order transition region or most of the places in the cro
over region in theT-m plane, a large fraction ofs ’s may
decay into pions before the freeze-out, and these pions
thus thermalized before their freeze-out, only those pi
generated after the freeze-out contribute to the nonther
enhancement. However, when thes decay happens withm
;0.25 GeV, most of the pions may be produced after
freeze-out, and therefore, there may be a strong nonthe
enhancement in this case. In the next section we discus
nonthermal enhancement quantitatively.

III. THERMAL AND NONTHERMAL
PION ENHANCEMENTS

Before we calculate the pion numbers with thes decay
rate as a function of temperatureT and chemical potentialm
given in the last section, we need to treatT,m as time de-
pendent. In the baryon-free (m50) region of relativistic
heavy ion collisions, the Bjorken’s scaling hydrodynam
@13# is often used to describe the space-time evolution
hadronic thermodynamics. The time dependence of temp
ture in this scenario is given by

T5TdS td

t D a

~9!

with a51/3. Here we have definedtd to be the time at which
s decay begins and the threshold temperatureTd satisfies the
mass relationms(Td)52mp(Td). We will be interested in
timest>td . In hydrodynamic models@13,14# the initial time
corresponding to the highest temperature of the fluid is n
mally taken to be;1 fm. Since the sigma decay starts in t
early stage of the fluid, we choosetd52 fm in our numerical
calculations.

For heavy ion collisions with full nuclear stopping, th
lifetime of the baryon-rich fluid is much shorter compar
with that of the baryon-free fluid, the space evolution can
considered as a homogeneous three-dimensional expa
~9! with a51 instead ofa51/3. The real relativistic heavy
ion collisions are between these two limits. We still use
expansion mechanism~9! as the time dependence of tem
perature for any chemical potentialm, but the exponenta is
now m-dependent and parametrized by
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mmax
Da~0! ~10!

with a(0)51/3. Here the maximum chemical potentialmmax
corresponding to the full stopping limit is chosen as 0.4 G
in the NJL model.

With the known decay rateG(T,m) and the relation be-
tween temperature and time for any chemical potential,
number ofs ’s present at timet is determined by

dNs~ t !

dt
52G~ t !Ns~ t !, ~11!

and is therefore

Ns~ t !5Ns~ td!e2* td

t G(t8)dt8, ~12!

whereNs(td) is the maximum number at the beginning tim
td ,

Ns~ td!5V~ td!ns~ td!,

ns~ td!5E d3p

~2p!3

1

ees(Td)/Td21
~13!

with the s energyes5Ams
21p2 and the volumeV(td) of

the system at timetd .
Since each sigma yields two pions, the number of pio

generated bys decay at timet is related to the number o
sigma by

Np~ t !52@Ns~ td!2Ns~ t !#. ~14!

As the timet→`, Ns(t→`)50, sigma disappears, and th
pion number reaches its maximumNp(t→`)52Ns(td).

The conventional definition for freeze-out is that the tim
between two successful scattering events is larger than
collective expansion time scale@15#,

tscatt>texp. ~15!

tscattcan be calculated@16# from the thermally averagedpp
cross section@17# in the NJL model, andtexp51/]mum is
simply reduced totexp5t in the scaling hydrodynamics@13#.
Thus the freeze-out timet f and the freeze-out temperatureTf
are determined bytscatt5t f and the expansion mechanis
~9!. With the two temperature scalesTd andTf we can divide
the total pions generated bys decay into thermal and non
thermal pions. ForTd.Tf , the produced pions in the inter
val Tf,T,Td have time to thermalize before the freeze-o
they lead to an enhancement of thermal pions, while in
interval T,Tf the produced pions do not get a chance
thermalize, they result in a nonthermal enhancement of pi
with low momentum. ForTd,Tf , s decay yields no therma
pions, all the resulted pions are nonthermal pions.

The thermal and nonthermal enhancements are define
ratios of the numbers of the pions produced bys decay
4-4
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before and after the freeze-out to the number of the pi
produced directly by the freeze-out of the original therm
pion gas

r th~ t !5
Np~ t !

Np
dir~ t f !

, td<t<t f ,

r nt~ t !5
Np~ t !2Np~ t f !

Np
dir~ t f !

, t f<t, ~16!

whereNp
dir(t f) is determined by the freeze-out temperatu

Tf , the volume of the system at timet f , and the pion energy
ep5Amp

2 1p2,

Np
dir~ t f !5V~ t f !np

dir~ t f !,

np
dir~ t f !5E d3p

~2p!3

3

eep(Tf )/Tf21
. ~17!

Obviously the measurable thermal and nonthermal enha
ments arer th(t f) and r nt(t→`).

With the in-medium pion momentump5Ams
2/42mp

2 ,
the expansion mechanism~9!, and the pion distribution~14!,
we determine the normalized momentum distribution of
nonthermal pions

1

Nnt

dNnt

dp
5

e2* td

t G(t8)dt8G~ t !u~ t2t f !
dt

dp

E
t f

`

e2* td

t G(t8)dt8G~ t !dt

, ~18!

and the observable mean momentum of the nonther
pions,

p̄nt5

E p
dNnt

dp
dp

E dNnt

dp
dp

5

E
t f

`

p~ t !e2* td

t G(t8)dt8G~ t !dt

E
t f

`

e2* td

t G(t8)dt8G~ t !dt

. ~19!

Since it is difficult to separate out the nonthermal pions
perimentally, we calculate also the normalized moment
spectra of the total pions including the direct pions, the th
mal pions from sigma decay, and the nonthermal pions fr
sigma decay

1

Ntotal

dNtotal

dp
5

1

np
dir~ t f !12

td

t f
ns~ td!

3H F112
td

t f

ns~ td!

np
dir~ t f !

~12e2*
td

t fG(t8)dt8!G
3

dnp
dir~ t f ,p!

dp
12

td

t f
ns~ td!e2* td

t G(t8)dt8

3G~ t !
dt

dp
u~ t2t f !J , ~20!
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where we have used

V~ td!

V~ t f !
5

td

t f
~21!

in the scaling hydrodynamics@13#, anddnp
dir(t f ,p)/dp is de-

fined as

dnp
dir~ t f ,p!

dp
5

p2

2p2

3

eep(Tf )/Tf21
. ~22!

We now discuss our numerical calculations about
thermal and nonthermal pion distributions. Figure 4 sho
the sigma number and pion number scaled by the co
sponding maximum value

r s~ t !5
Ns~ t !

Ns~ td!
,

r p~ t !5
Np~ t !

Np~ t→`!
512r s~ t !, ~23!

and the thermal and nonthermal enhancementsr th(t) and
r nt(t) as functions of time scaled by the beginning timetd in
the case ofm50.2 GeV. The dashed line located at th
freeze-out timet f separates the left thermal region and t
right nonthermal region. 48% of thes ’s decay before the
freeze-out, the rest decay into nonthermal pions after
freeze-out. The measurable thermal and nonthermal enha
ments compared with the number of direct pions are 32
30 %, respectively.

The measurable thermal, nonthermal, and total pion
hancements

r th~ t f !52
Ns~ td!

Np
dir~ t f !

@12r s~ t f !#,

FIG. 4. The sigma number and pion number scaled by the
responding maximum value, and the thermal and nonthermal p
enhancements as functions of time scaled by the beginning tim
the decay, atm50.2 GeV. The dashed line separates the left th
mal and right nonthermal regions.
4-5
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r nt~ t→`!52
Ns~ td!

Np
dir~ t f !

r s~ t f !,

r th~ t f !1r nt~ t→`!52
Ns~ td!

Np
dir~ t f !

~24!

are shown in Fig. 5 as functions of chemical potentialm. At
a first-order chiral transition point any particle undergoe
mass jump. At the low end of this jump,ms,2mp , s decay
is forbidden, while at the high end,ms.2mp , the decay
begins with a nonzero rate. This sudden decay was show
Fig. 3. On the other hand, the larges mass at the beginning
of decay means a strong suppression of the sigma num
Ns(td) which dominates the amplitudes of the enhan
ments, it drops down exponentially with increasings mass.
Compared with the decay happen in the crossover reg
where the decay begins withms52mp , the thermal and
nonthermal pion enhancements are both washed away b
first-order chiral transition. This is clearly displayed in Fi
5. The enhancements start at the endpointE of the first-order
transition line and develop in the crossover region. In a w
chemical potential interval, the total pion enhancemen
very strong,r th(t f)1r nt(t→`);0.5. The shapes of the en

FIG. 5. The measurable thermal, nonthermal, and total pion
hancements as functions ofm.

FIG. 6. The normalized momentum distribution of the nonth
mal pions for four different chemical potentials.
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hancements are mainly controlled by the decay rate show
Fig. 3. The nonthermal and total enhancements have t
maximum values in the vicinity of the endpointE, this is in
agreement with our qualitative analysis in the last section

The momentum distribution of the nonthermal pions
shown in Fig. 6 for four different chemical potentials. Th
nonthermal pions are always centralized in a very narr
momentum region aroundp.0.26 GeV. This narrow distri-
bution leads to a sharp peak in the momentum spectra for
total pions, shown in Fig. 7. For low chemical potentials t
nonthermal momenta and the most appropriate thermal
menta almost coincide, while for high chemical potentia
the nonthermal peak is separated from the thermal peak
viously. The thermal peak is always smooth, but the nonth
mal peak is always sharp.

The mean momentum of the nonthermal pions is shown
Fig. 8 as a function of chemical potential. Unlike the stro
chemical potential dependence of the enhancements, e
cially around the endpointE, the mean momentum is almos
a constant,p̄nt;0.26 GeV. This value is not so small as th
people expected before@9#.

Our study ons decay depends on both the chiral dyna
ics which determines the decay rate, and the expan
mechanism which is reflected in the time evolution of t
temperature. To see which one is dominant in the ab

n-

-

FIG. 7. The normalized momentum spectra of the total pions
two different chemical potentials.

FIG. 8. The mean momentum of the nonthermal pions a
function of m.
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calculations, we have chosen different expansion parame
We changedmmax to control the chemical potential depe
dence of the expansion rate, and the beginning timetd of the
decay. While the amplitudes of the measurable thermal
nonthermal enhancements change remarkably, their sha
the total enhancement and the mean momentum are ins
tive to the expansion parameters. The chiral symmetry re
ration plays a crucial rule in these observable quantities.
even let the freeze-out temperatureTf be the decay tempera
ture Td , this means no thermal pions produced bys decay,
the mean momentum in this case decreases by less than
only.

IV. CONCLUSIONS

Since thes mass goes up and thep mass drops down a
the hadronic system cools down, the more and more la
mass difference betweens andp leads tos decay into two
pions when thes mass exceeds the threshold 2mp . These
pions result in thermal enhancement when they are produ
before the freeze-out and nonthermal enhancement w
they are produced after the freeze-out. Based on the t
flavor NJL model we have presented a detailed analysi
the pion production at finite temperatures and densities,
discussed the relation between the decay and the chiral s
metry restoration, especially the crucial effect of the order
the chiral transition on the thermal and nonthermal enhan
ments.

We have found that the chiral symmetry breaking a
restoration control the pion enhancements of the system
high densities the number ofs ’s at the beginning of their
decay is strongly suppressed by the larges mass, originating
from the first-order chiral transition. Compared with th
III
ir

.
.

y

W

01600
rs.

d
es,
si-
o-
e

0%

e

ed
en
o-
of
nd
m-
f
e-

d
At

large number of direct pions produced by the freeze-ou
the thermal pion gas, there are almost neither thermal
nonthermal pion enhancements. In practice, the enha
ments begin at the endpointE of the first-order chiral transi-
tion line and present only in the crossover region with hi
temperatures and low densities. The nonthermal enha
ment in this region develops very fast in the early stage
the decay and reaches its maximum value in the vicinity
the endpointE. For a wide chemical potential interval,
<m<0.25 GeV, both the thermal and nonthermal enhan
ments are remarkably large due to the almost constant d
rate during the whole decay process. The maximum enha
ment is 63% which agrees well with the value 2/3 estima
by simple statistics@9#.

While the total enhancement and the structure of the th
mal and nonthermal enhancements seem insensitive to
expansion parameters we have chosen in the calculations
amplitudes of the thermal and nonthermal enhancements
pend strongly on the expansion mechanism. On the o
hand, our results are derived in a particular chiral mod
Although we expect the characteristics of the enhancem
to be of more general validity, the numerical results are
course model dependent. Therefore, more reliable con
sions need more realistic expansion mechanism and m
serious QCD model.

ACKNOWLEDGMENTS

This work was supported in part by the NSFC und
Grant Nos. 19845001 and 19925519, and the Major S
Basic Research Development Program under Contract
G2000077407.
ys.

n-

ys-

s.

J.
@1# B. Müller, Nucl. Phys. A661, 272 ~1999!; U. Heinz,
hep-ph/9902424.

@2# Chungsik Song and Volker Koch, Phys. Lett. B404, 1 ~1997!.
@3# M. K. Volkov, E. A. Kuraev, D. Blaschke, G. Ro¨pke, and S.

Schmidt, Phys. Lett. B424, 235 ~1998!.
@4# H. Arthur Weldon, Phys. Lett. B274, 133 ~1992!.
@5# S. Chiku and T. Hatsuda, Phys. Rev. D57, R6 ~1998!.
@6# M. Rho, in Proceedings of the International Workshop XX

on Gross Properties of Nuclei and Nuclear Excitations, H
schegg, Austria, 1995.

@7# P. Zhuang, J. Hu¨fner, and S. P. Klevansky, Nucl. Phys.A576,
525 ~1994!.

@8# R. Rapp, T. Scha¨fer, E. Shuryak, and M. Velkovsky, Phys
Rev. Lett.81, 53 ~1998!; M. Stephanov, K. Rajagopal, and E
Shuryak, ibid. 81, 4816 ~1998!; K. Rajagopal,
hep-ph/9808348; J. Berges and K. Rajagopal, Nucl. Ph
B538, 215 ~1999!.

@9# M. Stephanov, K. Rajagopal, and E. Shuryak, Phys. Rev. D60,
114028~1999!.

@10# For reviews and general references, see U. Vogl and
Weise, Prog. Part. Nucl. Phys.27, 195 ~1991!; S. P. Klevan-
-

s.

.

sky, Rev. Mod. Phys.64, 649 ~1992!; M. K. Volkov, Prog.
Part. Nucl. Phys.24, 35 ~1993!; T. Hatsuda and T. Kunihiro,
Phys. Rep.247, 338 ~1994!.

@11# T. Hatsuda and T. Kunihiro, Suppl. Prog. Theor. Phys.91, 284
~1987!; Phys. Lett. B185, 304 ~1987!.
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