PHYSICAL REVIEW D, VOLUME 63, 016004

Thermal and nonthermal pion enhancements with chiral symmetry restoration
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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
o— 2 to the lowest order in a W, expansion is calculated as a function of temperafuand chemical
potential . 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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[. INTRODUCTION tricritical point P becomes an end poir of a first-order
phase transition line. In relativistic heavy ion collisions, for
It is generally believed that there are two QCD phasethe choice of control parameters such as colliding energy and
transitions in hot and dense nuclear maftgr One of them an impact parameter such that the freeze-out of the system
is related to the deconfinement process in moving from @ccurs near the poir, sigma is one of the most numerous
hadron gas to a quark-gluon plasma, and the other one déepecies at the freeze-out, since it is nearly massless. These
scribes the transition from the chiral symmetry breakinglight sigmas at the freeze-out will lead to large event-by-
phase to the phase in which it is restored. Since the decomvent fluctuationg9] of final state pions due to the ex-
finement and restored phases are only intermediate states¢hange in the pion thermodynamic potential. Another direct
relativistic heavy ion collisions which are considered to besignature of this critical end poiri is a nonthermal excess
the way to generate the two transitions in laboratories, thé9] of pions from the hadronic decay of sigma. With the
key problem is how to extract possible signatures of theexpansion of the hadronic system produced in relativistic
phase transitions hidden in the final state distributions. heavy ion collisions, the in-medium sigma mass rises to-
One way to study the signatures of the chiral transition iswards its vacuum value and eventually exceeds e
to compare the properties of hadronic systems with and withthreshold. As therm coupling is large, the decay proceeds
out undergoing a chirally symmetric phase. In recent yearsapidly. Since this process occurs after freeze-out, the pions
many such signatures have been proposed, such as the excgeserated by it do not have a chance to thermalize. Thus, it is
of pions due to a rapid thermal and chemical equilibration inexpected[9] that the resulting pion spectrum will have a
the symmetric phasg2], the excess of low-energy photon nonthermal enhancement at low transverse momentum.
pairs by pion annihilation in hot and dense medil8h the The present paper is devoted to a systematic and detailed
dilepton enhancement from leptonic decay of sigdlaand investigation of the above id48] on excess pions produced
the enhancement of the continuum threshold in the scaldry sigma decay in a chiral quark model in the whalew
channel[5]. Most of the signatures are associated with theplane, without the assumption that the freeze-out occurs at
changes of sigma properties at finite temperatures and dethe chiral transition. In the chiral limit, we know very well
sities. In the vacuum there is no obvious reason for the preghat the sigma decay into two pions starts at the phase tran-
ence of the scalar meson sigma in the study of chiral propsition point, and the freeze-out happens later. Therefore, the
erties. However, there is a definite ngédifor sigma at finite  sigma decay before and after the freeze-out will result in
temperatures and densities in the investigation of chiral symthermal and nonthermal enhancements of pions, respectively.
metry restoration. With increasing and x, sigma changes Our motivation here is to see that in which temperature and
its character from a resonance with large mass to a boundensity region of freeze-out there is a strong nonthermal en-
state with small mass. This medium dependence of the signmzancement.
mass makes important sense not only in the above mentioned We proceed as follows. In Sec. Il we calculate the sigma
particle yields, but also in thermodynamigg]. The contri-  decay rate as a function dfand u to the lowest order in a
bution from sigma to any thermodynamic function can for1/N. expansion in the framework of the Nambu-—Jona-
most case be neglected, because it is heavy, while it plays drasinio model(NJL) at quark level[10], and discuss the
important role in the region around the critical point of the importance of the Bose-Einstein statistics at highnd the
chiral phase transition, since there,=0. dominance of the first-order transition at high The in-
From the recent QCD model calculatiof], the chiral medium pion mass drops down with decreasingnd w.
phase transition in the chiral limit with massless pions is ofWhen it approaches to its vacuum value, the freeze-out hap-
second order at high temperatures, and of first order at highens. With this definition of freeze-out and the help of scal-
densities. Therefore, there is a tricritical poin the T- ing hydrodynamics to describe the expansion of the hadronic
plane which separates the first- and second-order phase trasystem, we study in Sec. 11l the thermal and nonthermal pion
sition. In the real world with nonzero pion mass, the seconc&nhancements due todecay. Finally we give our summary
order phase transition becomes a smooth crossover and thed point out open problems that remain.
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Il. SIGMA DECAY RATE AT FINITE TEMPERATURES T T
AND DENSITIES N /

One of the models that enables us to see directly how the
dynamical mechanisms of chiral symmetry breaking and res-
toration operate is the NJL model applied to quafke].
Within this model one can obtain the hadronic mass spec-
trum and the static properties of mesons remarkably well. In
particular, one can recover the Goldstone mode, and some
important low-energy properties of current algebra such as
the Goldberger-Treiman and Gell-Mann—Oakes—Renner re-
lations. Because of the contact interactions between quarks I
that is introduced in this model, there is of course no con- I
finement. A further consequence of this feature is that the I
model is nonrenormalizable, and it is necessary to introduce o
a regulatorA that serves as a length scale in the problem. . ,

The sigma decay rate at zero density in this model was first F!G- 1. The Feynman diagram ferdecay into 2r to the lowest
studied by Hatsuda and Kunihifa1]. In order to investigate order in 1N, expansion. _The solid lines denote quarks and anti-
the thermal and nonthermal pion yields by sigma decay, w@uarks’ and the dashed lines denote mesons.

recalculate here the decay rate in the whble. plane, and 3

analyze its relation with the first-order transition in high den- A =T2 eiwnnf q Trs(q,i w,)T
sity region. o - (2m)° don)l
The two-flavor version of the NJL model is defined
i i mU‘ .
through the Lagrangian density %S| q+piio,+ ~ I S(Qiog+m,). (4

Lnou= 9 v#d, = mo) = GL(Y) >+ (i ys 7)), (1) Herew,=(2n+1)7T,n=0,+1,+2,..., arefermionic Mat-

) . subara frequencie$, =i ys7 is the pseudoscalar interaction
where only the scalar and pseudoscalar interactions corgeriex. The quark propagator is denoted $q,iw,)
sponding toor and 7 mesons, respectively, are considergd, =[yoliwn+p)— v-q+mgl/[(iw,+ r)2—E2] with the

— . . q
and ¢ are the quark fields, the operateris the SU(2)  quark energye,=\mZ+gZ. In Eq(4), Tr refers to the trace
isospin generatof is the coupling constant with dimension qyer color, flavor and spinor indices. The pion-quark-quark

GeV ?, andm is the current quark mass. and sigma-quark-quark coupling strengths in B).are de-
In an expansion in the inverse number of colordd/the  termined in the model Vif10]

zeroth order(Hartree approximation for quarks together

with the first-ordefrandom phase approximatiéRPA)] ap- , Il (Ko, 0: T, 1)

proximation for mesons gives a self-consistent treatment of 9, (Tw=——"75—" '

the quark-meson plasma in the NJL model. In the chiral limit Ko K2=m?

the tricritical pointP is located atT,=79 MeV, up=280

MeV in the'!'—,u plane. In the case _of explicit chire.lll sym- , 9Tl (Ko, 0;T, 1)

metry breaking the endpoint of the first-order transition line g, (T,n)= > , 5)
is shifted with respect to the tricritical poiRt towards large Ko K= m2

M, its position isTg=23 MeV, ug=325 MeV. To the lowest

order, namely (IM.)? the Feynman diagram for the decay whereI1, and II, are the standard mesonic polarization
processoc— 2 is sketched in Fig. 1. The partial decay rate functions[10] for pion and sigma. The dynamically gener-
in the rest frame of sigma is given in terms of the Lorentz-ated quark masmg(T,x) and the meson masses,(T,u)

invariant matrix elemeni by and m,(T,u«) are calculated using the usual gap equations
[10] in the Hartree approximation for quarks and RPA for
dr,_, 1 |p| mesons. After evaluation of the Matsubara sum in &g,
T = —IM|?, (2) one had12]

dQ 327 m2
A(rﬂT’?T(T’M)

where|p| = \mZ/4—mZ is the pion momentunm, andm,,
are respectivelyr and = mass. Using an obvious notation =4quCNfJ
for the M-matrix element, one has

d3q fF(Eq_M)_ fr(— Eq+1u)
(2m)® 2B,

y 8(q-p)?—(2m2+4m?2)q- p+m?/2— 2m§E§
2 2 2 2 22
(mg—4EQ[(m7—29-p)°—mgEy

with (6)

M=0,0%A,rn (3)
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FIG. 2. The decay rat€,_,,, and the coupling strengtyy, ... FIG. 3. The decay rat€,_,, as a function ofT for different

as functions off at . =0. The thick and thin solid lines indicate the chemical potentials. The lines marked a,b,c,d,e correspond to
decay rates with and without consideration of Bose-Einstein statis=0, 0.1, 0.2, 0.25, 0.3 Ge¥ ug=0.325 GeV, respectively, and the
tics for the final state pions. line fis with ©=0.33 Ge\&> e

function. zero. In a wide temperature region, the decay (atgoes up

. Sigma can decay into neu.tral.and charged pions. By Congradually from its vacuum value 0.45/fm to the maximum
sidering the exchange contribution for—2m, due to the = 5 g 2t 7017 GeV. then it drops down rapidly but

identical particle effect, the total decay rate can be written a%ontinuously and becomes zero at the threshold temperature.
_ The fact that the maximum decay rate is not in the vacuum
I“HZW(T"“)_F‘HZ’TO(-I-"U“)JFF‘H’WT—(-I-'/”L) where the mass difference betweerand = has the largest

m2 value, but atT=0.17 GeV is beyond our expectation. It
7 m? originates from the important Bose-Einstein statistics of the
3 4 i final state pions at high temperatures. This can be seen

_ 2.4 2
T 87 m?2 909l Agmn(T,10)| clearly in Fig. 2 where we show the decay rates with and

7 without consideration of the Bose-Einstein statistics. The
m, rapid decrease df ,_,, at high temperatures is due to the
AR () behavior of g,., and the phase space factor

JmZ/a—mZ/m2.

where we have taken into account the Bose-Einstein statis- The density dependence gf,,., andI",_ .. is shown in

tics in terms of the distribution functiorfg(x)= (€T Fig. 3. Since the threshold temperature dodecay decreases
—1)"! for the final state piong11]. with increasing chemical potential, the crucial Bose-Einstein

From the comparison af w7 coupling strengtly,,., de-  statistics effect at high temperatures is gradually washed out
fined through the Lagrangiarl,~g,,.,0@#m and the as the chemical potential goes up. There is almost no differ-

X |1+ 2fg

M-matrix element3) in the NJL model, we have ence between with and without such statistics when
=0.25. Instead of the statistics the first-order chiral transition
Uorn(T 1) =2M(T, 1) = 29,95A(T, ). (8  dominates the behavior gf, ., andl",_,,. at high densities.

When the system passes through the first-order transition line

In the numerical calculations we used the dynamicalfrom the chirally symmetric phase to the broken phase, all
quark massm,=0.32 GeV, the pion decay constafif,  the massesn,,m,., andm, are discontinuousn, andm,
=0.093 GeV and the pion mass,=0.134 GeV in the jump up, andm_ jumps down. Therefore, the mass differ-
vacuum T=pux=0) as input to determine the three param-ence betweew and 7 has a jump from less thann2, to
eters in the NJL model, namely, the coupling const@nt larger than 2, and thes decay starts not at the threshold,
=4.93 GeV ?, the momentum cutofi\ =0.653 GeV, and but at some value beyond the threshold. This means that the
the current quark mags,=0.005 GeV. decay in the first-order transition region happens suddenly

We first discuss the temperature dependenag,Qf. and  with a nonzero rate, the temperature dependence of the decay
I' ,_, in the case of zero baryon density which correspondsate behaves similar to a step function. This is shown in Fig.
to the central region of relativistic heavy ion collisions. The 3 for u=0.33 Ge\&= ug. When approaching to the endpoint
coupling strengthy,, . is about 2 GeV in the vacuum and E from the first-order transition side, the jump of the mass
almost a constant in the temperature redgien0.1 GeV, and  difference disappear. The decay rate becomes continuous,
then decreases smoothly with increasing temperature, ashile the coupling strength has still a jump.
shown in Fig. 2. The energy condition for the decay process To see the parameter dependence of the above discussion,
o— 2 to happen isn,=2m_. in the rest frame o&. Atthe  we considered another set of paramete@&=>5.46
threshold temperaturé=0.19 GeV determined byn_(T) GeV 2,A=0.632 GeV, andm,=0.0055 GeV. It makes
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shifts of the magnitudes df, ., andI',_,,.., but does not
change their shapes, especially the behavior around the a(p)=
threshold temperature or the chiral phase transition point.

Let us summarize the calculations of thedecay rate. | . @(0)=1/3. Here the maximum chemical potential.,

When th? chemicg] potential iS. extremely high, the firs‘t'corresponding to the full stopping limit is chosen as 0.4 GeV
order chiral transition results in an almost temperature-In the NJL model

independent decay rate. For most of the decay processes In\yih the known decay rat& (T, ) and the relation be-

thet c_rostﬁover reglonb ”t]e. maX|mﬁ1m dtec?]/ r?r:e dﬁelsd not kt-’[i/veen temperature and time for any chemical potential, the
cate in the vacuum, but is very close 1o the threésnhold point, , her ofys present at time is determined by

Only when the chemical potential is around 0.25 GeV which
is close to the endpoirk, the decay rate increases continu- dN, (1)
ously and not very fast in the beginning, and then it behaves — = =—T(t)N,(1), (12)
as a constant. As we discussed in the introduction, the freeze- dt
out of the pions may occur after decay. According to the .

decay rate shown in Fig. 3, when the decay happens in th@nd iS therefore
first-order transition region or most of the places in the cross- .
over region in theT-u plane, a large fraction of’'s may N,(t) =N, (tg)e il tdt" (12
decay into pions before the freeze-out, and these pions are

thus thermalized before their freeze-out, only those pionsvhereN,(tq) is the maximum number at the beginning time
generated after the freeze-out contribute to the nontherma);,

enhancement. However, when thredecay happens witj

142 M)a(O) (10)
Mma

~0.25 GeV, most of the pions may be produced after the N, (tg)=V(tg)n,(tg),
freeze-out, and therefore, there may be a strong nonthermal
enhancement in this case. In the next section we discuss the 3
h | enh itativel = f ' ! 13
nonthermal enhancement quantitatively. n,(tq)= (2m)? o1 (13
IIl. THERMAL AND NONTHERMAL with the o energye,= \/m(,2+p2 and the volumeV(ty) of

PION ENHANCEMENTS the system at time.

Before we calculate the pion numbers with tiiedecay Since each sigma yields two pions, the number of pions
rate as a function of temperatufeand chemical potentige ~ 9enerated by decay at timet is related to the number of
given in the last section, we need to trda as time de- Sigma by
pendent. In the baryon-freeuE0) region of relativistic
heavy ion collisions, the Bjorken’s scaling hydrodynamics N (1) =2[N,(tg) =N, (t)]. (14
[13] is often used to describe the space-time evolution of _ ) )
hadronic thermodynamics. The time dependence of temperds the timet—o, N, (t—%=)=0, sigma disappears, and the

ture in this scenario is given by pion number reaches its maximur, (t—)=2N,(tq).
The conventional definition for freeze-out is that the time

£ @ between two successful scattering events is larger than the
T:Td(Td) (99  collective expansion time scafé5],

Tscatt> Texp- (15

with a=1/3. Here we have defindg to be the time at which
o decay begins and the threshold temperalysatisfies the  74qCan be calculatefll6] from the thermally averagetts
mass relatiorm,(T4)=2m_(T4). We will be interested in cross sectiorj17] in the NJL model, andre,,=1/d,u* is
timest=ty. In hydrodynamic modelgl3,14 the initial time ~ simply reduced ta,,=t in the scaling hydrodynami¢43].
corresponding to the highest temperature of the fluid is norThus the freeze-out timig and the freeze-out temperature
mally taken to be~1 fm. Since the sigma decay starts in the are determined byrs..=t; and the expansion mechanism
early stage of the fluid, we choogg=2 fm in our numerical  (9). With the two temperature scal&g andT; we can divide
calculations. the total pions generated hy decay into thermal and non-

For heavy ion collisions with full nuclear stopping, the thermal pions. Foif 4>T;, the produced pions in the inter-
lifetime of the baryon-rich fluid is much shorter comparedval T;<T<T,4 have time to thermalize before the freeze-out,
with that of the baryon-free fluid, the space evolution can behey lead to an enhancement of thermal pions, while in the
considered as a homogeneous three-dimensional expansionerval T<T; the produced pions do not get a chance to
(9) with «=1 instead ofa=1/3. The real relativistic heavy thermalize, they result in a nonthermal enhancement of pions
ion collisions are between these two limits. We still use thewith low momentum. Foll 4<T;, o decay yields no thermal
expansion mechanisr®) as the time dependence of tem- pions, all the resulted pions are nonthermal pions.
perature for any chemical potential but the exponent is The thermal and nonthermal enhancements are defined as
now u-dependent and parametrized by ratios of the numbers of the pions produced dydecay
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before and after the freeze-out to the number of the pions 1 ——T
produced directly by the freeze-out of the original thermal
pion gas 0.8} |
N () | = 0.2 GeV
rn()=————, tgstst;, 0.6] r H=5
th N?T'r(tf) d f n
N (t) =N () 0.4t r
M) = NT(U’ ty<t, (16) X Fnt
7t 0.2 o
where N?T"(tf) is determined by the freeze-out temperature
T¢, the volume of the system at tinbg, and the pion energy

_ [72 2 1.5 2 2.5 3 3.5 4 4.5 5
€= mﬁ-i-p, t/td

NS'(t) = V(t)ng(t), . .
FIG. 4. The sigma number and pion number scaled by the cor-

_ d3p 3 responding maximum value, and the thermal and nonthermal pion
nj’T"(tf) = f . 17 enhancements as functions of time scaled by the beginning time of
(2m)° ec=(T)/Tr—1 the decay, aju=0.2 GeV. The dashed line separates the left ther-

) mal and right nonthermal regions.
Obviously the measurable thermal and nonthermal enhance-

ments arg y(t) andrp(t—). where we have used
With the in-medium pion momenturp=\/m§/4—m2ﬂ,
the expansion mechanisf8), and the pion distributiol4), V(ty) tq
we determine the normalized momentum distribution of the Vi) t (22)

nonthermal pions

e dt in the scaling hydrodynamidd3], anddn2"(t; ,p)/dp is de-
e ST (1) (t—ty) fined as f
1 dNy d
N, dp - © ' (18 dir
nt f e—ftdF(t/)dt’F(t)dt dn,T('[f,p):p_2 3 22
t dp 272 @en(TITr_ 1"
and the observable mean momentum of the nonthermal
pions, We now discuss our numerical calculations about the
. thermal and nonthermal pion distributions. Figure 4 shows
fpdedp f p(t)e’fidr(t')dt'l“(t)dt the sigma number and pion number scaled by the corre-
— d t sponding maximum value
Pn= = - (19
de *ft F(t,)dt,
f dp e 'y I'(t)dt N, (1)
dp tf r(]’(t) = Nt )
Nrr(td)
Since it is difficult to separate out the nonthermal pions ex-
perimentally, we calculate also the normalized momentum f (1= N(t) —1—r (1) 29
spectra of the total pions including the direct pions, the ther- TN (t—w) o
mal pions from sigma decay, and the nonthermal pions from
sigma decay and the thermal and nonthermal enhancemepis) and

r«(t) as functions of time scaled by the beginning titgen

1 dN“"a': ! the case ofu=0.2 GeV. The dashed line located at the
Niotar  dP ndi(t )+2t—dn (ty) freeze-out timet; separates the left thermal region and the
TSy e right nonthermal region. 48% of the’s decay before the
freeze-out, the rest decay into nonthermal pions after the
% 1+2t_d N,(tq) (1_e,f:1[‘(t!)dtl) freeze-out. The mer?lsurable thermal an.d nont.hermal enhance-
t; n‘,’T"(tf) d ments compared with the number of direct pions are 32 and
_ 30 %, respectively.
dn?'(t,p) tq ey The measurable thermal, nonthermal, and total pion en-
X+ 2-n,(tg e i (O hancements
dp ts
dt No’(td)
XF(t)%a(t—tf)], (20 rth(tf)ZZN?Tir(tf)[1_ra(tf)],
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FIG. 5. The measurable thermal, nonthermal, and total pion en- FIG. 7. The normalized momentum spectra of the total pions for
hancements as functions pf two different chemical potentials.
N, (tg) hancements are mainly controlled by the decay rate shown in
Fof(t—00)=2———r (t(), Fig. 3. The nonthermal and total enhancements have their
NG (tr) maximum values in the vicinity of the endpoit this is in
agreement with our qualitative analysis in the last section.
Ny(tg) The momentum distribution of the nonthermal pions is

Iin(te) +rp(t—o)=2 (24)

shown in Fig. 6 for four different chemical potentials. The
nonthermal pions are always centralized in a very narrow
momentum region arounp=0.26 GeV. This narrow distri-
ution leads to a sharp peak in the momentum spectra for the
total pions, shown in Fig. 7. For low chemical potentials the
nonthermal momenta and the most appropriate thermal mo-
menta almost coincide, while for high chemical potentials
Fig. 3. On the other hand, the largemass at the beginning the nonthermal peak is se_parated from the thermal peak ob-
of decay means a strong suppression of the sigma numb&OUSIy‘ The thermal peak is always smooth, but the nonther-
mal peak is always sharp.

N,(tqy) which dominates the amplitudes of the enhance- Th i f1h th | o is sh .

ments, it drops down exponentially with increasimgnass. _ '€ mean momentum of the nonthermal pions IS snown in

Compared with the decay happen in the crossover regioﬁ'g' 8' as afunct_lon of chemical potential. Unlike the strong
chemical potential dependence of the enhancements, espe-

where the decay begins wit,=2m,, the thermal and jally around the endpoir, the mean momentum is almost
nonthermal pion enhancements are both washed away by &y — poIrs,

first-order chiral transition. This is clearly displayed in Fig. @ constantp,~0.26 GeV. This value is not so small as the
5. The enhancements start at the endpBiof the first-order ~ People expected befofé]. _
transition line and develop in the crossover region. In a wide Our study ono decay depends on both the chiral dynam-

chemical potential interval, the total pion enhancement idcS Which determines the decay rate, and the expansion
very strong,r ¢(t;) +r ,(t—)~0.5. The shapes of the en- Mechanism which is reflected in the time evolution of the

temperature. To see which one is dominant in the above

N%(tp)

are shown in Fig. 5 as functions of chemical potentialAt

a first-order chiral transition point any particle undergoes
mass jump. At the low end of this jump,<2m,, o decay

is forbidden, while at the high endn,>2m_, the decay
begins with a nonzero rate. This sudden decay was shown

60 0.27
50
£ 0.265
< 10 s
’5_ 7]
- C
30 ~
E - 0'25/\_/,-\
z c
Q.
0.255
10
0
0.23 0.24 0.25 0.26 0.27 0.28 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
p (GeV) u (GeV)

FIG. 6. The normalized momentum distribution of the nonther- FIG. 8. The mean momentum of the nonthermal pions as a
mal pions for four different chemical potentials. function of w.
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calculations, we have chosen different expansion parametersrge number of direct pions produced by the freeze-out of
We changeduax to control the chemical potential depen- the thermal pion gas, there are almost neither thermal nor
dence of the expansion rate, and the beginning tigref the  nonthermal pion enhancements. In practice, the enhance-
decay. While the amplitudes of the measurable thermal andhents begin at the endpoiBtof the first-order chiral transi-
nonthermal enhancements change remarkably, their shapé®n line and present only in the crossover region with high
the total enhancement and the mean momentum are insengémperatures and low densities. The nonthermal enhance-
tive to the expansion parameters. The chiral symmetry restanent in this region develops very fast in the early stage of
ration plays a crucial rule in these observable quantities. Wéhe decay and reaches its maximum value in the vicinity of
even let the freeze-out temperatUrebe the decay tempera- the endpointE. For a wide chemical potential interval, 0
ture T4, this means no thermal pions produceddylecay, <u<0.25 GeV, both the thermal and nonthermal enhance-
the mean momentum in this case decreases by less than 10%ents are remarkably large due to the almost constant decay
only. rate during the whole decay process. The maximum enhance-
ment is 63% which agrees well with the value 2/3 estimated
IV. CONCLUSIONS by simple statistic$9].
) While the total enhancement and the structure of the ther-
Since theo mass goes up and the mass drops down as mga| and nonthermal enhancements seem insensitive to the
the hadronic system cools down, the more and more larggypansion parameters we have chosen in the calculations, the
mass difference betweenand# leads too decay into two  amplitudes of the thermal and nonthermal enhancements de-
pions when ther mass exceeds the thresholth?2. These  pend strongly on the expansion mechanism. On the other
pions result in thermal enhancement when they are produceghnd, our results are derived in a particular chiral model.
before the freeze-out and nonthermal enhancement whefithough we expect the characteristics of the enhancements
they are produced after the freeze-out. Based on the tWqp be of more general validity, the numerical results are of
flavor NJL model we have presented a detailed analysis afourse model dependent. Therefore, more reliable conclu-

the pion production at finite temperatures and densities, angions need more realistic expansion mechanism and more
discussed the relation between the decay and the chiral symarious QCD model.

metry restoration, especially the crucial effect of the order of
the chiral transition on the thermal and nonthermal enhance-
ments.
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