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Abstract. Successive equilibration of quark degrees of freedom and its effects on electromagnetic
signals of quark gluon plasma are discussed. The effects of the variation of vector meson masses and
decay widths on photon production from hot strongly interacting matter formed after Pb + Pb and
S + Au collisions at CERN SPS energies are considered. It has been shown that the present photon
spectra measured by WA80 and WA98 Collaborations can not distinguish between the formation of
quark matter and hadronic matter in the initial state.

Keywords. Fokker–Planck equation; vector mesons; photons.

PACS Nos 25.75.+r; 12.40.Yx; 13.85.Qk

1. Introduction

It is expected that two nuclei colliding at ultra-relativistic energies (� 200 GeV/nucleon or
more) may lead to hadronic matter go through a phase transition to its fundamental con-
stituents, quarks and gluons, usually referred to as quark gluon plasma (QGP). Somewhat
analogously, the universe, as per conventional wisdom should have consisted of quarks,
gluons, leptons and photons, a microsecond after the Big Bang. The experience and wis-
dom, expected from nucleus–nucleus collisions in the laboratory are anticipated to facili-
tate our understanding of the quark-hadron phase transition although, I do not think I shall
have time to discuss this rather fascinating topic. Indeed what possible footprints of that
primordial epoch can be traced in today’s cosmos is one of the interesting and intriguing
questions (figure 1).

We focus [1] on electromagnetic signals in the laboratory experiments, photons in par-
ticular. One found that using the simplest possible thermal model of a first order phase
transition there is a hint of the existence of the QGP, although the limits of the thermal
photon data necessarily imply that a confident prediction is not possible yet [2]. With raw
data of thermal photons coming out of lead–lead experiment at CERN [3] the scenario
looks promising although a lot more work needs to be done to come to a definitive conclu-
sion. Similarly, the ‘mysterious’ bump in the dilepton data of CERES and HELIOS do not
seem to get explained that easily, QGP or otherwise [4].

Clearly, an understanding of the nature of the phase transition still remains an open
question. Our lattice colleagues [5] tell us that for a pure SU(N ) gauge the phase tran-
sition is second order forN = 2 and forN = 3, a first order phase transition takes
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Figure 1. QCD phase diagram.

place. Introducing the fermions, the quarks, sayu, d ands the scenario changes. For
Nf � 3, the phase transition is of first order, but, continuous forN f = 2. Using the
non-equilibrium statistical mechanics and QCD it can be shown that thermal equilibrium
is a possibility, however, chemical equilibrium is probably not acheived.

Indeed at initial time, whatever that is (� � 1 fm) it is unlikely that a pure QGP is
formed, whereas a mixture of quark bubbles with hot hadronic matter is perhaps a more
realistic possibility. The initial and boundary conditions which drive the space time evolu-
tion of the system is another area of intense discussion. Bjorken’s simple scaling law [6]
is certainly not valid, transverse expansion is a reality.

Our energetic friends [7] who deal with Parton cascade model (PCM) seem to have
considerable insight on just these questions. There is now a real possibility that we can
build simple models based on the distilled wisdom of the cascade crusaders.

In this paper, I will focus in these following areas: (1) the issue of successive thermal
and chemical equilibrium scenarios and (2) a detailed study of photon emission from hot
hadronic matter.

2. Approach to equilibrium

The primary motivation to study the non-equilibrium evolution of the quark–gluon system
is driven from the fact that the characteristic time scales for the partonic processes are of
the order of the lifetime of theputativeQGP. Even if the system achieves thermodynamic
equilibrium at some point of time, the study of the pre-equilibrium aspects is important
to evaluate in the sense that the pollutants from this era may affect the kinematical do-
mains where one looks for the signals of QGP. QGP diagnostics rely quite heavily on the
phase space densities and distributions of quarks and gluons. To what extent equilibrium
is achieved should obviously affect these signals.

To this end, the mechanisms governing the approach to thermalization in the quark–
gluon system have been a very topical issue of late [7,8].
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The central theme of our approach is to exploit the well-known result [9] thatgg cross-
section is considerably larger thanqg or qq cross-sections, primarily because of the colour
factor of gluons. It is therefore reasonable to expect that the gluons would thermalize
among themselves appreciably earlier than the whole system of quarks, antiquarks, and
gluons. The proper time�g at which the gluons equilibrate is thus considerably less [10]
than the overall equilibration time�0; the value of�0 was proposed to be of the order of 1
fm/c by Bjorken [6] some time ago.

The gluons carry about 50% of the momentum and sea quarks only a tiny fraction. Thus,
in very high energy collisions (RHIC or LHC energies),if we confine our attention to the
central rapidity region, it is quite natural that from�g onwards, the equilibrated gluons may
provide a thermal heat bath for the sea quarks (antiquarks). This picture is further justified
by the fact that the sea quark (antiquark) density is very low compared to that of the gluons
in this region [11]. Thus we are left with a system where a relatively small mixture of non-
equilibrium degrees of freedom (quarks and antiquarks) interact with some equilibrated
degree of freedom (the ‘gluonic’ bath); such processes are known to give rise to Brownian
motion which is governed by the Fokker–Planck (FP) equation. QCD being asymptotically
free, hard collisions involving large momentum transfers are suppressed compared to soft
interactions and in our picture, thermalization in the quark–gluon system proceeds through
many such soft collisions. The FP equation describes, semi-classically, the evolution of
the many body quark–gluon system in a kinetic theory framework. The system under con-
sideration is highly relativistic and presumably at high temperatures. Therefore, account
of production and annihilation ofq�q pairs in the gluonic heat bath must be taken. The
relativistic FP equation with these effects can be written as (see ref. [12] for derivation)

@f

@t
�

@

@pz

 
appzfp
p2z +m2

T

!
�DF

@2f

@p2z
= �

f � feq

�relax
; (1)

wherefeq is the equilibrium distribution and�relax is the relaxation time estimated from
the reactionsgg $ q�q andg $ q�q, mT is the transverse mass (=

p
p2T +m2

e�). me�

is the effective mass defined asme� =
p
m2

current +m2
thermal, mcurrent is the current

quark mass (= 10 MeV for u andd quarks) andm thermal is the thermal mass:mthermal =p
g2sT

2=6, gs is the strong coupling constant. In a chemically non-equilibrated scenario,
the thermal mass is replaced bym2

thermal = (1+rq=2)g
2
sT

2=9 [13], whererq is the ratio of
equilibrium to non-equilibrium density. We have seen [14] that the effect of such a change
on thermal mass has negligible effects on the final results.

It should be noted that the reactionsg g $ g g g::: etc. do not appear explicitly as the
gluons have been assumed to be thermalized so that their density is determined from the
temperature of the bath. Also, the thermal mass of the gluons is an essential ingredient;
otherwise the reactiong $ q �q would be forbidden.

2.1Cooling of the gluonic heat bath

The gluonic heat bath is cooling due to expansion and the rate of cooling is determined by
the relativistic hydrodynamics. The bulk properties of the system, e.g. the cooling law etc.,
are governed by the equilibrated degrees of freedom. In our case the cooling is given by
the Bjorken’s scaling law with appropriate modification due to quark production through
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thermal gluon fusiongg ! q�q and thermal gluon decayg ! q�q. We have obtained the
cooling law [14] by solving the hydrodynamic equation which is parametrised asT =
�=�� where� = 0:4077, � = 0:355 at LHC and� = 0:33, � = 0:352 at RHIC energies
respectively. The cooling rate in Bjorken model (� = 1=3) is slower compared to the
present case where the production of quarks cost some energy.

2.2Solution of the Fokker–Planck equation

We solve the FP equation with the following initial and boundary conditions for a quark
speciesj

fj(pz; �)
�!�g
�! �jÆ(pz) (2)

and

fj(pz; �)
jpzj!1
�! 0: (3)

The parameter�j is determined from the initial density of the partons.Æ(pz) is a rather
good approximation of the lowx structure function [15]. We should also mention here that
the final outcome of the model is insensitive to the functional form of the initial distribution
function – a typical characteristic of the Markovian process.

It is important to mention here that the final outcome depends on the value of� i. There
is a lack of consensus about the initial value of the quark density. We take the initial values
of quark densities from HIJING [16]. The phase-space density of quark is larger in case
of parton cascade model [7] and also in the work of Shuryak [11]. In this sense our work
corresponds to a conservative situation. The data from RHIC and LHC should make a
distinction among various models.

As mentioned earlier, in the system under study the quark density changes with proper
time due to two mechanisms. The expansion dynamics (flow) dilutes the density and on the
other hand, the creation of quarks in the relativistic heat bath enhances the quark density.
The gluon density decreases due to expansion only. We calculate the ratio of the width of
the distribution in non-equilibrium and equilibrium situations, i.e.hp 2zi

non-eq
=hp2zi

eq
. The

advantage of calculating the ratio is that the expansion effects will get cancelled to some
extent, though the cooling in the equilibrium and non-equilibrium scenario is different as
has been mentioned before.

In figure 2 we plot these ratios as a function of the proper time� . At RHIC (LHC)
the initial thermalisation time,�g for the gluons is0:3 fm/c (0:25 fm/c), the temperature
Tg(�g) is 500 MeV (660 MeV) and the initial quark densitynu=d is 0:7 fm�3 (2:8 fm�3).
At RHIC energy (figure 2a) we observe that the ratioD saturates to a value� 1, at a proper
time � � 3 fm/c, well before the temperature of the system reaches toT c (� 160 MeV).
In figure 2b we plotD for LHC energies; the thermal equilibration is complete within the
proper time� 2 fm/c.

We evaluate the density of quarks in the non-equilibrium scenario by integrating the dis-
tribution functionf(pz; �)G(pT ) over its momentum. The non-equilibrium densityn q has
an explicit dependence on� and an implicit dependence on� throughT (�). But the equi-
librium densityneq(T ) has only an implicit dependence on� throughT (�). The ratio
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Figure 2. Ratio of the width of the distribution in non-equilibrium and equilibrium
situations are plotted as a function of� for RHIC and LHC.

rq = n(�)=neq(T (�)) thus assumes anuniversalfeature, since the implicit time depen-
dence gets eliminated. The time dependence of the ratior q can then be used as a ready
marker for chemical equilibrium; the time at which the explicit time dependence ofr q van-
ishes, simultaneously withrq ! 1, corresponds to the time for chemical equilibration for
the flavourq. We observe from figure 3 thatrq neither saturates nor approaches the value
unity before the temperature of the system reaches the valueT c (160 MeV). Therefore, we
conclude that the chemical equilibrium is not achieved in the quark gluon system, although
thermal (kinetic) equilibrium is. To show the sensitivity of the evolution ofr q on the initial
quark density we show, in figure 3, the result of our calculations [14] obtained by taking
initial quark density from the structure functions [10,15]. For the sake of completeness we
also show the cooling law in figure 3, whereq�q production has been taken into account.

We have analysed the approach to thermal and chemical equilibrium in a quark gluon
system within the framework of a semi-classical, physically transparent model. A fun-
damental consequence of this picture is that while thermal (kinetic) equilibrium is proba-
ble, chemical equilibrium is not, even for LHC energies. Even the kinetic equilibrium is
achieved through a succession of time scales.

3. Photons from hot hadronic matter

Whether a QCD phase transition takes place or not, photons can be used as a probe to
study the properties of hadrons in hot/dense medium. In a phase transition scenario, apart
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Figure 3. Plot ofrq as a function of� .

from the QGP, photons are also produced from the thermalised hadronic gas, formed after
the phase transition (see ref. [17] for details). Substantial contributions to the total photon
yield also come from the initial hard collision of partons in the high momentum regime, and
from hadronic decays (�0 ! 
 
; � ! 
 
 etc.) in the low momentum zone. The hard
QCD photons can be well understood through perturbative QCD and the decay photons
can be reconstructed by invariant mass analysis. Thus, to extract photon signals from
QGP it is essential to estimate the photon rates from various hadronic reactions and vector
meson decays which is a challenging task, indeed. The temperature of the hadronic phase
lies between 150–200 MeV. Therefore the finite temperature corrections to the hadronic
properties and their consequences on photon spectra are very important.

For our purpose we model the hadronic gas as consisting of�; �; ! and�. First we
consider the reactions� � ! � 
, � � ! � 
 and the decay� ! ��
. We estimate
the differential cross-section for photon production from the above processes taking into
account the finite width of the rho meson (see ref. [18,19] for details.) The relevant vertices
are obtained from the following Lagrangian:

L = �g���~�
� � (~� � @�~�)� eJ�A� +

e

2
F�� (~�� � ~��)3; (4)

whereF�� = @�A� � @�A�, is the Maxwell field tensor andJ� is the hadronic part of the
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electromagnetic current given by

J� = (~�� � ~B��)3 + (~� � (@�~� + g���~� � ~��))3 (5)

with ~B�� = @�~�� � @�~�� � g���(~�� � ~��), and the subscript 3 after the cross product
indicates the relevant component in isospin space.

We have also considered the photon production due to the reactions� � ! � 
, � � !
� 
 and the decay! ! � 
 (see ref. [18,19] for details).

In the case of nuclear collisions, one is more interested in overall photon rates rather
than the cross-sections. Using independent particle approximation of kinetic theory [20]
we can write down the rate of photon production per unit volume at a temperatureT as

E
dR

d3p
=

N

16(2�)7E

Z 1

(m1+m2)2
ds

Z tmax

tmin

dt jMj2
Z

dE1

�

Z
dE2

f(E1) f(E2) [1 + f(E3)]p
aE2

2 + 2bE2 + c
: (6)

whereM is the invariant transition amplitude of photon production for the appropriate
reaction channel, evaluated from the Lagrangians given by eq. (4). For the parametersa,
b, c please refer to [18,19].

3.1V NN interaction

To calculate the effective mass and decay widths we begin with the followingV NN
(vector–nucleon–nucleon) Lagrangian density:

LV NN = gV NN

�
�N
��

aNV �
a �

�V

2M
�N����

aN@�V �
a

�
; (7)

whereV �
a = f!�; ~��g,M is the free nucleon mass,N is the nucleon field and�a = f1; ~�g.

The values of the coupling constantsgV NN and�V will be specified later. With the above
Lagrangian we proceed to calculate the�-self energy.

��� = �2ig2VNN

Z
d4p

(2�)4
K��(p; k); (8)

with

K�� =
Tr [��(k) (p=+M�)��(�k) (p=� k=+M�)]

(p2 �M�2)((p � k)2 �M�2)
: (9)

The vertex��(k) is calculated by using the Lagrangian of eq. (7) and is given by

��(k) = 
� +
i�V

2M
���k

�: (10)

HereM� is the in-medium (effective) mass of the nucleon at finite temperature which
we calculate using the mean-field theory (MFT) [21]. The value ofM � can be found by
solving the following self-consistent equation:
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M� =M �
4g2s
m2
s

Z
d3p

(2�)3
M�

(p2 +M�2)1=2
[fN (T ) + f �N (T ) ] ; (11)

wherefN (T )(f �N(T )) is the Fermi–Dirac distribution for the nucleon (antinucleon),m s is
mass of the neutral scalar meson (�) field, and, the nucleon interacts via the exchange of
isoscalar meson with coupling constantgs. Since the exact solution of the field equations
in QHD is untenable, these are solved in mean field approximation. In a mean field ap-
proximation one replaces the field operators by their ground state expectation values which
are classical quantities; this renders the field equations exactly solvable.

The vacuum part of the�-self energy arises due to its interaction with the nucleons in
the Dirac sea. This is calculated using dimensional regularization scheme.

In a hot system of particles, there is a thermal distribution of real particles (on shell)
which can participate in the absorption and emission process in addition to the exchange of
virtual particles. The interaction of the rho with the onshell nucleons, present in the thermal
bath contributes to the medium dependent part of the�-self energy. This is calculated from
eq. (8) using imaginary time formalism as,

Re�med(!;k ! 0) =
16g2V NN

�2

Z
p2 dp

!p (e� !p + 1)(4!2p � !2)

�

�
1

3
(2p2 + 3M�2)� !2

n
M�

� �V
2M

�

�
1

3

� �V
2M

�2
(p2 + 3M�2)

��
; (12)

where,!2
p = p2 +M�2.

3.2 Finite temperature properties

In this section we present the results of our calculation of the effective masses and de-
cay widths of vector mesons. In figure 4 we show the variation of the ratio of effective
mass to free mass for hadrons as a function of temperature. For our calculations of� and
! mesons effective masses we have used the following values of the coupling constants
and masses [22]:�� = 6:1; g2�NN=4� = 0:55;ms= 550 MeV,m� = 770 MeV,M = 938

MeV, g2s=4� = 9:3, g2!NN=4� = 20, and�! = 0.
The variation of the in-medium decay width (��) of the rho meson with temperature is

shown in figure 5. As discussed earlier, the effective mass of the rho decreases as a result of
N �N polarisation. This reduces the phase space available for the rho. Hence, we observe a
rapid decrease in the rho meson width with temperature (solid line). However, the presence
of pions in the medium would cause an enhancement of the decay width through induced
emission. Thus when Bose enhancement (BE) of the pions is taken into account the rho
decay width is seen to fall less rapidly (dashed line). For the sake of completeness, we also
show the variation of rho width in the case where the rho mass changes due to�� loop.
In this case, since the rho mass increases (though only marginally), the width increases
(dot-dashed line).
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Figure 4. Ratio of effective mass to free space mass of hadrons as a function of tem-
peratureT . We do not observe any global scaling of masses as in [23].

Figure 5. Rho decay width (��) as a function of temperature (T ). Dashed and solid
lines show calculations of rho width with effective mass due to nucleon loop, with and
without BE. Dot dashed line represents the same but with effective mass due to pion
loop.

3.3Photon emission rates

In this section we present our results on photon emission rates from a hot hadronic gas. As
discussed earlier, the variation of hadronic decay widths and masses will affect the photon
spectra. The relevant reactions of photon production are�� ! � 
; � � ! � 
; � � !
� 
, and� � ! � 
 with all possible isospin combinations. Since the lifetimes of the
rho and omega mesons are comparable to the strong interaction time scales, the decays
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Figure 6. Total photon emission rate from hot hadronic matter as a function of photon
energy atT=160, 180 MeV. The solid and dot-dashed lines show results with and with-
out in-medium effects respectively. Inset: Total photon emission rate is plotted in linear
scale as a function of photon energy in the kinematic window,E
 = 2.5 to 3.0 GeV at
T =180 MeV.

� ! � � 
 and! ! �0 
 are also included. The effect of finite resonance width of the
rho meson in the photon production cross-sections has been taken into account through the
propagator.

In figure 6 we display the total rate of emission of photons from hot hadronic gas in-
cluding all hadronic reactions and decays of vector mesons. AtT =180 MeV, the photon
emission rate with finite temperature effects is a factor of� 3 higher than the rate calcu-
lated without medium effects. AtT = 160 MeV the medium effects are small compared
to the previous case.

We have calculated the effective masses and decay widths of vector mesons propagating
in a hot medium. We have seen that the mass of rho meson decreases substantially due to
its interactions with nucleonic excitations and it increases only marginally (� 10–15 MeV)
due to�� � interactions. The overall decrease in the effective mass is due to fluctuations
in the Dirac sea of nucleons with massM � and the in-medium contribution decreases very
little (� 5–10 MeV) from its free space value. For! mesons the in-medium contribution
decreases by 80 MeV atT =180 MeV but the Dirac sea effect is more prominent than the
medium effect. The omega mass drops atT =180 MeV by about 280 MeV from its free
space value. Such changes in the properties of the vector mesons in hot and dense hadronic
matter, as produced in heavy ion collisions, lead to the intriguing possibility of the opening
of the decay channel! ! � �, for the omega meson, which is impossible in free space.
This along with the channel! � ! � � would result in a decrease in its effective life-time
enabling it to decay within the hot zone and act as a chronometer in contradiction to the
commonly held opinion and would have implications in determining the size of the region
using pion interferometry. A new peak and a radically altered shape of the low invariant
mass dilepton spectra appears due to different shift in the masses of� and! mesons.
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3.4 Photon spectra from evolving matter

The observed photon spectrum originating from an expanding QGP or hadronic matter
is obtained by convoluting the static (fixed temperature) rate, as given by eq. (6), with
expansion dynamics. Therefore, the second ingredient required for our calculations is the
description of the system undergoing rapid expansion from its initial formation stage to the
final freeze-out stage. In this work we use Bjorken-like [6] hydrodynamical model for the
isentropic expansion of the matter in (1+1) dimension. For the QGP sector we use simple
bag model equation of state (EOS) with two flavour degrees of freedom. The temperature
in the QGP phase evolves according to Bjorken scaling lawT 3 � = T 3

i �i.
In the hadronic phase we have to be more careful about the presence of heavier particles

and their change in masses due to finite temperature effects. The hadronic phase consists
of �, �, !, � anda1 mesons and nucleons. The nucleons and heavier mesons may play
an important role in the EOS in a scenario where mass of the hadrons decreases with
temperature.

The energy density and pressure for such a system of mesons and nucleons is given by

�H =
X

i=mesons

gi

(2�)3

Z
d3pEi fBE(Ei; T )

+
gN

(2�)3

Z
d3pEN fFD(EN ; T ) (13)

and

PH =
X

i=mesons

gi

(2�)3

Z
d3p

p2

3Ei
fBE(Ei; T )

+
gN

(2�)3

Z
d3p

p2

3EN
fFD(EN ; T ); (14)

where the sum is over all the mesons under consideration andN stands for nucleons and
Ei =

p
p2 +m2

i . The entropy density is given by

sH =
�H + PH

T
� 4ae�(T )T

3 = 4
�2

90
ge�(m

�(T ); T )T 3; (15)

wherege� is the effective statistical degeneracy.
Thus, we can visualise the finite mass of the hadrons having an effective degeneracy

ge�(m
�(T ); T ). The variation of temperature from its initial valueT i to final valueTf

(freeze-out temperature) with proper time (� ) is governed by the entropy conservation

s(T )� = s(Ti)�i: (16)

The initial temperature of the system is obtained by solving the following equation self
consistently

dN�

dy
=

45�(3)

2�4
� R2

A4ae�T
3
i �i; (17)
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wheredN�=dy is the total pion multiplicity,RA is the radius of the system,�i is the initial
thermalisation time andae� = (�2=90) ge�(m

�(Ti); Ti). The change in the expansion
dynamics as well as the value of the initial temperature due to medium effects enters the
calculation of the photon emission rate through the effective statistical degeneracy.

Let us consider Pb + Pb collisions at CERN SPS energies. If we assume that the matter
is formed in the QGP phase with two flavours (u andd), thengk = 37. TakingdN�=dy =
600 as measured by the NA49 Collaboration [24] for Pb + Pb collisions, we obtainT i =
180 MeV for �i = 1 fm/c. The system takes a time�Q = T 3

i �i=T
3
c to achieve the critical

temperature of phase transition (Tc=160 MeV in our case). In a first order phase transition
scenario the system remains in the mixed phase up to a time�H = r �Q, i.e. T remains
atTc for an interval�H � �Q, wherer is the ratio of the statistical degeneracy in QGP to
hadronic phase. At�H the system is fully converted to hadronic matter and remains in this
phase up to a proper time�f . We have takenTf = 130 MeV in our calculations.

In figure 7 we demonstrate the variation of temperature with proper time for different
initial conditions. The dotted line indicates the scenario where QGP is formed initially
at Ti = 180 MeV and cools down according to Bjorken law up to a temperatureT c at
which a phase transition takes place; it remains constant atTc up to a time�H = 8:4
fm/c after which the temperature decreases asT = 0:241=� 0:19 to a temperatureTf . If
the system is considered to be formed in the hadronic phase the initial temperature is ob-
tained asTi = 230 MeV (270 MeV) when in-medium effects on the hadronic masses
are taken into account (ignored), the corresponding cooling laws areT = 0:230=� 0:169

(T = 0:266=�0:2157) are displayed in figure 7 by solid and dashed lines respectively. The
above parametrizations of the cooling law in the hadronic phase have been obtained by
solving eq. (16) self consistently.

Obtaining the finite temperature effects on hadronic properties and the cooling law we
are ready to evaluate the photon spectra from a(1 + 1) dimensionally expanding system.

Figure 7. Variation of temperature with proper time. The dotted line indicates the
cooling law in a first order phase transition scenario. The solid (dashed) line represents
temperature variation in a ‘hadronic scenario’ with (without) medium effects on the
hadronic masses.
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The transverse momentum distribution of photons in a first order phase transition scenario
is given by,

E
dN

d3p
= � R2

A

Z "�
E
dR

d3p

�
QGP

�(�� �Q)

+

"�
E
dR

d3p

�
QGP

�� �H

�Q � �H

+

�
E
dR

d3p

�
H

�Q � �

�Q � �H

�
�(�Q � �)�(�� �H)

+

�
E
dR

d3p

�
H

�(�H � �)

�
� d� d�; (18)

where�Q (�H ) is the energy density in the QGP (hadronic) phase atTc, � is the space
time rapidity,RA is the radius of the nuclei and� functions are introduced to get the
contribution from individual phases.

In figure 8 we compare our results of transverse momentum distribution of photons with
the preliminary results of WA98 Collaboration [25]. The experimental data represents
the photon spectra from Pb + Pb collisions at 158 GeV per nucleon at CERN SPS en-
ergies. The transverse momentum distribution of photons originating from the ‘hadronic
scenario’ (matter formed in the hadronic phase) with (solid line) and without (short-dash
line) medium modifications of vector mesons outshine the photons from the ‘QGP sce-
nario’ (matter formed in the QGP phase, indicated by long-dashed line) for the entire range

Figure 8. Total thermal photon yield in Pb+ Pb central collisions at 158 GeV per
nucleon at CERN SPS. The long-dash line shows the results when the system is formed
in the QGP phase with initial temperatureTi = 180 MeV at �i = 1 fm/c. The critical
temperature for phase transition is taken as 160 MeV. The solid (short-dash) line indi-
cates photon spectra when hadronic matter formed in the initial state atTi = 230 MeV
(Ti = 270 MeV) at�i = 1 fm/c with (without) medium effects on hadronic masses and
decay widths.
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Figure 9. Total thermal photon yield in S+ Au central collisions at 200 GeV per
nucleon at CERN SPS. The long-dash line shows the results when the system is formed
in the QGP phase with initial temperatureTi = 190 MeV at �i = 1:2 fm/c. The
critical temperature for phase transition is taken as 160 MeV. The solid (short-dash) line
indicates photon spectra when hadronic matter formed in the initial state atTi = 230

MeV (Ti = 270 MeV) at �i = 1:2 fm/c with (without) medium effects on hadronic
masses and decay widths.

of pT . Although photons from ‘hadronic scenario’ with medium effects on vector mesons
shine less bright than those from without medium effects forpT > 2 GeV, it is not possible
to distinguish clearly between one or the other on the basis of the experimental data.

In figure 9 we compare thermal photon spectra with the upper bound of WA80 Collabo-
ration [26]. The experimental data stands for S + Au collisions at 200 GeV per nucleon at
SPS. In this case the pion multiplicity, dN�=dy = 225. Our calculation shows that maxi-
mum number of photons originate from the ‘hadronic scenario’ when the medium effects
on vector mesons are ignored. For such a scenario the photon spectra has just crossed the
upper bound of the WA80 data and more likely such a scenario is not realised in these
collisions. Photons from ‘hadronic scenario’ with medium modifications of vector meson
properties outshine those from the ‘QGP scenario’ for the entirepT range. Considering the
experimental uncertainty, no definitive conclusion can be drawn in favour of any particular
scenario.

We have compared the experimental data on photon spectra from Pb+ Pb and S+ Au
collisions at 158 GeV and 200 GeV per nucleon respectively with different initial con-
ditions. In case of Pb + Pb collisions photons from hadronic scenario dominates over
the photons from QGP scenario for the entirepT domain. But in the hadronic scenario the
photon spectra evaluated with and without in-medium properties of vector mesons describe
these data reasonably well. Hence the transverse photon spectra at present do not allow us
to decide between an in-medium dropping mass and a free mass scenario. For S + Au
collisions the photon spectra evaluated with free masses seems to exceed the experimental
upper limit. However, the photon spectra obtained by assuming hadronic matter (with in-
medium effects or otherwise) in the initial state outshines the spectra evaluated with first
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order phase transition scenario. Considering the experimental uncertainty, it is not possible
to state, which one, between the two is compatible with the data. Experimental data with
better statistics could possibly distinguish among various scenarios.
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