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Emission of thermal photons and the equilibration time in heavy-ion collisions

Thorsten Renk
Physik Department, Technische Universita¨t München, D-85747 Garching, Germany

and ECT, I-38050 Villazzano (Trento), Italy
~Received 17 January 2003; published 12 June 2003!

The emission of hard real photons from thermalized expanding hadronic matter is dominated by the initial
high-temperature expansion phase. Therefore, a measurement of photon emission in ultrarelativistic heavy-ion
collisions provides valuable insights into the early conditions realized in such a collision. In particular, the
initial temperature of the expanding fireball or equivalently the equilibration time of the strongly interacting
matter are of great interest. An accurate determination of these quantities could help to answer the question
whether or not partonic matter~the quark-gluon plasma! is created in such collisions. In this work, we
investigate the emission of real photons using a model that is based on the thermodynamics of QCD matter and
which has been shown to reproduce a large variety of other observables. With the fireball evolution fixed
beforehand, we are able to extract limits for the equilibration time by a comparison with photon emission data
measured by WA98.

DOI: 10.1103/PhysRevC.67.064901 PACS number~s!: 12.38.Mh, 25.75.2q
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I. INTRODUCTION

In the hot and dense system created in an ultrarelativ
heavy-ion collision~URHIC!, the relevant momentum scale
for typical processes taking place inside the strongly in
acting matter drop as a function of proper timet. Initially,
the relevant scale is set by the incident beam moment
leading to hard scattering processes that presumably ca
described by perturbative quantum chromodynam
~pQCD!. Secondary inelastic scattering processes su
quently lower the momentum scales due to particle prod
tion. At later times, equilibration sets in and typical momen
p are determined by the temperatureT of a given volume
element aŝp&53T. As the matter expands, energy stored
random motion of particles~temperature! is transferred to
collective motion~flow!, leading to a decrease ofT with
decreasingt. Therefore, by selecting an observable asso
ated with a given momentum scale, one simultaneously
lects a time period in the evolution of the system.

For this reason, a measurement of hard real photons i
ideal tool to study the early moments of the fireball expa
sion. High momentum photons are not only sensitive to ea
proper times, but, being subject to electromagnetic inte
tions only, their mean free path in the fireball matter is a
much larger than the spatial dimension of the system~there-
fore they are capable of leaving the emission region with
significant rescattering!. Therefore, hard photons comple
ment a measurement of low mass, low momentum dilept
that are dominantly emitted near the kinetic freeze-out po

Ideally, one would like to use hard photon emission a
thermometer to determine the initial temperature reache
an URHIC and use this information to verify the creation
a quark-gluon plasma~QGP!. However, in reality one has to
disentangle thermal contributions to the photon spectr
from contributions coming from initial hard scattering pr
cesses. The interpretation of the photon spectrum alone
therefore not be unambiguous.

In this work, we compare a model calculation of phot
emission from a fireball created in an 158A GeV Pb-Pb col-
0556-2813/2003/67~6!/064901~8!/$20.00 67 0649
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lision at SPS with data obtained by the WA98 Collaborati
@1#. In a recent paper@2#, we have developed a fireball mod
based on information from hadronic observables and lat
QCD thermodynamics, as manifest in a quasiparticle pict
of the QGP. This model has been shown to successfully
scribe low mass dilepton emission@2# and, within the frame-
work of statistical hadronization, the measured abundan
of hadron species@3#. In the present work, we demonstra
that the same model is also capable of describing the
served photon emission. The fixed setup of the model a
enables us to establish constraints on the equilibration t
t0 , which entered the model on anad hocbasis so far.

This paper is organized as follows. First, we introduce
photon emission rate used in the calculation and discus
interpretation in the framework of the quasiparticle picture
the QGP, which has been used in the fireball evolut
model. In the next section, we summarize the main prop
ties of the evolution model and discuss constraints for
initial expansion phase. Afterwards we present the resul
photon spectrum and demonstrate that, in agreement with
expectation, hard photons originate dominantly from t
early evolution phase. We investigate the possibility of us
the photon data to set limits on the equilibration time of t
fireball matter and conclude by comparing to the results
tained by other groups.

II. THE THERMAL PHOTON EMISSION RATE

A. The QGP contribution

As we expect the dominant contribution to the spectr
of hard photons to come from a region of high temperatur
we focus on the QGP rate. To leading order, this rate can
calculated by evaluating the four diagrams shown in Fig
Here the last two diagrams are promoted to leading or
because of near-collinear singularities.

The complete calculation of the rate to orderas has been
a very involved task that has been finished only recen
@4–10#. For the present calculation, we use the parametr
©2003 The American Physical Society01-1
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THORSTEN RENK PHYSICAL REVIEW C67, 064901 ~2003!
tion of the rate given in Ref.@10#. There, the rate for photon
of momentumk is written as

dN

d4xd3k
5

1

~2p!3
A~k!S ln@T/mq~T!#

1
1

2
ln~2E/T!1Ctot~E/T! D ~1!

with E5k and mq
2(T)54pasT

2/3 the leading order large
momentum limit of the thermal quark mass. The leading
coefficientA(k) reads

A~k!52aNC(
s

qs
2

mq
2~T!

E
f D~E!. ~2!

Here, the sum runs over active quark flavors andqs denotes
the fractional quark charges in units of elementary cha
The Fermi-Dirac distributionf D(E) dominates the momen
tum dependence of the rate: To a good approximation
decreases exponentially withE. The dependence on the sp
cific photon production process is contained in the te
Ctot(E/T),

Ctot~E/T!5C2↔2~E/T!1Cbrems~E/T!1Caws~E/T!.
~3!

All these functionsC(E/T) involve nontrivial multidimen-
sional integrals that can only be solved numerically. In R
@10#, parametrizations for the results are given as

C2↔2~E/T!.0.041~E/T!2120.361511.01

3exp@21.35E/T# ~4!

and

qq

γ q

g

γ γq

g

q

g

γ

q

q ,

q

g,q

γ

FIG. 1. ~Color online! Leading order processes for photon pr
duction in the QGP~from left to right!: QCD Compton scattering

qq̄ annihilation, Bremsstrahlung, and annihilation with scatter
~aws!.
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Cbrems~E/T!1Caws~E/T!

.A11
1

6
NfS 0.548ln@12.2811/~E/T!#

~E/T!3/2

1
0.133E/T

A11~E/T!/16.27
D . ~5!

B. A quasiparticle interpretation

In Ref. @2#, we have used a picture of massive, nonint
acting quark and gluon quasiparticles to describe the Q
Close to the phase transition these quasiparticles are su
to confinement, parametrized by a universal functionC(T)
that reduces the number of thermodynamically active
grees of freedom asn(T)5n0(T)C(T) with n0(T)
5*@d3p/(2p)3# f B(D)(Ep /T). Here, f B(D)(Ep /T) denotes
the Bose~Fermi! distribution. In Ref.@11#, it has been shown
that this ansatz is capable of describing the lattice results
the QCD thermodynamics extremely well.

In the case of photon emission, we cannot strictly ret
this interpretation. The processqq̄→g is kinematically im-
possible and all other emission processes would be s
pressed byaem for noninteracting quasiparticles. On th
other hand, the fact that we want to study hard photons
plies that at least one of the particles in the initial state is a
hard. But such particles penetrate the screening cloud of t
mal fluctuations, which is ultimately responsible for the n
tion of weakly interacting quasiparticles. Therefore it appe
reasonable to allow for interactions of plasma particles w
momenta well above the scale set by the temperature.

The remaining properties of the quasiparticle approa
are encoded in the quasiparticle massm(T) and the ‘‘con-
finement factor’’C(T). In the limit of large temperatures, th
quasiparticle mass in Ref.@11# is chosen so as to coincid
with the result of hard thermal loop~HTL! resummed calcu-
lations for the thermal self-energy. Therefore, inserting m
sive quarks as degrees of freedom into the above res
would amount to double counting, since those already inc
porate HTL resummation, at least as long as we cons
only temperatures above 1.5TC .

There is no equivalent of the confinement factorC(T) in
the calculations described in Refs.@4–10#. We can estimate
the effect of introducingC(T) as follows.

A typical diagram, sayqq̄ annihilation, which contributes
R0 to the total emission rate has the structureR0
; f D(E/T)2uMu2@11 f B(E/T)#, with the thermal quark dis-
tributions f D in front of the squared matrix elementM cor-
responding to the process in vacuum and a Bose enha
ment factor for the gluon emitted into the final state. T
modification of the rateR with respect to the rateR0 in the
presence ofC(T) will read R;C(T)2f D(E/T)2uMu2@1
1C(T) f B(E/T)#, which is always larger thanC(T)3R0 . In
the case of quarks in the final state,C(T) leads even to a
reduced Pauli blocking~the final state modification become
@12 f D(E/T)C(T)#, which is larger in the presence of con
finement!.
1-2
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On the other hand, as mentioned above, at least one o
incoming particles has to have a large momentum. S
high-momentum particles are not subject to confinem
along with the bulk of the matter. One would expect them
hadronize well outside the thermalized region, leading
C(1)51 at one of the incoming legs in the diagram.

Therefore,C(T)3 can be taken as a conservative estim
of the effect of the confinement factor on the emission rate
it can be shown that hard photon emission is dominated b
region where the temperature is so large thatC(T)'1, the
above expression for the emission rate can be used to
proximately describe photon emission from a system of q
siparticles also. This is also the region where we expect
mass of quasiparticles to be given by the HTL result. We w
verify this propertya posteriori.

Clearly, the prescription outlined here has to be regar
as an approximation till a more detailed version of a qua
particle description of the QGP incorporating confinemen
available.

C. The hadronic contribution

As the temperatures in the hadronic evolution phase of
fireball are lower than in the QGP phase, we expect the h
ronic contributions to the emission of hard photons to
small. Therefore, we will not discuss this contribution
great detail.

Vector mesons play an important role for the emission
photons from a hot hadronic gas. The first calculation of s
processes has been performed in Ref.@12# in the framework
of an effective Lagrangian. It has been found that the do
nant processes are pion annihilation,p1p2→rg; ‘‘Comp-
ton scattering,’’p6r→p6g; andr decay,r→p1p2g.

Several more refined approaches have been made
then ~for an overview, see Ref.@13#!. In the following, we
will use a parametrization of the rate from a hot hadronic
taken from Ref.@14#, which is given as

E
dN

d4xd3k
@ fm24 GeV22#

.4.8T2.15exp@21/~1.35ET!0.77#exp@2E/T#. ~6!

D. The integrated rate

In order to compare to the experimentally measured p
ton spectrum@1#, we have to integrate Eq.~1! over the space-
time evolution of the fireball,

dN

d2ktdy
U

y50

5
p

DyE dtR2~t!E
zmin(t)

zmax(t)

dz

3E
kmin„y(z)…

kmax„y(z)…

dkz

dN

d4xd3k
. ~7!

In this expression,R(t) stands for the radial expansion o
the fireball,Dy denotes the rapidity interval covered by th
detector,y(z) is the rapidity of a volume element at positio
z, and the limits of thekz integration come from the fact tha
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a photon emitted at the~boosted! edge of the fireball has to
have a longitudinal momentum in a certain range in orde
be detected in the rapidity window of the experiment. In th
expression, we have assumed spatial homogeneity and
lindrical fireball.

III. THE FIREBALL EVOLUTION MODEL

In this section, we briefly outline the general framewo
of the fireball evolution model. The model is described
greater detail in Refs.@2,15#.

The underlying assumption of the model is that t
strongly interacting matter produced in the initial collisio
reaches thermal equilibrium at a time scalet0'1 fm/c. For
simplicity, we assume spatial homogeneity of all thermod
namic parameters throughout a three-volume at a gi
proper time. The evolution dynamics is then modeled
calculating the thermodynamic response to a volume exp
sion that is consistent with measured hadronic momen
spectra at freeze-out.

The volume itself is taken to be cylindrically symmetr
around the beam~z! axis. In order to account for collective
flow, we boost individual volume elements inside the fireb
volume with velocities depending on their position. As flo
velocities in longitudinal direction turn out to be close to t
speed of light, we have to include the effects of time dila
tion. On the other hand, we can neglect the additional ti
dilatation caused by transverse motion, since typicallyv'

!vz . The thermodynamically relevant volume is then giv
by the collection of volume elements corresponding to
same proper timet. In order to characterize the volume e
pansion within the given framework, we need first of all t
expansion velocity in longitudinal direction as it appears
the center of mass frame. For the position of the front of
cylinder, we make the ansatz

z~ t !5v0t1czE
t0

t

dt8E
t0

t8
dt9

p~ t9!

e~ t9!
, ~8!

wherecz is a free parameter. The timet starts running att0
such thatz05v0 t0 is the initial longitudinal extension with
v0 the initial longitudinal expansion velocity. The longitud
nal positionz(t) and t itself define a proper time curvet
5At22z2(t). Solving for t̃ 5t(t), one can constructz̃(t)
5z( t̃ ). Then the position of the fireball frontz(t) in the
center of mass frame can be translated into the longitud
extensionL(t) of the cylinder on the curve of constan
proper timet. One obtains

L~t!52E
0

z̃(t)
dsA11

s

As21t2
. ~9!

At the same proper time we can define the transverse fl
velocity and construct the transverse extension of the cy
der as a circle of radius

R~t!5R01c'E
t0

t

dt8E
t0

t8
dt9

p~t9!

e~t9!
, ~10!
1-3
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THORSTEN RENK PHYSICAL REVIEW C67, 064901 ~2003!
whereR0 corresponds to the initial overlap radius, andc' is
a free parameter. With the values ofL and R obtained at a
given proper time, we can parametrize the three-dimensio
volume as

V~t!5pR2~t!L~t!. ~11!

In principle, the model is fully constrained by fixing th
freeze-out timet f ~at the fireball front!, the proper timet f ,
and the two constantsc' and cz , such that the measure
hadronic observables are reproduced. In practice, thi
achieved only at SPS energy, where the freeze-out ana
@16# allows a complete characterization on the basis of h
ronic dN/dy andmt spectra and HBT radii. For the 5% mo
central Pb-Pb collisions one requires

R~t f !5Rf , v'~t f !5v'
f , vz~t f !5vz

f , and

T~t f !5Tf , ~12!

while making a trial ansatz for the ratiop/e. Note that the
proportionality of the acceleration to this ratio~which is
reminiscent of the behavior of the speed of sound! allows a
soft point in the EoS to influence and delay the volume
pansion.

Assuming entropy conservation during the expans
phase, we fix the entropy per baryon from the number
produced particles per unit rapidity. Calculating the num
of participant baryons as

Np~b!5E d2snp~b,s!

5E d2sTA~s!$12exp@2sNN
in TB~ ub2su!#%

1~TA↔TB!, ~13!

we find the total entropyS0 . The entropy density at a give
proper time is then determined bys5S0 /V(t). Using the
EoS given by the quasiparticle approach@11#, thereby pro-
viding the link with lattice QCD, we findT„s(t)… and also
p(t) and e(t), which in the next iteration replace the tria
ansatz in the volume parametrization. Finally, we arrive a
thermodynamically self-consistent model for the fireb
which is, by construction, able to describe the hadronic m
mentum spectra at freeze-out.

In order to find the fireball evolution relevant for the ph
ton emission measured for the 10% most central collisio
we follow the procedure outlined in Ref.@2#. In brief, we
consider an effective system that starts out with a redu
number of participants and hence reduced total entropy c
tent. Neglecting azimuthal asymmetries, we keep parame
ing the expanding system as a cylinder with reduced ini
radius. Assuming that the freeze-out temperature is appr
mately unchanged for more peripheral collisions, we de
mine a reduced proper evolution time and modify the g
metrical freeze-out radius and the transverse flow velo
accordingly. However, going from the 5% to the 10% mo
central collisions, we find differences in the early evoluti
phases on the level of a few percent only.
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Thus, the fireball evolution is completely constrained
hadronic observables. In Ref.@2#, it has been shown that thi
scenario is able to describe the measured spectrum of
mass dileptons, and in Ref.@3# it has been demonstrated th
under the assumption of statistical hadronization at the ph
transition temperatureTC , the measured multiplicities o
hadron species can be reproduced. None of these quan
is, however, sensitive to the detailed choice of the equilib
tion time t0 . Therefore, we have only considered the ‘‘c
nonical’’ choicet051 fm/c so far. The calculation of photon
emission within the present framework provides the opp
tunity to test this assumption and to limit the choice oft0 .

IV. RESULTS

The result of the evaluation of Eq.~7! with the fireball
evolution model described in the preceding section is sho
in Fig. 2. The overall agreement with the data is remarka
good. Above 2 GeV, the calculation underestimates the d
somewhat, leaving room for a contribution of prompt ph
tons from initial hard processes of about the same magnit
as the thermal yield. Note that the spectrum is almost co
pletely saturated by the QGP contribution—forkt.3 GeV,
the hadronic contribution is almost two orders of magnitu
down. This can, in essence, be traced back to the str
temperature dependence of the emission rate normaliza
and justifies the approximate treatment of the hadronic c
tribution a posteriori.

In order to study the importance of the initial, high tem
perature phase in more detail, we present the time evolu
of the spectrum in Fig. 3. One observes that the largekt
region is almost exclusively dominated by the first fm/c of
evolution proper time, whereas the yield in the lowkt region
is not yet saturated after 2 fm/c. However, the temperatur
associated with these evolution times is always larger t
250 MeV, leading toC(T).0.9 @11# andC(T)3'0.7. This
justifies neglecting the effect of quasiparticle properties
the ratea posteriori. There is a 30% uncertainty introduce
into the calculation, but this is comparable with other intri

dN
/d

  k
 d

y 
[G

eV
  ]

2
2

10   
-10 

10  
-8 

10  
-6 

0.0001

0.01

1

100

0.5 1 1.5 2 2.5 3 3.5 4

WA98 data
total rate

QGP
hadronic matter

k  [GeV]t

t

FIG. 2. ~Color online! Thermal photon spectrum for 10% mo
central Pb-Pb collisions at SPS, 158A GeV Pb-Pb collisions, shown
are calculated rate~total, contribution from QGP and hadronic ga!
and experimental data@1#.
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sic uncertainties, such as the detailed choice of the nume
value ofaS(T) in this temperature regime.

The highkt tail of the spectrum is potentially capable
providing information about the initial temperature reach
immediately after equilibration. This capability is serious
limited in practice, however, by the need to assess an
known contribution of prompt photons, which may be lar
in this region. Bearing this uncertainty in mind, we can, ne
ertheless, pursue this idea further in Fig. 4, where we inv
tigate the sensitivity of the result to the equilibration timet0
of the fireball.

We find that the lowkt region of the spectrum is hardl
affected by different choices for the equilibration time, wh
for larger kt one is increasingly sensitive to short evolutio
time scales. An equilibration time of 0.5 fm/c corresponding
to an initial temperature of 370 MeV leads to a good desc
tion of the data without the inclusion of any prompt phot
contribution. On the other hand, a rather slow equilibrat
corresponding tot052 fm/c and an initial temperature o
260 MeV requires a sizeable contribution from prompt ph
tons.

dN
/d

  k
 d

y 
[G

eV
  ]

2
2

10   
-7  

10   
-6  

10   
-5  

0.0001

0.001

0.01

0.1

1

1 1.5 2 2.5 3 3.5 4

total rate
0.2 fm/c
0.5 fm/c
1.0 fm/c

2 fm/c

k  [GeV]t

t

FIG. 3. ~Color online! The total photon emission spectrum an
the integrated rate at proper timest50.2, 0.5, 1.0, and 2 fm/c of
the fireball evolution.

dN
/d

  k
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y 
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2
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-5  

0.0001
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0.5 1 1.5 2 2.5 3 3.5 4

WA98 data
 
 
 

k  [GeV]t
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fm/c
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τ = 1.0
τ = 0.5
τ = 2.0

0

0

0

FIG. 4. ~Color online! The thermal photon emission spectru
for different choices of the equilibration timet0 as compared to
experimental data@1#.
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Without any reference to prompt photons, we are the
fore able to fix t50.5 fm/c as the lower bound for the
equilibration time. Shorter time scales would lead to therm
photon emission overshooting the data.

If we want to find an upper limit for the equilibration
time, we have to address the issue of prompt photon em
sion. For this purpose, we use the results of two differ
works @17,18# to illustrate the possible range of prediction
dependent on the average value ofpt , an ‘‘intrinsic’’ trans-
verse momentum scale that is introduced as a phenom
logical parameter to account for nonperturbative effec
~Fig. 5!.

One observes that prompt photon production is able
explain the data above 3 GeV for^pt

2&;1.8 GeV2, but no
choice of ^pt

2& leads to a description of the data below
GeV. Thus, there is a momentum region between 2 and
GeV where the data are only weakly affected by a prom
photon contribution.

On the other hand, the present calculation of thermal p
ton emission indicates sensitivity to the equilibration time
this region~see Fig. 4!. One finds that an equilibration tim
of 2 fm/c is unable to describe the data even in the prese
of a sizable prompt photon contribution, hence we may
gard this as the upper limit for the equilibration time, give
the results of Ref.@17#.

If we use alternatively the results of Ref.@18# to estimate
the contribution of prompt photons, the situation is som
what less clear, though the main conclusions remain valid
the momentum region near 2 GeV, the result obtained for
prompt photon contribution in Ref.@18# is about 50% of the
thermal emission spectrum obtained witht051 fm/c in the
present calculation, which in turn is already on the lower e
of the error bars of the data. Therefore, the prompt pho
contribution alone is unable to explain the spectrum in t

1.5 2.0 2.5 3.0 3.5 4.0
kt [GeV]

10
-6

2

5

10
-5

2

5

10
-4

2

5

10
-3

2

5

10
-2

E
d3

N
/d

k3
[1

/G
eV

2 ]

WA98
<pt

2
>=2.4 GeV

2
<pt

2
>=1.8 GeV

2
<pt

2
>=1.3 GeV

2
<pt

2
>=0.9 GeV

2
<pt

2
>=0 GeV

2

FIG. 5. ~Color online! Prompt photon production in Pb-Pb co
lisions as a function of the photon transverse momentumkt for
different values of average parton intrinsic transverse momen
^pt

2& @17#, as compared to experimental data@1# ~figure adapted
from Ref. @17#!.
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momentum region, and a thermal contribution witht0

'2 fm/c is needed to describe the data nearkt52 GeV. ~In
Ref. @18#, it is stated that the prompt photon contribution
of the same size as the thermal emission spectrum co
sponding to a fireball with initial temperature of 300 Me
which is not true in the present calculation. However, t
statement is derived using Bjorken hydrodynamics, wher
the present model incorporates longitudinal acceleration
the fireball matter, which leads to less cooling initially a
hence to a prolonged QGP phase.!

However, there are several uncertainties in the calc
tion. We have already discussed the complications in
duced by the quasiparticle picture and the detailed choic
aS . An additional potential problem in the calculation is th
the rate has been calculated to orderaS , but aS is not a
small quantity in the relevant temperature region, so th
might be sizable higher order corrections. In view of the
uncertainties and the less urgent need for an additional
tribution to prompt photons if the results of Ref.@18# are
taken, it is possibly better to estimate 0.5 fm/c,t0
,3 fm/c for the equilibration time.

In principle, one might try to construct a scenario with
large equilibration time, using the most optimistic estima
for the prompt photon contribution. Below temperatur
;200 MeV, the approximations made to calculate the p
ton emission from the QGP phase break down; howe
qualitatively we expect the confinement factorC(T) to
strongly reduce the emission rate. Likely candidates for p
ton yield between 2 and 2.5 GeV are therefore only the h
ronic evolution phase and the preequilibrium phase.

In order for the hadronic phase to contribute significan
either the emission rate or the four-volume of emitting ma
needs to be increased significantly. The four-volume of fi
ball matter in the hadronic phase, however, is tightly co
strained by the measured amount of dilepton radiation, wh
has been discussed in the present framework in Ref.@2#. An
increase of the emissivity of a hadronic gas, on the ot
hand, would very likely be accompanied by a change in
number of active degrees of freedom, which presumably
driven by in-medium mass reductions of resonances as
gued in Ref.@19#. A strong increase of active degrees
freedom, however, is not in agreement with a statistical h
ronization analysis done in Ref.@3#. Even an overall mass
reduction of 10%~excluding the pseudoscalars! is not com-
patible with the observed hadron ratios. Therefore, within
present framework, the hadronic phase is not likely to giv
large contribution to the photon spectrum.

There remains the question of the yield from the preeq
librium phase. No rigorous scenario leading to thermal eq
librium for SPS conditions has been developed so far, h
ever, several aspects of the preequilibrium dynamics h
already been investigated.

In Ref. @20#, the kinetic equilibration of different quark
flavors was investigated under the assumption that glu
come to an early equilibrium and constitute a heat bath
which quark motion takes place. An early nonequilibriu
distribution of quarks would of course directly influence t
photon emission spectrum. Somewhat related is the ques
of chemical equilibration of quarks. Here, the hot-glue s
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nario @21# has been suggested where an initial undersat
tion of the quark densities with respect to the thermal eq
librium densities is assumed, i.e., almost all of the entropy
the system is carried by the gluons, leading to a drastic
increased initial temperature.

The findings of Ref.@20# suggest, albeit for relativistic
heavy-ion collider conditions, that the typical time scale f
the kinetic equilibration of light quark flavors is of orde
;1 fm/c. This time scale is roughly in line with the assum
tions made in the present work. However, it leaves the qu
tion if the photon emission signal is affected if one sta
with a suitable out-of-equilibrium initial quark distribution.

Regarding the hot-glue scenario, note that the drastic
increased temperature of the partonic matter would mo
affect the high momentum tail of observed photons a
therefore leave the momentum region below 2.5 GeV l
affected. This is especially true since also the overall norm
ization of the emission rate is reduced with respect to eq
librium conditions due to the undersaturation of the qua
densities.

A different approach to preequilibrium dynamics has be
taken in Ref.@22#. Here, transverse momentum dependen
of dilepton emission has been calculated in a kinetic fram
work and calculations for different initital parton distribu
tions have been tested. While the approach is very inter
ing, it is hard to directly estimate its possible influence
photon emission within the present framework.

In Ref. @23#, an investigation of nonequilibrium photo
emission has been carried out using a parton-cascade m
~PCM!. Here, the essential findings were that only a ve
dilute partonic medium is created in the collision. Phot
emission from this medium was shown to explain the d
above 3 GeV when integrated up to the hadronization po
but below 3 GeV, the photon spectrum from the parto
phase falls below the data. It is difficult to relate these fin
ings directly to the present approach, since no equilibri
phase in either partonic or hadronic phase is described in
PCM. However, we may take this as an indication that p
equilibrium dynamics is most likely to strongly affect th
high momentum region of the photon spectrum only wh
we find considerable uncertainties with regard to the qu
tion of intrinsic pt anyway.

In the present work, no attempt has been made to ca
late a contribution to the photon spectrum from preequil
rium matter. It is, however, unlikely that a long-lasting pr
equilibrium phase is characterized by a strong pho
emission rate, since strong photon emission indicates
quent interaction processes in the medium, which in t
would lead to fast equilibration. Furthermore, it is plausib
that a preequilibrium contribution mainly affects the~uncer-
tain! high momentum region of the spectrum, as it is char
terized by hard momentum scales. Nevertheless, all res
discussed in this paper are subject to some uncertaintie
sulting from the poor knowledge of preequilibrium dynam
ics.

V. COMPARISON TO OTHER WORKS

Several other scenarios have been investigated by di
ent authors in order to explain the photon spectrum meas
1-6
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by WA98. In Ref. @24#, a hydrodynamical evolution mode
has been used. The favored scenario found in this work u
a very short equilibration time of 0.2 fm/c, corresponding to
an ~average! initial temperature of 335 MeV. The contribu
tion of thermal photons is about 50% of the total yield, t
rest is prompt photon contribution.

While the result for the equilibration time is clearly ve
different from the findings of the present work, several oth
results are similar, among them are the weak sensitivity
the phase transition temperatureTC ~indicating the domi-
nance of early emission phases!, the favored large initial
temperature, and the dominance of the QGP over the h
ronic signal. It remains to explain the remarkable differen
in the conclusions about the equilibration time.

Note that both in Ref.@24# and the present work larg
initial temperaturesTi*300 MeV are needed to give a siz
able thermal photon emission in the momentum range
question. The choice oft050.2 fm/c seems mainly driven
by the need to create such largeTi . There are, however, two
important differences between our model and the one in R
@24#, which lead naturally to large initial temperatures f
equilibration times above 0.5 fm/c in our approach.

First, we employ an EoS as based on lattice results, wh
leads to a temperature increase of about 30% for a g
entropy density as compared to a bag model EoS. Sec
the temperatures quoted in Ref.@24# are obtained using the
Bjorken estimate@25#. Our fireball evolution, however, in
corporates significant longitudinal acceleration of mat
which in essence leads to a peaked initial distribution
energy density at central rapidities and hence to significa
larger initial temperatures.

In Ref. @26#, a number of scenarios with different EoS a
initial state have been investigated within a hydrodynam
description. The reference scenario described there us
bag model EoS for the QGP phase with a transition temp
ture of 180 MeV and an initial state that leads to a pe
initial temperature ofTi

max5325 MeV and an average initia

temperature ofT̄(z50)5255 MeV. There is clearly a dis
crepancy between the average initial temperature in Ref.@26#
and the present work. Due to the different space-time exp
sion patterns of the hot matter in the~averaged! present cal-
culation and a hydrodynamics evolution, this issue co
possibly best be clarified by comparing the amount of fo
volume corresponding to a given temperature instead
comparing the average at a givent. At the moment, how-
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ever, this has to be regarded as an open question.
In addition, there is a larger contribution to the phot

spectrum of matter with temperatures below 200 MeV o
served in Ref.@26# ~about 40% of the total yield! as com-
pared to our model. This is presumably caused by the dif
ent choice of the EoS, which in the bag model case lead
faster cooling and to a long-lasting mixed phase, in esse
reducing the weight of contributions from high temperatu
and enhancing the low-temperature yield.

VI. SUMMARY

A measurement of hard real photon emission provide
good opportunity to study the early evolution of a fireba
Due to the temperature dependence of the photon emis
rate, the QGP phase is expected to dominate over the co
bution from the hadronic phase. We have used the lead
order photon emission rate from the QGP, along with e
mates of the impact of our phenomenological quasipart
picture on this rate, in a simple model for the fireball evo
tion to calculate the resulting photon spectrum. As this mo
was fixed beforehand, we have not introduced any new
parameters.

For the ‘‘standard choice’’ of the equilibration timet0 ,
the model has been able to give a good description of
data. Nevertheless, we have tried variations of this quan
in order to work out constraints. With the help of an estima
for the contribution of photons from initial, hard processe
we found for the equilibration time 0.5 fm/c,t0,3 fm/c.
This would imply that a QGP phase must be present in
evolution, at least within the present model.

Overall, our picture of the space-time evolution of th
fireball finds now support from both the low momentum~late
time! and the high momentum~early time! region of the
evolution. More precise future measurements and calc
tions can be expected to tighten the constraints on the eq
bration time.
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