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Medium effect on photon production in ultrarelativistic nuclear collisions
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~Received 23 February 1998!

The effect of in-medium vector and axial-vector meson masses on photon production is studied. We assume
that the effective mass of a vector meson in hot nuclear matter decreases according to a universal scaling law,
while that of an axial-vector meson is given by Weinberg’s mass formula. We find that the thermal production
rate of photons increases with reduced masses, and is enhanced by an order of magnitude atT5160 MeV with
mr5300 MeV. Assuming a hydrodynamic evolution, we estimate the effect of the reduced masses on photon
production in nucleus-nucleus collisions. The result is compared to experimental data from the WA80/WA98
Collaboration.@S0556-2813~98!03109-4#
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I. INTRODUCTION

For hadronic matter at sufficiently high temperatu
and/or density, we expect a phase transition into a loc
thermalized, deconfined plasma of quarks and gluons,
so-called quark-gluon plasma~QGP! @1#. Chiral symmetry,
spontaneously broken in the ground state of quantum c
modynamics~QCD!, is expected to be restored under su
extreme conditions as shown by numerical simulations
the lattice@2#. These properties of QCD are of great intere
in order to understand the behavior of strongly interact
particles. High energy nucleus-nucleus collisions offer
unique opportunity to explore the properties of QCD, in p
ticular its phase structure, at high temperatures and dens
@3#.

Photon and lepton pair production have been sugge
more than 20 years ago as promising probes to study
properties of hot dense matter in high energy nucle
nucleus collisions@4#. The strong temperature dependence
the production rate of these signals makes them pote
tools that can hopefully discriminate the various states
hadronic matter with different temperatures. In additio
these signals carry information on the hot dense matter w
out further distortion, since these electromagnetic probes
teract very weakly with surrounding particles. Howev
most model calculations show that the hadronic contributi
dominate the signals from quark-gluon plasma@5,6#. This
implies that the bulk of the photon or dilepton spectra o
served in experiments will provide information on the pro
erties of the hadronic phase under extreme conditions
below ~or at most at! the phase transition temperature and
density.

Recent interest in dileptons with a low invariant mass h
been sparked by the experimental data from the CERES
laboration @7#, which show a considerable enhancement
invariant masses of about 500 MeV for super proton s
chrotron ~SPS!-energy S1Au collisions as compared to
proton-proton and proton-nucleus collisions. A similar e
hancement has also been seen by the HELIOS Collabora
at a more forward rapidity@8#. It is noteworthy that there is
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also an enhancement at energies above ther peak in these
data@3#. Suggestions have been made that the excess d
tons seen in these experiments are from pion-pion annih
tion, p1p2→e1e2. However, model calculations that hav
taken this channel into account can at best reach the lo
end of the sum of statistical and systematic errors of
CERES data in the low invariant mass region@9#. For the
HELIOS results, which are unfortunately given without
systematic error, there is still a disagreement by up to 5
between the data and the calculations around an invar
mass of 500 MeV@9#. It is, therefore, interesting to see t
what extent medium corrections modify dilepton productio
It has been suggested that the enhancement may be be
of the dropping of the vector meson masses at finite temp
ture and density@10#, as proposed in Ref.@11#, and/or to the
broadening of vector meson resonances by the many-b
effects in dense matter@12#. However, more conservativ
effects, such as a modified in-medium pion dispersion re
tion @13# or secondary mesonic scattering@14#, may also give
dilepton enhancement.

In this paper we consider the medium effects on pho
production at SPS heavy-ion collisions. In particular, w
concentrate on the effects of dropping vector and ax
vector meson masses on photon production. The resu
compared to recent measurements of the WA80 Collab
tion that provide an upper limit for photon production in h
and dense matter@15#, and to the preliminary results of th
WA98 Collaboration@3#. It has been shown that these e
perimental data can be well described by the hadronic c
tributions without any medium effect@16#. Thus, it is very
interesting and valuable to see whether the medium effe
which play an important role in dilepton production are al
consistent with the photon spectra. Steeleet al. have calcu-
lated dilepton and photon emission rates from a hadron
from this perspective, using chiral reduction formulas@17#.
Sarkaret al. have recently discussed photon production ra
in the framework of an effective Lagrangian descripti
along the lines of quantum hadrodynamics@18#. Halászet al.
study photon production from the perspective of the hidd
local symmetry approach and use several parametrized
narios inspired by this approach in a relativistic transp
model @19#. A calculation that incorporates the change
hadron masses in dense matter self-consistently has been
ried out with the help of the same transport model@20#.
Nonthermal direct photon production has also been discus
1689 © 1998 The American Physical Society
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1690 PRC 58CHUNG-SIK SONG AND GEORGE FAI
recently in the ultrarelativistic quantum molecular dynam
~UrQMD! framework @21#. In contrast, the present pap
uses thermal equilibrium and a simple fluid-dynamical p
ture. We do not attempt to calculate the effective mass of
vector meson from first principles, but apply two physica
motivated parametrizations and use the standard Wein
formula @22# for the effective mass of the axial-vector m
son.

With respect to comparing to SPS data, the most imp
tant omission of this paper is probably that the central rap
ity region is considered approximately baryon free. T
baryonic contribution to photon production is usually n
glected in fluid-dynamical calculations, and the magnitude
the effect was assessed in Refs.@17# and @20#. Note that the
photon yield from baryons is very sensitive to the init
nucleon density and that the largest baryonic contributi
come at low transverse momenta. The present approxima
is sufficient to study the effect of dropping vector and axi
vector masses, which is the main focus of this investigat

In the following section, we study the effect of the in
medium vector and axial-vector meson masses on the t
mal production rates of photons. We assume that the ve
meson mass is reduced according to a universal scaling
and the axial-vector meson masses are given by Weinbe
mass formula@22#. We include these medium effects in
dynamical model calculation which simulates the evolut
of hot dense matter produced in nucleus-nucleus collision
Sec. III. We consider a one-dimensional hydrodynamic
pansion for the hot dense matter with Bjorken’s initial co
ditions @23#. We study cases with and without a first-ord
phase transition. The medium effect gives different init
temperatures, phase-transition temperatures, and mi
phase lifetimes for the two different scenarios. In the App
dix, we summarize thermal production rates for photons
hot hadronic matter and present numerical parametrizat
for the production rates for the use in dynamical calculatio

II. PHOTON PRODUCTION FROM HOT
HADRONIC MATTER

Photon production from hot hadronic matter has been
culated by Kapustaet al. @6# with a simple effective mode
for hadrons. This study has been motivated by the nee
decide whether the spectra of single photons produce
high energy nucleus-nucleus collisions can tell us anyth
about the formation of quark-gluon plasma in the early st
of the collision. However, the authors found that ‘‘the hadr
gas shines just as bright as the quark-gluon plasma.’’ Mo
over, it has later been pointed out that photon product
from reactions including axial-vector mesons dominates
from the processes considered in Ref.@6# in hot hadronic
matter@24#. The same conclusion has been obtained from
extended calculation based on a chirally symmetric effec
Lagrangian with vector and axial-vector mesons@25#. This
implies that the photon spectra, especially for photons w
Eg,3 GeV, are dominated by the hadronic sources and p
vide information only on the hadronic phase in collision
We summarize the results for various reactions and num
cal parametrizations of them in the Appendix. The same c
clusion holds true even when we include the space-time e
lution of the hot and dense system produced in heavy
s

-
e

rg

r-
-

e
-
f

s
on
-
.

r-
or
w
’s

in
-

-

l
d-
-
n
ns
s.

l-

to
in
g
e

e-
n
at

n
e

h
o-
.
ri-
n-
o-
n

collisions@16,26#. However, the medium effects on the pro
erties of mesons have not been addressed in these cal
tions.

In hadronic matter at high temperature and/or density
expect that properties of hadrons, such as effective ma
and decay widths, are modified because of the phase tra
tion and crossover into the deconfined phase of hadro
matter. Even below the phase transition temperature, ch
symmetry is expected to be partially restored, i.e., the m
nitude of the order parameter̂q̄q& is reduced from its
vacuum value. It has been suggested that the effec
masses of vector mesons (mr) would be reduced in ho
dense matter according to a universal scaling law as@11#

mr*

mr
'

mN*

mN
'

f p*

f p
, ~1!

wheremN is the nucleon mass,f p is the pion decay constan
and * indicates the in-medium value of the correspond
physical quantity. These changes have significant impac
the hadronic observables as well as on electromagn
probes@27#. Recently it has been shown that the enhanc
low mass dileptons observed by the CERES experiment
be well described using a ‘‘dropping vector-meson mass’
medium@10#.

Photon production from hot dense matter will also be
fected by the change of the properties of vector and ax
vector mesons in medium. Here we are interested in the
fects of ‘‘dropping masses’’ of vector and axial-vect
mesons in medium on photon production. To see these
fects, we consider thermal production rates of photons fr
hadronic matter at a given temperature but with redu
masses. Since we assume that the pion mass does not ch
in medium, the in-medium mass of the vector meson is ne
less than 2mp'300 MeV in the following calculations.

First we consider two scattering channels for photon p
duction in hot hadronic matter. These reactions have b
shown to be dominant sources of photons withEg,3 GeV
in hot hadronic matter. In Fig. 1 we show the thermal p
duction rate of photons inp1r→p1g reactions with four
different values of the vector-meson mass atT5160 MeV.
We use Weinberg’s mass formula for the effective masse
axial-vector mesons in medium,ma1

* 5A2mr* . We can see

that the production rate increases as the effective masse
vector and axial-vector mesons are reduced. We have m
than an order-of-magnitude increase atEg'0.5 GeV with
mr5300 MeV. The enhancement in production rates can
understood as there are more thermal vector mesons
reduced masses and the cross section increases with
medium masses. The shape of the spectra does not ch
much, except a shift of the peak to the low-energy regi
Figure 2 shows the results forp1p→r1g reactions. Even
though the absolute magnitude is slightly less than in
previous case and these spectra are convex from below
can reach a similar conclusion forEg>0.5 GeV. We ob-
serve enhanced photon production rates with reduced e
tive masses of mesons.

On the other hand, we have opposite results for the de
channels. In Fig. 3 we show the effect of using the
medium mass of mesons for the reactionr→p1p1g. The
thermal production rates are reduced with medium effe
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PRC 58 1691MEDIUM EFFECT ON PHOTON PRODUCTION IN . . .
FIG. 1. Medium effects on the thermal emission rates of phot
for the reactionpr→pg. We useT5160 MeV and four different
values for the in-medium vector meson massmr5300, 450, 650,
and 770 MeV from the top.

FIG. 2. Medium effects on the thermal emission rates of phot
for the reactionpp→rg. The meaning of the curves is the same
in Fig. 1.
This is simply because of the reduced phase space of d
processes as the mass of vector mesons decreases. Be
of their long lifetime,v mesons decay outside the mediu
with their free mass. However, as we assume thermal e
librium in the present calculation, thev contribution remains
small, in contrast to Ref.@20#. Theh8 radiative decay has a
significant contribution below 0.5 GeV only. Since the co
tribution from the decay channels is relatively small co
pared to that from scattering channels, we neglect the de
channels in the following.

From these calculations we conclude that the total ther
production rates of photons increase with reduced vector
axial-vector meson masses. The production rate may be
hanced by 1 to 2 orders of magnitude. Similar rate enhan
ments have been found in the model-independent analys
Ref. @17#, where it is also pointed out that a finite pio
chemical potential leads to further rate enhancement. Thu
is very interesting to ask whether we can see such an
hancement in the observed photon spectra in high-ene
nucleus-nucleus collisions. To answer this question, we n
to include the space-time evolution of the hot dense ma
produced in nuclear collisions.

III. MEDIUM EFFECT IN EXPANDING
HOT DENSE MATTER

In the previous section we have shown that reduced
medium masses of vector and axial-vector mesons lead t
enhancement in the thermal production rate of photons b
to 2 orders of magnitude. Since photon data appear to
consistent with earlier calculations with free masses, it

s

s

FIG. 3. Medium effects on the thermal emission rates of phot
for the reactionr→ppg. The meaning of the curves is the same
in Fig. 1.
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1692 PRC 58CHUNG-SIK SONG AND GEORGE FAI
interesting to see in a model whether these medium eff
can be expected to survive in the observable photon spe
In order to get the inclusive photon spectra for comparison
experimental data, we need to integrate the production r
over the space-time development of the expanding hot de
matter,

Eg

dN

d3p
5E d4xFEg

dN

d4xd3p
~Eg ,T,m!G , ~2!

whereT, m indicate the temperature and density~chemical
potential! dependence of the photon production rates. Th
observable spectra also depend on the details of space
evolution, on initial conditions, and on properties of t
phase transition expected in hot dense matter.

In our calculation we assume a boost-invariant longitu
nal expansion of the hot dense matter and use a fl
dynamical description for the expanding system. The evo
tion of the system is governed by the conservation laws
energy and momentum,

]mTmn~x!50. ~3!

In the absence of dissipation, the energy-momentum te
Tmn is given by

Tmn5~e1P!umun2Pgmn, ~4!

wheree, P, andum represent energy density, pressure, a
local four-velocity of the medium, respectively. Further, w
assume that density effects on photon production other
effects of the effective masses of vector and axial-vector
sons are negligible@20#.

Using a simple one-dimensional hydrodynamic expans
with Bjorken’s initial conditions@23#, the transverse momen
tum distribution of photons~transverse momentum spe
trum! at central rapidity is given by

dN

dptdy
~y50!5pRA

2E tdtE dhFEg

dN

d4xd3p
~Eg ,T!G ,

~5!

wheret is the proper time,RA is the transverse size of th
system, andh is the space-time rapidity. The proper timet
can be found as a function of temperature from the con
vation of entropy as

ts~T!5const, ~6!

wheres denotes the entropy density.
The dynamical properties of the expanding system

initial temperature, phase-transition temperature, and
lifetime of the mixed phase if there is a phase transition
depend on the details of how the vector-meson mas
changed in medium. To see the quantitative effect of
reduced in-medium mass on the photon production we c
sider two extreme cases: one in which the bulk of the cha
in the effective mass happens close to the critical temp
ture of a first-order phase transition~case A!, and another
with a more gradual change, where the effective mass s
to decrease significantly already at around a temperatuT
5100 MeV ~case B!. The simple parametrizations for thes
two effective-mass scenarios are displayed in Fig. 4. In b
ts
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cases we assume that the vector meson mass is not less
twice the pion mass,mr* .300 MeV, even at very high tem
peratures. For axial-vector mesons we assume that the
tion ma1

* 5A2mr* holds for the entire evolution.

Transverse expansion is neglected in the present w
The effect of transverse expansion on thermal photon p
duction was found to be important for the apparent tempe
ture of the spectra@16#. However, the goal of this investiga
tion is to see whether there is a difference between
calculation with in-medium masses versus one with f
masses. To isolate this effect a simple model without tra
verse expansion is sufficient. Similarly, a more refined tre
ment of freeze-out@28# is unnecessary as it would influenc
both calculations the same way.

A. No phase transition

First we determine the initial temperature of the syste
This can be obtained from entropy conservation. If pio
carry most of the system’s entropy at freeze-out, entro
conservation relates the initial entropy density to the to
observed pion rapidity density~including charged and neu
tral pions!. Using the fact that the entropy and particle for
ideal massless boson gas is 3.6, one obtains

pRA
2t0s~T0!53.6

dNp

dy
, ~7!

wheret0 is the initial proper time andT0 is the initial tem-
perature. In this paper we uset051 fm/c. Since we assume
no phase transition, the initial entropy is given by the ha
ronic content of the system. Treating the hadronic matter
noninteracting gas of hadrons, the entropy is given by

sH~T!5
1

T
@eH~T!1PH~T!#, ~8!

with

eH5(
i

gi

~2p!3E d3p
v i

exp~v i /T!21
, ~9!

FIG. 4. Effective masses of vector mesons in medium. We c
sider two different mass profiles A and B as explained in the te
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PH5(
i

gi

~2p!3E d3p
p2

3v i@exp ~v i /T!21#
,

where the sum is over various boson species that the sy
is composed of,gi is the degeneracy factor, andv i

5Ap21mi
2.

For the central collisions of S1Au at 200 GeV/nucleon a
the CERN SPS, we getT0'300 MeV with free masses fo
vector and axial-vector mesons. We have assumed tha
hadronic phase consists ofp, h, r, v, anda1 mesons. This
value of the initial temperature seems to be rather high fo
hadronic phase. On the other hand, the initial temperatur
the same system reduces toT0'250 MeV assuming that the
effective masses of vector mesons in medium reach the v
shown in Fig. 4 at high temperature.

The temperature evolution, as the system cools down
obtained from the entropy conservation equation

ts~T!5t0s~T0!. ~10!

In Fig. 5 we show the time dependence of the tempera
with reduced in-medium masses for vector and axial-vec
mesons according to scenarios A and B displayed in Fig
The results are compared to the temperature evolution for
same system but with free masses. Interestingly, detail
mass changes do not influence the temperature evolu
very much. The initial mass of the vector meson has the o
important effect on the evolution. At the very early stage
the evolutiont,5 fm/c, the temperature changes in th
same way for both mass profiles A and B. When the effec

FIG. 5. Temperature evolution of the system with no phase tr
sition. The dotted curve is the result obtained with free mass.
dashed curve is the result with in-medium masses for vector me
in scenario A of Fig. 4. The solid curve is the result with in-mediu
masses for vector mesons in scenario B of Fig. 4.
em
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mass changes suddenly as in scenario A, there is an e
time interval without significant temperature change, rese
bling a first order phase transition in its effects. The syst
continues to cool down until it reaches the freeze-out te
perature. In this paper we take the freeze-out tempera
Tf5100 MeV. As mentioned earlier, we have a lower initi
temperature for a system with reduced masses compare
the value obtained with free masses. Furthermore, we can
that, in the entire evolution, the temperature of a system w
reduced vector and axial-vector meson masses remains
low the temperature of a system without medium effects
the effective masses.

These two medium effects, lower temperature at the
ginning and in fact throughout the evolution, play significa
roles in shaping the photon spectra from expanding hadro
matter. We show the results for the inclusive photon spe
obtained with reduced masses~two different profiles! in Fig.
6, and compare them to the results obtained with f
masses. The in-medium effective mass induces a decrea
the production of inclusive photons, which is opposite to t
effects of reduced masses on the thermal production rate
photons in the previous section. For photons withpt
.1 GeV/c, total production is reduced by an order of ma
nitude with reduced in-medium masses. This indicates
importance of the reduced initial temperature and of
lower temperature of the system during the entire evolut
compared to that of a system with free masses. Even tho
the thermal production rates increase with ‘‘dropping effe
tive masses,’’ the increase is more than compensated by
reduced temperature of the system. The details of the m
evolution have no significant effect on the photon product
since most photons are produced at the very early stag

-
e
ns

FIG. 6. Photon yield for a central32S1Au collision at
200A GeV with no phase transition. The meaning of each curve
the same as in Fig. 5.
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1694 PRC 58CHUNG-SIK SONG AND GEORGE FAI
the evolution when there is no difference between the
mass profiles.

B. First-order phase transition

In contrast to the previous subsection, here we ass
that the strongly-interacting matter produced in high-ene
central collisions is in the quark-gluon plasma phase at
early stage of the evolution. Further, we assume that
system transforms into the hadronic phase through a fi
order phase transition as it expands and cools down. In
case the initial conditions are determined by the propertie
quarks and gluons. Including massless up and down qu
and gluons, we have for the initial temperature

T05X3.6
dNp

dy

1

t0pRA
2

1

~4/3!~37p2/30!
C1/3

. ~11!

For the system produced in S1Au collisions at the CERN
SPS, using the value ofdNp /dy from the WA80 experi-
ment, we getT05203 MeV.

The critical temperature can be determined by the p
sure balance requirement

PH~Tc!5PQ~Tc!. ~12!

The pressure in the quark-gluon plasma phase is given

PQ~T!537S p2

90DT42B, ~13!

whereB is the bag constant and we useB5206 MeV @29#.
In the hadronic phase the pressure is given by Eq.~9! with
in-medium masses. Thus, the critical temperature depend
the effective masses of vector and axial-vector mesons
we include the reduced effective masses of mesons, we
higher values for the critical temperatureTc5160 MeV,
compared toTc5150 MeV obtained with free masses.

In Fig. 7 we show the temperature evolution assumin
first-order phase transition. We consider the medium ef
on the vector mesons with the two different profiles A and
and compare the results to the evolution obtained with f
masses. The evolution of the temperature in the plas
phase is given by

T~t!5T0~t0 /t!1/3, ~14!

until the system reaches the phase transition temperatu
time t15(T0 /Tc)

3t0 .
In the mixed phase the temperature does not change

the entropy changes by converting quark-gluon plasma
hadronic gas. The mixed phase continues to timet2 which is
given by

t25r t1 , ~15!

wherer is given by the ratio of the entropy densities in t
two phases at the critical temperature,r 5sq(Tc)/sh(Tc) @5#.
Thus, the lifetime of the mixed phase also strongly depe
on the vector and axial-vector meson masses in medium.
find that the lifetime of the mixed phase is considerably
duced in the ‘‘dropping mass’’ scenario. With free mass
the mixed phase continues forDtmix520 fm/c. However,
o
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this time is reduced toDtmix55 fm/c when we use in-
medium masses. This implies that there might be no fi
order phase transition as the effective masses of vector
sons are reduced further in medium, as discussed in
@30#. Since the entropy difference between the two pha
decreases as the masses are reduced in the hadronic p
the system transforms very rapidly from the plasma phas
the hadronic phase. This is why we have a very short ti
for the mixed phase with ‘‘dropping masses.’’

In the hadronic phase the evolution is given by Eq.~10!
with Tc andt2 instead ofT0 andt0 , respectively. As shown
previously, the details of the temperature evolution do
depend strongly on how the effective masses of vector
sons change in medium. The hadronic phase soon c
down and the temperature of the system becomes lower
that for the system with free masses throughout most of
evolution. As a result, the system reaches the freeze-out
perature earlier than with free masses. The entire lifetime
the hot dense matter becomes short when we include
medium effects on the vector and axial-vector mesons.

Now we consider medium effects on the inclusive phot
spectra from hot dense matter. In Fig. 8 we show the res
with medium effects when a phase transition is assumed,
compare them to those obtained with free masses. The
hancement shown in the thermal production rates is comp
sated to some extent by the reducing effects from
changes in dynamic properties of the expanding system.
cause of the short lifetime of the mixed phase there is a sl
reduction in photon production from the plasma compon
of the mixed phase. However, the dominant contribut
comes from the hadronic phase and the hadronic compo
of the mixed phase. These hadronic contributions show
significant increase because of the reduced masses,

FIG. 7. Temperature evolution of the system with a first-ord
phase transition. The meaning of each curve is the same as in F
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though there are reducing effects of the low temperature
the system and of the short lifetime of the mixed phase. T
is because most of the hadronic contribution now com
from a high temperature. Also, we can see a rather appa
difference between scenarios A and B, and compared to
results obtained with no phase transition. We have more p
tons with scenario A than with scenario B. This is because
the difference in cooling rates of the system. The cooling r
is given by

dT

dt
;F 1

„s~T!…2
ds~T!

dT G21

. ~16!

It turns out that this cooling rate is'3 times slower with
mass profile A than with mass profile B at the early stage
the expansion when the temperature decreases from
MeV to 140 MeV.

Finally, we compare our results to the upper limits o
tained by the WA80 experiment in Fig. 9. We find that t
purely hadronic scenario is excluded by these upper limit
our simple model even though we have an improved re
with reduced masses. This is because of the rather high
tial temperature of the system. However, we cannot rule
that a hadronic model using more degrees of freedom a
more realistic equation of state can be made consistent
the experimental information@31#. Our results are consisten
with the WA80 upper limits if a first-order phase transition
assumed in the model@16#. The medium effects due to th
‘‘dropping masses’’ of vector mesons do not change th
results much, except an increase in production rates for h
pt photons. We carried out a similar comparison with t
preliminary WA98 data@3#, reinforcing that the data are in

FIG. 8. Photon yield for a central32S1Au collision at
200A GeV with a first-order phase transition. The meaning of e
curve is the same as in Fig. 5.
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consistent with a pure hadronic calculation, while the
sumption of a first-order phase transition leads to a reas
able description even with medium effects. The ma
conclusion of this article is that the data are still we
described in our simple model approach~with a first-order
phase transition! without further modification when the me
dium effects of reduced masses are included.

IV. CONCLUSION

We have studied photon production from hot dense ma
as a probe of the properties of hadrons in medium. We
interested in the effect of the reduced masses of vector
axial-vector mesons. Such a reduction has been suggest
a precursor phenomenon to the chiral phase transition. T
has been very interesting recently, since the enhanceme
low-mass dileptons observed in the CERES and HELI
experiments at the CERN SPS can be well described ass
ing ‘‘dropping masses’’ of vector mesons.

First we have calculated thermal production rates of p
tons from hadronic matter at a given temperature but w
reduced masses. It has been shown that the reduced
increases the production rates by an order of magnitud
T5160 MeV for both reactionspr→pg and pp→rg.
However, the contribution from decay processes of vec
mesons decreases with reduced effective masses simply
cause of the shrinkage of the phase space.

In order to compare with experimental data we have
cluded the space-time evolution of the system as well as

h
FIG. 9. Comparison with the WA80 upper limits. Dashed a

dash-dot curves are for the results obtained in pure hadronic p
~with no phase transition! without and with medium effects A, re
spectively. Dotted and solid curves are for the results obtained
suming a first-order phase transition without and with medium
fects A, respectively.
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changes of masses in medium. For the evolution of hot de
matter we used a one-dimensional hydrodynamic expan
and considered cases with and without a phase transi
This model is clearly too simple to describe the complica
system produced in nuclear collisions, but is sufficient
understand, rather qualitatively, medium effects on pho
production. We find that not only the thermal producti
rates of photons, but also the initial conditions and pha
transition properties of the system depend on the change
the effective masses of vector and axial-vector mesons.

Assuming no phase transition, we have a relatively l
value for the initial temperature with reduced massesT0
5250 MeV, because of the dependence of the initial entr
density of the system on the effective masses of vector
axial-vector mesons. Moreover, the temperature of the
tem with reduced masses is lower than that of the sys
with free masses throughout the evolution, which leads to
earlier freeze-out in the system with reduced masses.
inclusive photon spectra from hot dense matter produce
nuclear collisions are subject to two medium effects:
hancement from reduced masses of vector and axial-ve
mesons and suppression from the changes in initial co
tions and temperatures of the system. The suppression ef
overwhelm enhancement and lead to a reduction of the s
tra by an order of magnitude for high energy photons.

When we assume that there is a first-order phase tra
tion in the system, the initial temperature is decided by
properties of quarks and gluons and not affected by the
dium effects on the vector meson mass. The phase trans
temperature and the time spent in the mixed phase, howe
depend on the reduced meson masses. We find that th
duced effective masses change the phase transition tem
ture by about 10 MeV. The lifetime of the mixed pha
av
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strongly depends on the effective masses of vector meson
turns out thatDtmix'5 fm/c with mr5300 MeV at T
5Tc , which is considerably shorter thanDtmix'20 fm/c
with free masses. These changes reduce photon produ
and compensate the enhancement of thermal production
with reduced masses. The final results, however, sh
slightly enhanced photon production since most photons
produced at the early stage of the hadronic phase in wh
the temperature is higher and the vector meson mas
smaller than in the system with free masses.

A comparison with experiments shows that our results
consistent with the experimental information assuming a fi
order phase transition, even though we include the med
effects from ‘‘dropping masses’’ of vector mesons.

In conclusion, thermal production rates of photo
strongly depend on the changes in effective masses of ve
and axial-vector mesons. However, these medium effe
also change many important aspects of the dynamics of
expanding system. When we include these effects togethe
is very hard to distinguish medium effects in the inclusi
photon spectra observed at CERN SPS.
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APPENDIX

The thermal emission rates of photons have been ca
lated from relativistic kinetic theory. For a reaction 112
→31g,
Eg

dN

d4xd3p
5

N
2~2p!3E d3p1

~2p!32E1

d3p2

~2p!32E2

d3p3

~2p!32E3
~2p!4d~4!~p11p22p32p!uM̄ i u2f 1~E1! f 2~E2!@11 f 3~E3!#.

~A1!
ion

or
al-
Here (Ej ,pj ) is the four-momentum of thej th particle,
(Eg ,p) stands for the photon, and thef 8s are Bose-Einstein
or Fermi-Dirac distributions for each particle.Mi denotes
the scattering amplitude for the given reaction, which is
eraged over initial states and summed over final state
obtain uM̄ i u2. The overall degeneracy factorN depends on
the particular process. It is convenient to introduce invari
variabless5(p11p2)2 and t5(p12p3)2. After integrating
over angles the integration reduces to four dimensions,

Eg

dN

d4xd3p
5

N
16~2p!7Eg

E
s0

`

dsE
tmin

tmax
dtuM̄ i u2

3E
[A]

dE1E
[B]

dE2f 1~E1! f 2~E2!

3@11 f 3~E11E22Eg!#
1

AaE2
222bE21c

,

~A2!
-
to

t

which can be integrated numerically. The details of notat
are given in Ref.@25#.

In the following we show numerical parametrizations f
thermal production rates of photons obtained with axi
vector mesons included@25#. A parametrization is found by
expressing the rate as a function of exp(2Eg /T) and of di-
mensionless parameters likex5T/mp and y5Eg /mp . For
the reactionpp→rg we have

Eg

dNpp→rg

d4xd3p
5T2exp~2Eg /T!Fpp→rg~x,y!, ~A3!

where
Fpp→rg5exp@212.05514.387x1~0.375510.008 26x!y

1~20.007 7710.000 279x!y2

1~5.786921.0258x!/y

1~21.97910.58x!/y2#. ~A4!
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We obtain a similar parametrization for the reacti
prpr→pg given by

Eg

dNpr→pg

d4xd3p
5T2 exp~2Eg /T!Fpr→pg~x,y!, ~A5!

where

Fpr→pg5exp@22.44710.796x1~0.033810.0528x!y

1~221.44718.2179x!/y

1~1.524 3620.385 62x!/y2#. ~A6!

Finally we consider the decay channels. For the reac
v→pg we have the same result as in Ref.@6#, since there is
s.
.

ss

ies
n

no correction due to thea1 meson. Forr decay intoppg,
the correction due to thea1 meson is rather small compare
to the reactions discussed earlier. The parametrization
given by

Eg

dNr→ppg

d4xd3p
5T2 exp~2Eg /T!Fr→ppg~x,y!, ~A7!

where

Fr→ppg5exp@26.29511.6459x1~20.401510.089x!y

1~20.95412.057 77x!/y#. ~A8!
a-

,
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