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Medium effect on photon production in ultrarelativistic nuclear collisions
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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 maghitut@&laieV with
m,=300 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[S0556-28138)03109-4

PACS numbdrs): 25.75~q, 24.85+p, 12.38.Mh

[. INTRODUCTION also an enhancement at energies aboveptipeak in these
data[3]. Suggestions have been made that the excess dilep-
For hadronic matter at sufficiently high temperaturetons seen in these experiments are from pion-pion annihila-
and/or density, we expect a phase transition into a locallion, @* 7~ —e"e”. However, model calculations that have
thermalized, deconfined plasma of quarks and gluons, thiaken this channel into account can at best reach the lower

socaled quacglion plasm@GR L1 Chal syrmety, 0L sum of il and sytematc ror of e

spontanequsly brokgn in the ground state of quantum ChrcﬁELIOS results, which are unfortunately given without a
modynamics(QCD), is expected to be restored under SuChsystematic error, there is still a disagreement by up to 50%

extreme gonditions as ShOV_V” by numerical S|mulat_|0ns Ohetween the data and the calculations around an invariant
Fhe lattice[2]. These properties of QCD are of gregt 'nter‘?Stmass of 500 Me\M[9]. It is, therefore, interesting to see to
in order to understand the behavior of strongly interactingyhat extent medium corrections modify dilepton production.
particles. High energy nucleus-nucleus collisions offer &; nas peen suggested that the enhancement may be because
unique opportunity to explore the properties of QCD, in par-of the dropping of the vector meson masses at finite tempera-
ticular its phase structure, at high temperatures and densitiggre and density10], as proposed in Ref11], and/or to the
[3]. broadening of vector meson resonances by the many-body
Photon and lepton pair production have been suggestesffects in dense matterl2]. However, more conservative
more than 20 years ago as promising probes to study theffects, such as a modified in-medium pion dispersion rela-
properties of hot dense matter in high energy nucleustion[13] or secondary mesonic scatteririgt], may also give
nucleus collision$4]. The strong temperature dependence ofdilepton enhancement.
the production rate of these signals makes them potential In this paper we consider the medium effects on photon
tools that can hopefully discriminate the various states oproduction at SPS heavy-ion collisions. In particular, we
hadronic matter with different temperatures. In addition,concentrate on the effects of dropping vector and axial-
these signals carry information on the hot dense matter withvector meson masses on photon production. The result is
out further distortion, since these electromagnetic probes ineompared to recent measurements of the WA80 Collabora-
teract very weakly with surrounding particles. However,tion that provide an upper limit for photon production in hot
most model calculations show that the hadronic contribution&ind dense mattdd5], and to the preliminary results of the
dominate the signals from quark-gluon plaspfg6]. This  WA98 Collaboration[3]. It has been shown that these ex-
implies that the bulk of the photon or dilepton spectra ob-perimental data can be well described by the hadronic con-
served in experiments will provide information on the prop-tributions without any medium effedtl6]. Thus, it is very
erties of the hadronic phase under extreme conditions buhteresting and valuable to see whether the medium effects,
below (or at most atthe phase transition temperature and/orwhich play an important role in dilepton production are also
density. consistent with the photon spectra. Steetal. have calcu-
Recent interest in dileptons with a low invariant mass hagated dilepton and photon emission rates from a hadron gas
been sparked by the experimental data from the CERES Cofrom this perspective, using chiral reduction formufas].
laboration[7], which show a considerable enhancement aSarkaret al. have recently discussed photon production rates
invariant masses of about 500 MeV for super proton synin the framework of an effective Lagrangian description
chrotron (SPS-energy StAu collisions as compared to along the lines of quantum hadrodynamis]. Halaszet al.
proton-proton and proton-nucleus collisions. A similar en-study photon production from the perspective of the hidden
hancement has also been seen by the HELIOS Collaboratidocal symmetry approach and use several parametrized sce-
at a more forward rapidity8]. It is noteworthy that there is narios inspired by this approach in a relativistic transport
model [19]. A calculation that incorporates the change of
hadron masses in dense matter self-consistently has been car-
*Electronic address: csong@cnrred.kent.edu ried out with the help of the same transport mo{20].
Electronic address: fai@cnrred.kent.edu Nonthermal direct photon production has also been discussed
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recently in the ultrarelativistic quantum molecular dynamicscollisions[16,26. However, the medium effects on the prop-
(UrQMD) framework [21]. In contrast, the present paper erties of mesons have not been addressed in these calcula-
uses thermal equilibrium and a simple fluid-dynamical pic-tions.
ture. We do not attempt to calculate the effective mass of the In hadronic matter at high temperature and/or density we
vector meson from first principles, but apply two physically expect that properties of hadrons, such as effective masses
motivated parametrizations and use the standard Weinbemnd decay widths, are modified because of the phase transi-
formula[22] for the effective mass of the axial-vector me- tion and crossover into the deconfined phase of hadronic
son. matter. Even below the phase transition temperature, chiral
With respect to comparing to SPS data, the most imporsymmetry is expected to be partially restored, i.e., the mag-
tant omission of this paper is probably that the central rapidnitude of the order paramete{ﬁq) is reduced from its
ity region is considered approximately baryon free. Theyacuum value. It has been suggested that the effective
baryoniC Contribution to phOton production iS Usua”y ne'masses Of vector mesonm,O W0u|d be reduced in hot

glected in fluid-dynamical calculations, and the magnitude ojense matter according to a universal scaling layla$
the effect was assessed in Rdfs/] and[20]. Note that the

photon yield from baryons is very sensitive to the initial my  my  fi
nucleon density and that the largest baryonic contributions m_%m_N%f_' @
p T

come at low transverse momenta. The present approximation
is sufficient to study the effect of dropping vector and axial-wheremy is the nucleon mas$,. is the pion decay constant,
vector masses, which is the main focus of this investigationand * indicates the in-medium value of the corresponding
In the following section, we study the effect of the in- physical quantity. These changes have significant impact on
medium vector and axial-vector meson masses on the thethe hadronic observables as well as on electromagnetic
mal production rates of photons. We assume that the vectq@robes[27]. Recently it has been shown that the enhanced
meson mass is reduced according to a universal scaling lalew mass dileptons observed by the CERES experiment can
and the axial-vector meson masses are given by Weinberglse well described using a “dropping vector-meson mass” in
mass formulg[22]. We include these medium effects in a medium[10].
dynamical model calculation which simulates the evolution Photon production from hot dense matter will also be af-
of hot dense matter produced in nucleus-nucleus collisions ifected by the change of the properties of vector and axial-
Sec. lll. We consider a one-dimensional hydrodynamic exvector mesons in medium. Here we are interested in the ef-
pansion for the hot dense matter with Bjorken’s initial con-fects of “dropping masses” of vector and axial-vector
ditions [23]. We study cases with and without a first-order mesons in medium on photon production. To see these ef-
phase transition. The medium effect gives different initialfects, we consider thermal production rates of photons from
temperatures, phase-transition temperatures, and mixetiadronic matter at a given temperature but with reduced
phase lifetimes for the two different scenarios. In the Appenimasses. Since we assume that the pion mass does not change
dix, we summarize thermal production rates for photons inin medium, the in-medium mass of the vector meson is never
hot hadronic matter and present numerical parametrizatioriess than t_~300 MeV in the following calculations.
for the production rates for the use in dynamical calculations. First we consider two scattering channels for photon pro-
duction in hot hadronic matter. These reactions have been
shown to be dominant sources of photons viith<3 GeV
Il. PHOTON PRODUCTION FROM HOT in hot hadronic matter. In Fig. 1 we show the thermal pro-
HADRONIC MATTER duction rate of photons ifr+ p— 7+ y reactions with four
Photon production from hot hadronic matter has been caidifferent values Of, the vector-meson massat160 MeV.
culated by Kapustet al. [6] with a simple effective model We use Weinberg’s mass formula for the effective masses of

for hadrons. This study has been motivated by the need tBXial-vector mesons in mediunm; = J2mj . We can see
decide whether the spectra of single photons produced ithat the production rate increases as the effective masses of
high energy nucleus-nucleus collisions can tell us anythingyector and axial-vector mesons are reduced. We have more
about the formation of quark-gluon plasma in the early stagéhan an order-of-magnitude increaseEB~0.5 GeV with

of the collision. However, the authors found that “the hadronm,=300 MeV. The enhancement in production rates can be
gas shines just as bright as the quark-gluon plasma.” Morednderstood as there are more thermal vector mesons with
over, it has later been pointed out that photon productiomeduced masses and the cross section increases with in-
from reactions including axial-vector mesons dominates thamedium masses. The shape of the spectra does not change
from the processes considered in R] in hot hadronic much, except a shift of the peak to the low-energy region.
matter[24]. The same conclusion has been obtained from arfrigure 2 shows the results far+ 7— p+ y reactions. Even
extended calculation based on a chirally symmetric effectivehough the absolute magnitude is slightly less than in the
Lagrangian with vector and axial-vector mesd@8]. This  previous case and these spectra are convex from below, we
implies that the photon spectra, especially for photons wittcan reach a similar conclusion f&,=0.5 GeV. We ob-
E,<3 GeV, are dominated by the hadronic sources and proserve enhanced photon production rates with reduced effec-
vide information only on the hadronic phase in collisions.tive masses of mesons.

We summarize the results for various reactions and numeri- On the other hand, we have opposite results for the decay
cal parametrizations of them in the Appendix. The same conehannels. In Fig. 3 we show the effect of using the in-
clusion holds true even when we include the space-time evanedium mass of mesons for the reactipp 7+ 7+ y. The
lution of the hot and dense system produced in heavy-iohermal production rates are reduced with medium effects.
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FIG. 1. Medium effects on the thermal emission rates of photons  FIG. 3. Medium effects on the thermal emission rates of photons

for the reactionmp— my. We useT=160 MeV and four different
values for the in-medium vector meson mass=300, 450, 650,
and 770 MeV from the top.
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for the reactiorp— 7ry. The meaning of the curves is the same as
in Fig. 1.

This is simply because of the reduced phase space of decay
processes as the mass of vector mesons decreases. Because
of their long lifetime,» mesons decay outside the medium
with their free mass. However, as we assume thermal equi-
librium in the present calculation, the contribution remains
small, in contrast to Ref20]. The ' radiative decay has a
significant contribution below 0.5 GeV only. Since the con-
tribution from the decay channels is relatively small com-
pared to that from scattering channels, we neglect the decay
channels in the following.

From these calculations we conclude that the total thermal
production rates of photons increase with reduced vector and
axial-vector meson masses. The production rate may be en-
hanced by 1 to 2 orders of magnitude. Similar rate enhance-
ments have been found in the model-independent analysis of
Ref. [17], where it is also pointed out that a finite pion
chemical potential leads to further rate enhancement. Thus, it
is very interesting to ask whether we can see such an en-
hancement in the observed photon spectra in high-energy
nucleus-nucleus collisions. To answer this question, we need
to include the space-time evolution of the hot dense matter
produced in nuclear collisions.

IIl. MEDIUM EFFECT IN EXPANDING
HOT DENSE MATTER

In the previous section we have shown that reduced in-
medium masses of vector and axial-vector mesons lead to an

FIG. 2. Medium effects on the thermal emission rates of photon&nhancement in the thermal production rate of photons by 1
for the reactionm— py. The meaning of the curves is the same asto 2 orders of magnitude. Since photon data appear to be

in Fig. 1.

consistent with earlier calculations with free masses, it is
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interesting to see in a model whether these medium effectc 080
can be expected to survive in the observable photon spectr:
In order to get the inclusive photon spectra for comparison to
experimental data, we need to integrate the production rates
over the space-time development of the expanding hot dens@

0.60
matter, A

dN
Eym(Ey!T!M) : 2
whereT, u indicate the temperature and dendithemical
potentia) dependence of the photon production rates. Thus,
observable spectra also depend on the details of space-tirr
evolution, on initial conditions, and on properties of the

phase transition expected in hot dense matter. 029 & YT .25

In our calculation we assume a boost-invariant longitudi- temperature (GeV)

nal expansion of the hot dense matter and use a fluid- _ ) :
dynamical description for the expanding system. The evolu-. FIG. 4. '.Eﬁecnve Masses 9f vector mesons in m.ed'ur.n' We con-
tion of the system is governed by the conservation laws forSIder two different mass profiles A and B as explained in the text.
energy and momentum,

N
Eyafpzf d*x

effective p-mass

cases we assume that the vector meson mass is not less than
3, TH"(x)=0. 3 twice the pion mass*n;>300 MeV, even at very high tem-
peratures. For axial-vector mesons we assume that the rela-
In the absence of dissipation, the energy-momentum tenseign m;l: \/Em; holds for the entire evolution.

Wy i i _
T#” is given by Transverse expansion is neglected in the present work.

TH'=(e+P)uku’— Pg-”, (4) The.effect of transverse.expansion on thermal photon pro-
duction was found to be important for the apparent tempera-
wheree, P, andu* represent energy density, pressure, andure of the spectrgl6]. However, the goal of this investiga-
local four-velocity of the medium, respectively. Further, wetion is to see whether there is a difference between a
assume that density effects on photon production other thag@lculation with in-medium masses versus one with free
effects of the effective masses of vector and axial-vector menasses. To isolate this effect a simple model without trans-
sons are negligibl€20]. verse expansion is sufficient. Similarly, a more refined treat-
Using a simple one-dimensional hydrodynamic expansiofnent of freeze-ouf28] is unnecessary as it would influence
with Bjorken’s initial conditiong23], the transverse momen- both calculations the same way.
tum distribution of photonstransverse momentum spec-

trum) at central rapidity is given by A. No phase transition
dN dN First we determine the initial temperature of the system.
W(yZO):q—rR,ZJ rdff d??[Eyw(Ey,T) , This can be obtained from entropy conservation. If pions
Py xap ( carry most of the system’s entropy at freeze-out, entropy
conservation relates the initial entropy density to the total

where 7 is the proper timeR, is the transverse size of the Observed pion rapidity densityncluding charged and neu-
system, andy is the space-time rapidity. The proper time f[ral pions. Using the fact th{it the entropy and particle for an
can be found as a function of temperature from the consefdeal massless boson gas is 3.6, one obtains

vation of entropy as

dN
R70S(To)=3.6——, 7
7s(T)=const, (6) TRAToS(To) dy @
wheres denotes the entropy density. where 7 is the initial proper time and is the initial tem-

The dynamical properties of the expanding system—perature. In this paper we usg=1 fm/c. Since we assume
initial temperature, phase-transition temperature, and thfip phase transition, the initial entropy is given by the had-
lifetime of the mixed phase if there is a phase transition—ronic content of the system. Treating the hadronic matter as a
depend on the details of how the vector-meson mass ifoninteracting gas of hadrons, the entropy is given by
changed in medium. To see the quantitative effect of the
reduced in-medium mass on the photon production we con- 1
sider two extreme cases: one in which the bulk of the change su(T)= f[»sH(T)vL Pu(T)1, €]
in the effective mass happens close to the critical tempera-
ture of a first-order phase transitidnase A, and another .
with a more gradual change, where the effective mass staryg'th
to decrease significantly already at around a temperd&ture
=100 MeV (case B. The simple parametrizations for these ¢ :2 gi f 3p
two effective-mass scenarios are displayed in Fig. 4. In both A4 (2m)? exp(

Wj

0)|/T)_1'

C)
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FIG. 5. Temperature evolution of the system with no phase tran- F1G. 6. Photon yield for a centraf’S+Au collision at
sition. The dotted curve is the result obtained with free mass. Thegga GeV with no phase transition. The meaning of each curve is
dashed curve is the result with in-medium masses for vector mesonfe same as in Fig. 5.

in scenario A of Fig. 4. The solid curve is the result with in-medium

masses for vector mesons in scenario B of Fig. 4. . . .
mass changes suddenly as in scenario A, there is an early

9 time interval without significant temperature change, resem-
PH:E 9i 3f d3p P bling a first order phase transition in its effects. The system
T (2m) 3wjlexp(w;/T)—1]" continues to cool down until it reaches the freeze-out tem-

perature. In this paper we take the freeze-out temperature

where the sum is over various boson species that the system=100 MeV. As mentioned earlier, we have a lower initial
is composed of,g; is the degeneracy factor, an@;  temperature for a system with reduced masses compared to
=\p’+ miz. the value obtained with free masses. Furthermore, we can see

For the central collisions of 8Au at 200 GeV/nucleon at that, in the entire evolution, the temperature of a system with
the CERN SPS, we géf,~300 MeV with free masses for reduced vector and axial-vector meson masses remains be-
vector and axial-vector mesons. We have assumed that thew the temperature of a system without medium effects on
hadronic phase consists af #, p, », anda; mesons. This the effective masses.
value of the initial temperature seems to be rather high for a These two medium effects, lower temperature at the be-
hadronic phase. On the other hand, the initial temperature a@finning and in fact throughout the evolution, play significant
the same system reducesTig~250 MeV assuming that the roles in shaping the photon spectra from expanding hadronic
effective masses of vector mesons in medium reach the valusatter. We show the results for the inclusive photon spectra

shown in Fig. 4 at high temperature. obtained with reduced massg@wo different profile$ in Fig.
The temperature evolution, as the system cools down, i§, and compare them to the results obtained with free
obtained from the entropy conservation equation masses. The in-medium effective mass induces a decrease in
the production of inclusive photons, which is opposite to the
7S(T) = 195(Tp). (10 effects of reduced masses on the thermal production rates of

photons in the previous section. For photons with
In Fig. 5 we show the time dependence of the temperature-1 GeV/c, total production is reduced by an order of mag-
with reduced in-medium masses for vector and axial-vectonitude with reduced in-medium masses. This indicates the
mesons according to scenarios A and B displayed in Fig. dmportance of the reduced initial temperature and of the
The results are compared to the temperature evolution for thiewer temperature of the system during the entire evolution
same system but with free masses. Interestingly, details afompared to that of a system with free masses. Even though
mass changes do not influence the temperature evoluticthe thermal production rates increase with “dropping effec-
very much. The initial mass of the vector meson has the onlyive masses,” the increase is more than compensated by the
important effect on the evolution. At the very early stage ofreduced temperature of the system. The details of the mass
the evolution7<<5 fm/c, the temperature changes in the evolution have no significant effect on the photon production
same way for both mass profiles A and B. When the effectivesince most photons are produced at the very early stage of
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the evolution when there is no difference between the two ' '
mass profiles. R free mass

0.20 - ---- in-medium mass (A) |
— in-medium mass (B)

B. First-order phase transition

In contrast to the previous subsection, here we assume
that the strongly-interacting matter produced in high-energy
central collisions is in the quark-gluon plasma phase at the
early stage of the evolution. Further, we assume that the
system transforms into the hadronic phase through a first-
order phase transition as it expands and cools down. In this &

GeV)

0.15

case the initial conditions are determined by the properties of g
guarks and gluons. Including massless up and down quarks‘@'
and gluons, we have for the initial temperature e
E
dN, 1 1 13 o
To= 3'6dy TomR4 (4/3)(377°130) (19 0.10
For the system produced int®wu collisions at the CERN
SPS, using the value adN_/dy from the WA80 experi-
ment, we gefl,=203 MeV.
The critical temperature can be determined by the pres-
sure balance requirement 0.05 , ,
0.0 20.0 40.0
Pu(Te)=Po(To). (12 proper time (fm/c)

The pressure in the quark-gluon plasma phase is given by  FIG. 7. Temperature evolution of the system with a first-order

phase transition. The meaning of each curve is the same as in Fig. 5.
2
a

90) T4-B, (13

Pq(T)=37( o .
this time is reduced ta\ 7,,=5 fm/c when we use in-
) medium masses. This implies that there might be no first-
whereB is the bag constant and we uBe=206 MeV[29]. o qer phase transition as the effective masses of vector me-
In the hadronic phase the pressure is given by @awith g5 are reduced further in medium, as discussed in Ref.
in—mediun_1 masses. Thus, the critical te.mperature depends ?80]. Since the entropy difference between the two phases
the effective masses of vector and axial-vector mesons. A§ecreases as the masses are reduced in the hadronic phase,
we include the reduced effective masses of mesons, we gfle system transforms very rapidly from the plasma phase to
higher values for the critical temperatufie.=160 MeV, e hadronic phase. This is why we have a very short time
compared tolr .= 150 MeV obtained with free masses. for the mixed phase with “dropping masses.”
In Fig. 7 we show the temperature evolution assuming a | the hadronic phase the evolution is given by EXp)

first-order phase transition. We consider the medium effec};i T, andr, instead ofT, and 7o, respectively. As shown
on the vector mesons with the two different profiles A and B,y e\igusly, the details of the temperature evolution do not
and compare the results to the evolution obtained with fre%lepend strongly on how the effective masses of vector me-
masses. The evolution of the temperature in the plasmggng change in medium. The hadronic phase soon cools
phase is given by down and the temperature of the system becomes lower than
T(7)=To( 1o/ 7) M (14) that for the system with free masses throughout most of the
oLro ' evolution. As a result, the system reaches the freeze-out tem-
until the system reaches the phase transition temperature Bgrature earlier than with free masses. The entire lifetime of
time Tl:(TO/TC)STO- the hot dense matter becomes short when we include the
In the mixed phase the temperature does not change, biedium effects on the vector and axial-vector mesons.
the entropy changes by converting quark-gluon plasma to Now we consider medium effects on the inclusive photon

hadronic gas. The mixed phase continues to timhich is spectra fr_om hot dense matter. In Fig. 8.v_ve ;how the results
given by with medium effects when a phase transition is assumed, and

compare them to those obtained with free masses. The en-
T,=I1Tq, (15) hancement shown in the thermal production rates is compen-
sated to some extent by the reducing effects from the
wherer is given by the ratio of the entropy densities in the changes in dynamic properties of the expanding system. Be-
two phases at the critical temperatures s,(T.)/sp(Tc) [5]. cause of the short lifetime of the mixed phase there is a slight
Thus, the lifetime of the mixed phase also strongly dependgeduction in photon production from the plasma component
on the vector and axial-vector meson masses in medium. Wef the mixed phase. However, the dominant contribution
find that the lifetime of the mixed phase is considerably re-comes from the hadronic phase and the hadronic component
duced in the “dropping mass” scenario. With free massesf the mixed phase. These hadronic contributions show a
the mixed phase continues fdrr,;,=20 fm/c. However, significant increase because of the reduced masses, even
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FIG. 8. Photon yield for a centraf?S+Au collision at FIG. 9. Comparison with the WA80 upper limits. Dashed and
200A GeV with a first-order phase transition. The meaning of eachdash-dot curves are for the results obtained in pure hadronic phase
curve is the same as in Fig. 5. (with no phase transitigrwithout and with medium effects A, re-

spectively. Dotted and solid curves are for the results obtained as-
though there are reducing effects of the low temperature o$uming a first-order phase transition without and with medium ef-
the system and of the short lifetime of the mixed phase. Thigects A, respectively.
is because most of the hadronic contribution now comes
from a high temperature. Also, we can see a rather apparegbnsistent with a pure hadronic calculation, while the as-
difference between scenarios A and B, and compared to theumption of a first-order phase transition leads to a reason-
results obtained with no phase transition. We have more phable description even with medium effects. The main
tons with scenario A than with scenario B. This is because o€onclusion of this article is that the data are still well-
the difference in cooling rates of the system. The cooling ratelescribed in our simple model approaghith a first-order
is given by phase transitionwithout further modification when the me-

4 dium effects of reduced masses are included.

dT 1 dg(T)
ar |smy 9T (19
T [(s(T) IV. CONCLUSION
It turns out that this cooling rate iss3 times slower with We have studied photon production from hot dense matter

mass profile A than with mass profile B at the early stage ofis a probe of the properties of hadrons in medium. We are
the expansion when the temperature decreases from 168terested in the effect of the reduced masses of vector and
MeV to 140 MeV. axial-vector mesons. Such a reduction has been suggested as
Finally, we compare our results to the upper limits ob-a precursor phenomenon to the chiral phase transition. This
tained by the WA80 experiment in Fig. 9. We find that the has been very interesting recently, since the enhancement of
purely hadronic scenario is excluded by these upper limits inow-mass dileptons observed in the CERES and HELIOS
our simple model even though we have an improved resulexperiments at the CERN SPS can be well described assum-
with reduced masses. This is because of the rather high ining “dropping masses” of vector mesons.
tial temperature of the system. However, we cannot rule out First we have calculated thermal production rates of pho-
that a hadronic model using more degrees of freedom and tans from hadronic matter at a given temperature but with
more realistic equation of state can be made consistent witteduced masses. It has been shown that the reduced mass
the experimental informatiof81]. Our results are consistent increases the production rates by an order of magnitude at
with the WAS8O upper limits if a first-order phase transition is T=160 MeV for both reactionsrp— 7y and mm—py.
assumed in the mod¢l6]. The medium effects due to the However, the contribution from decay processes of vector
“dropping masses” of vector mesons do not change thesenesons decreases with reduced effective masses simply be-
results much, except an increase in production rates for highause of the shrinkage of the phase space.
p: photons. We carried out a similar comparison with the In order to compare with experimental data we have in-
preliminary WA98 datd 3], reinforcing that the data are in- cluded the space-time evolution of the system as well as the
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changes of masses in medium. For the evolution of hot dens&trongly depends on the effective masses of vector mesons. It
matter we used a one-dimensional hydrodynamic expansioturns out thatA7,,~5 fm/c with m,=300 MeV atT

and considered cases with and without a phase transitior= T, which is considerably shorter thakr;,~20 fm/c

This model is clearly too simple to describe the complicatedwith free masses. These changes reduce photon production
system produced in nuclear collisions, but is sufficient toand compensate the enhancement of thermal production rates
understand, rather qualitatively, medium effects on photorwith reduced masses. The final results, however, show

production. We find that not only the thermal productionslightly enhanced photon production since most photons are

rates of photons, but also the initial conditions and phaseproduced at the early stage of the hadronic phase in which

transition properties of the system depend on the changes tie temperature is higher and the vector meson mass is
the effective masses of vector and axial-vector mesons.  smaller than in the system with free masses.

Assuming no phase transition, we have a relatively low A comparison with experiments shows that our results are
value for the initial temperature with reduced mas3gs consistent with the experimental information assuming a first
=250 MeV, because of the dependence of the initial entropyrder phase transition, even though we include the medium
density of the system on the effective masses of vector aneffects from “dropping masses” of vector mesons.
axial-vector mesons. Moreover, the temperature of the sys- In conclusion, thermal production rates of photons
tem with reduced masses is lower than that of the systerstrongly depend on the changes in effective masses of vector
with free masses throughout the evolution, which leads to aand axial-vector mesons. However, these medium effects
earlier freeze-out in the system with reduced masses. Thalso change many important aspects of the dynamics of the
inclusive photon spectra from hot dense matter produced iexpanding system. When we include these effects together, it
nuclear collisions are subject to two medium effects: ends very hard to distinguish medium effects in the inclusive
hancement from reduced masses of vector and axial-vect@hoton spectra observed at CERN SPS.
mesons and suppression from the changes in initial condi-

tions and temperatures of the system. The sup_pression effects ACKNOWLEDGMENTS
overwhelm enhancement and lead to a reduction of the spec-
tra by an order of magnitude for high energy photons. We thank Terry Awes for discussions of the experimental

When we assume that there is a first-order phase transsituation. This work was supported in part by the U.S. DOE
tion in the system, the initial temperature is decided by theésrant No. DE-FG02-86ER40251.
properties of quarks and gluons and not affected by the me-
dium effects on the vector meson mass. The phase transition APPENDIX
temperature and the time spent in the mixed phase, however,
depend on the reduced meson masses. We find that the re- The thermal emission rates of photons have been calcu-
duced effective masses change the phase transition tempetated from relativistic kinetic theory. For a reactiont2
ture by about 10 MeV. The lifetime of the mixed phase —3+ v,

(2m)* 8D (py+ pa—Pa—P)IM|?F1(Ep) Fo(Ex)[ 1+ F3(Es)].
(A1)

. dN _ N f d3p; d®p, d3ps
Yd%Pp  2(2m)3) (27)%2E, (2m)32E, (2m)72E,

Here E!,p!) is the four-momentum of thg™ particle, which can be integrated numerically. The details of notation
(E, .p) stands for the photon, and tliés are Bose-Einstein are given in Ref[25].

or Fermi-Dirac distributions for each particld/; denotes In the following we show numerical parametrizations for
the scattering amplitude for the given reaction, which is avthermal production rates of photons obtained with axial-
eraged over initial states and summed over final states t§ector mesons includef®5]. A parametrization is found by
obtain| M |2. The overall degeneracy factdf depends on expressing the rate as a function of exp{,/T) and of di-

the particular process. It is convenient to introduce invarian hgnrzlggtlsjsniga_r)ame\fershgi T/m; andy=E,/m,. For
variabless=(p;+ p,)? andt=(p;— p3)?. After integrating Py

i i i i dN7T7T~>
over angles the integration reduces to four dimensions, £, DY _ T2exp( — ET)F ., (xy), (A3)
Y P
7d*xd®p 16(27)'E, )5 S i Ml where
Famopy=€X{ —12.055+ 4.38'&+ (0.3755+ 0.008 2&)y

x dEf dE,f1(Ep)f(E
J[A} 1] g AN (ETAES) +(—0.007 77+0.000 27%)y?

1
X[1+fa(Eq+ EZ_Ey)]— +(5.7869-1.025&)/y

JaEi—2bE,+c’

(A2) +(—1.979+ 0.58)/y?]. (A4)
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We obtain a similar parametrization for the reactionno correction due to the; meson. Folp decay intommy,

Tpmwp— 7y given by the correction due to the; meson is rather small compared
to the reactions discussed earlier. The parametrization is
ANgp oy given by
YWZT exp(—Ey/T)Fme(x,y), (A5)
where E ANy 7y =T? exp(—E,/T)F (x,y), (A7)
Y d4xd3p - Y p—mrAXiY),
Frposmy= X —2.447+0.796¢+ (0.0338+ 0.052&)y
+(—21.44H 8.217X)/y where
+(1.524 36-0.385 6X)/y?]. (AB)

. . . Fpnry=€xd —6.295+ 1.645%+ (—0.4015+0.08%)y
Finally we consider the decay channels. For the reaction

w— 7y We have the same result as in R, since there is +(—0.954+2.057 7%)/y]. (A8)
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