PHYSICAL REVIEW C 67, 064901 (2003

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

Thorsten Renk
Physik Department, Technische Universitéinchen, D-85747 Garching, Germany
and ECT, 1-38050 Villazzano (Trento), Italy
(Received 17 January 2003; published 12 June 003

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 mattdithe quark-gluon plasmais 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.
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[. INTRODUCTION lision at SPS with data obtained by the WA98 Collaboration
[1]. In a recent papd2], we have developed a fireball model

In the hot and dense system created in an ultrarelativistibased on information from hadronic observables and lattice
heavy-ion collision(URHIC), the relevant momentum scales QCD thermodynamics, as manifest in a quasiparticle picture
for typical processes taking place inside the strongly interof the QGP. This model has been shown to successfully de-
acting matter drop as a function of proper timelnitially, scribe low mass dilepton emissip2] and, within the frame-
the relevant scale is set by the incident beam momentumyork of statistical hadronization, the measured abundances
leading to hard scattering processes that presumably can 9& hadron specief3]. In the present work, we demonstrate
described by perturbative quantum chromodynamicghat the same model is also capable of describing the ob-
(pPQCD). Secondary inelastic scattering processes subseéerved photon emission. The fixed setup of the model also
quently lower the momentum scales due to particle producenables us to establish constraints on the equilibration time
tion. At later times, equilibration sets in and typical momentaro, which entered the model on @u hocbasis so far.
p are determined by the temperatufeof a given volume This paper is organized as follows. First, we introduce the
element agp)=3T. As the matter expands, energy stored inphoton emission rate used in the calculation and discuss its
random motion of particle$temperaturgis transferred to interpretation in the framework of the quasiparticle picture of
collective motion(flow), leading to a decrease &f with the QGP, which has been used in the fireball evolution
decreasingr. Therefore, by selecting an observable associmodel. In the next section, we summarize the main proper-
ated with a given momentum scale, one simultaneously sdies of the evolution model and discuss constraints for the
lects a time period in the evolution of the system. initial expansion phase. Afterwards we present the resulting

For this reason, a measurement of hard real photons is goton spectrum and demonstrate that, in agreement with our
ideal tool to study the early moments of the fireball expan-€xpectation, hard photons originate dominantly from the
sion. High momentum photons are not only sensitive to earlygarly evolution phase. We investigate the possibility of using
proper times, but, being subject to electromagnetic interacthe photon data to set limits on the equilibration time of the
tions only, their mean free path in the fireball matter is alsdireball matter and conclude by comparing to the results ob-
much larger than the spatial dimension of the systdrare-  tained by other groups.
fore they are capable of leaving the emission region without
significant rescattering Therefore, hard photons comple-
ment a measurement of low mass, low momentum dileptons Il. THE THERMAL PHOTON EMISSION RATE
that are dominantly emitted near the kinetic freeze-out point. L

Ideally, one would like to use hard photon emission as a A. The QGP contribution
thermometer to determine the initial temperature reached in As we expect the dominant contribution to the spectrum
an URHIC and use this information to verify the creation of of hard photons to come from a region of high temperatures,
a quark-gluon plasméQGP. However, in reality one has to we focus on the QGP rate. To leading order, this rate can be
disentangle thermal contributions to the photon spectruntalculated by evaluating the four diagrams shown in Fig. 1.
from contributions coming from initial hard scattering pro- Here the last two diagrams are promoted to leading order
cesses. The interpretation of the photon spectrum alone cdrecause of near-collinear singularities.
therefore not be unambiguous. The complete calculation of the rate to ordeyhas been

In this work, we compare a model calculation of photona very involved task that has been finished only recently
emission from a fireball created in an ¥%6&eV Pb-Pb col- [4-10|. For the present calculation, we use the parametriza-
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¥ v B. A quasiparticle interpretation

q - > In Ref.[2], we have used a picture of massive, noninter-
g acting quark and gluon quasiparticles to describe the QGP.
Close to the phase transition these quasiparticles are subject
a.9 q.9 to confinement, parametrized by a universal funci@(¥)
that reduces the number of thermodynamically active de-
F_IG. 1 (Color online Leading_ order processes for photon_ pro- grees of freedom asn(T)=ny(T)C(T) with ngy(T)
duction in the QGRfrom left to righy: QCD Compton scattering, :f[dsp/(ZW)a]fB(D)(Ep/T)- Here, fg(p)(E,/T) denotes
qq annihilation, Bremsstrahlung, and annihilation with scatteringthe Bose(Fermi) distribution. In Ref[11], it has been shown
(aws. that this ansatz is capable of describing the lattice results for
the QCD thermodynamics extremely well.
tion of the rate given in Ref10]. There, the rate for photons In the case of photon emission, we cannot strictly retain

of momentumk is written as this interpretation. The procesg— vy is kinematically im-
possible and all other emission processes would be sup-
dN _ 1 A(k)(ln[T/m (T)] pressed byea,,, for noninteracting quasiparticles. On the
d*xd®k (2m)3 a other hand, the fact that we want to study hard photons im-

plies that at least one of the particles in the initial state is also
hard. But such particles penetrate the screening cloud of ther-
mal fluctuations, which is ultimately responsible for the no-
tion of weakly interacting quasiparticles. Therefore it appears
with E=k and mé(T)=47raST2/3 the leading order large reasonable to allow for interactions of plasma particles with
momentum limit of the thermal quark mass. The leading loghomenta well above the scale set by the temperature.
coefficient A(k) reads The remaining properpes _of the quasiparticle approach
are encoded in the quasiparticle mas§l) and the “con-
2 finement factor"C(T). In the limit of large temperatures, the
mg(T) . . . . o
A(K)=2aNc, q? Cf(E). (2)  Quasiparticle mass in Ref11] is chosen so as to coincide
s E with the result of hard thermal looHTL) resummed calcu-
lations for the thermal self-energy. Therefore, inserting mas-
Here, the sum runs over active quark flavors agdienotes sive quarks as degrees of freedom into the above results
the fractional quark charges in units of elementary chargewould amount to double counting, since those already incor-
The Fermi-Dirac distributiorf,(E) dominates the momen- porate HTL resummation, at least as long as we consider
tum dependence of the rate: To a good approximation, ionly temperatures above T.§.
decreases exponentially with The dependence on the spe- There is no equivalent of the confinement fad®{T) in
cific photon production process is contained in the termthe calculations described in Refd—10. We can estimate

+ %In(ZE/T) + Cyo E/T)) (1)

Ciot(E/T), the effect of introducingC(T) as follows.
A typical diagram, sayjq annihilation, which contributes
Ciot(E/T)=C5o(EIT)+ Cpremd E/T) + CLuE/T). Ry to the total emission rate has the structuRy

(3)  ~fp(E/T)]M|Y 1+ fg(E/T)], with the thermal quark dis-
tributionsf in front of the squared matrix elemept! cor-
All these functionsC(E/T) involve nontrivial multidimen-  responding to the process in vacuum and a Bose enhance-
sional integrals that can only be solved numerically. In Refment factor for the gluon emitted into the final state. The
[10], parametrizations for the results are given as modification of the ratdk with respect to the rat®, in the
presence ofC(T) will read R~C(T)?fp(E/T)?M|1
C,..»(E/T)=0.041E/T) 1-0.3615+1.01 +C(T)fg(E/T)], which is always larger tha@(T)®R,. In
the case of quarks in the final state(T) leads even to a
xXexd —1.3%/T] (4 reduced Pauli blockingthe final state modification becomes
[1-fp(E/T)C(T)], which is larger in the presence of con-
and finemenj.
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On the other hand, as mentioned above, at least one of treephoton emitted at théboosted edge of the fireball has to
incoming particles has to have a large momentum. Suchave a longitudinal momentum in a certain range in order to
high-momentum particles are not subject to confinemenbe detected in the rapidity window of the experiment. In this
along with the bulk of the matter. One would expect them toexpression, we have assumed spatial homogeneity and a cy-
hadronize well outside the thermalized region, leading tdindrical fireball.

C(1)=1 at one of the incoming legs in the diagram.

Therefore,C(T)? can be taken as a conservative estimate Ill. THE FIREBALL EVOLUTION MODEL
of the effect of the confinement factor on the emission rate. If ) ) ) )
it can be shown that hard photon emission is dominated by a_'N this section, we briefly outline the general framework
region where the temperature is so large B&T)~1, the of the fireball evolution model. The model is described in
above expression for the emission rate can be used to agreater detail in Refd2,15]. _
proximately describe photon emission from a system of qua- 1he underlying assumption of the model is that the
siparticles also. This is also the region where we expect thétrongly interacting matter produced in the initial collision
mass of quasiparticles to be given by the HTL result. We will'éaches thermal equilibrium at a time scaje=1 fm/c. For
verify this propertya posteriori simplicity, we assume spatial homogeneity of all thermody-

Clearly, the prescription outlined here has to be regardeff@mic parameters throughout a three-volume at a given
as an approximation till a more detailed version of a quasiProper time. The evolution dynamics is then modeled by

particle description of the QGP incorporating confinement iscalculating the thermodynamic response to a volume expan-
available. sion that is consistent with measured hadronic momentum

spectra at freeze-out.
The volume itself is taken to be cylindrically symmetric
around the bean) axis. In order to account for collective
As the temperatures in the hadronic evolution phase of thow, we boost individual volume elements inside the fireball
fireball are lower than in the QGP phase, we expect the hadrolume with velocities depending on their position. As flow
ronic contributions to the emission of hard photons to beyelocities in longitudinal direction turn out to be close to the
small. Therefore, we will not discuss this contribution in speed of light, we have to include the effects of time dilata-
great detail. tion. On the other hand, we can neglect the additional time
Vector mesons play an important role for the emission ofgilatation caused by transverse motion, since typically
phOtOﬂS from a hot hadronic gas. The first calculation of SUChgvz . The thermodynamica”y relevant volume is then given
processes has been performed in Re2] in the framework by the collection of volume elements corresponding to the
of an effective Lagrangian. It has been found that the domisame proper time-. In order to characterize the volume ex-
nant processes are pion annihilation, 7~ —pv; “Comp-  pansion within the given framework, we need first of all the
ton scattering,"7~p— 7=y, andp decay,p— "7 y. expansion velocity in longitudinal direction as it appears in
Several more refined approaches have been made singige center of mass frame. For the position of the front of the
then (for an overview, see Ref13]). In the following, we  cylinder, we make the ansatz
will use a parametrization of the rate from a hot hadronic gas

C. The hadronic contribution

taken from Ref[14], which is given as t v p(t")
wo-erelae [P0
dN to to e(t")
E———[fm * GeV ?] , , ,
d*xdk wherec, is a free parameter. The tiniestarts running at,
. 215, 07 such thatzg=wv tg is the initial longitudinal extension with
=4.8T> ex] — 1/(1.3%T)*exf —E/T]. ©) vo the initial longitudinal expansion velocity. The longitudi-
nal positionz(t) andt itself define a proper time curve
D. The integrated rate =\t?>~Z2(t). Solving fort=t(7), one can construct(7)

In order to compare to the experimentally measured pho=z(t). Then the position of the fireball fror#(t) in the
ton spectrunjl], we have to integrate E¢l) over the space- center of mass frame can be translated into the longitudinal

time evolution of the fireball, extensionL(7) of the cylinder on the curve of constant
proper timer. One obtains
dN T J d Rz( )szax(T) q
=—— T T z -
d?k,dy Ay Zmin(7) fZ(T) S
=0 min L(7)=2 ds\/ 1+ —=——. 9
y (m=2]; e ©

2 2 a3 (7) At the same proper time we can define the transverse flow
Kmin(¥(2)) d*xd’k - . .
min velocity and construct the transverse extension of the cylin-
¢ der as a circle of radius

f Kmax(y(2) dN
X

In this expressionR(7) stands for the radial expansion o
the fireball,Ay denotes the rapidity interval covered by the , o
detectory(z) is the rapidity of a volume element at position R( T):ROJFCLdeT, ff dTr/M’ (10)
z, and the limits of thek, integration come from the fact that 70 70 e(7")
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whereR, corresponds to the initial overlap radius, andis 100 ; ; ;
a free parameter. With the values ofand R obtained at a - WA9B data =
given proper time, we can parametrize the three-dimensional 1t QGP - ]
volume as o 1 hadronic matter -
3 ool 1
V(7)=7R¥(7)L(7). (12) g -
3 ity
In principle, the model is fully constrained by fixing the 0.0001 1
freeze-out time; (at the fireball fronx, the proper timer;, % 10-67
and the two constants, andc,, such that the measured
hadronic observables are reproduced. In practice, this is -8
achieved only at SPS energy, where the freeze-out analysis 07
[16] allows a complete characterization on the basis of had- -10 ‘ ‘ ‘ ‘ ‘ ‘
ronic dN/dy andm, spectra and HBT radii. For the 5% most 10 05 1 15 2 25 3 35 4
central Pb-Pb collisions one requires ki[GeV]
R(m)=R¢, v.(m)=v', v r)=v}, and FIG. 2. (Color online Thermal photon spectrum for 10% most

central Pb-Pb collisions at SPS, ¥%&eV Pb-Pb collisions, shown
are calculated ratéotal, contribution from QGP and hadronic gas
and experimental dafd].

T(r)=Ts, (12

while making a trial ansatz for the ratjg' e. Note that the
proportionality of the acceleration to this ratiavhich is

Thus, the fireball evolution is completely constrained b
reminiscent of the behavior of the speed of squaltbws a b y y

f point in th il 4 delav th | hadronic observables. In R¢R], it has been shown that this
soft point in the E0S to influence and delay the volume eXycanarig is able to describe the measured spectrum of low

par;\smn. , on during th _mass dileptons, and in RdB] it has been demonstrated that
ssuming entropy conservation during the expansmr&mder the assumption of statistical hadronization at the phase

phase, we flx_the entropy per_b_aryon from_the nhumber o ransition temperaturdc, the measured multiplicities of
produced particles per unit rapidity. Calculating the numbet,, 0 species can be reproduced. None of these quantities
of participant baryons as is, however, sensitive to the detailed choice of the equilibra-
tion time 7. Therefore, we have only considered the “ca-
Ny(b)= f dzsnp(b,s) nonical” choicery=1 fm/c so far. The calculation of photon
emission within the present framework provides the oppor-
tunity to test this assumption and to limit the choicergf

- f A2 T(5){1—exq — o\ To(|b—5) ]}

+(Ta=Tg), (13

IV. RESULTS

The result of the evaluation of Eq7) with the fireball

we find the total entropys,. The entropy density at a given evolution model described in the preceding section is shown
proper time is then determined ®=S,/V(7). Using the in Fig. 2. The overall agreement with the data is remarkably
EoS given by the quasiparticle approddi], thereby pro- good. Above 2 GeV, the calculation underestimates the data
viding the link with lattice QCD, we findlr(s(7)) and also somewhat, leaving room for a contribution of prompt pho-
p(7) and e(7), which in the next iteration replace the trial tons from initial hard processes of about the same magnitude
ansatz in the volume parametrization. Finally, we arrive at &@s the thermal yield. Note that the spectrum is almost com-
thermodynamically self-consistent model for the fireballpletely saturated by the QGP contribution—iqr>3 GeV,
which is, by construction, able to describe the hadronic mothe hadronic contribution is almost two orders of magnitude
mentum spectra at freeze-out. down. This can, in essence, be traced back to the strong

In order to find the fireball evolution relevant for the pho- temperature dependence of the emission rate normalization
ton emission measured for the 10% most central collisionsand justifies the approximate treatment of the hadronic con-
we follow the procedure outlined in Ref2]. In brief, we  tribution a posteriori
consider an effective system that starts out with a reduced In order to study the importance of the initial, high tem-
number of participants and hence reduced total entropy corperature phase in more detail, we present the time evolution
tent. Neglecting azimuthal asymmetries, we keep parametrimf the spectrum in Fig. 3. One observes that the ldtge
ing the expanding system as a cylinder with reduced initiaregion is almost exclusively dominated by the first énof
radius. Assuming that the freeze-out temperature is approxevolution proper time, whereas the yield in the lewegion
mately unchanged for more peripheral collisions, we deteris not yet saturated after 2 fic/ However, the temperature
mine a reduced proper evolution time and modify the geoassociated with these evolution times is always larger than
metrical freeze-out radius and the transverse flow velocit®250 MeV, leading taC(T)>0.9[11] and C(T)®*~0.7. This
accordingly. However, going from the 5% to the 10% mostjustifies neglecting the effect of quasiparticle properties on
central collisions, we find differences in the early evolutionthe ratea posteriori There is a 30% uncertainty introduced
phases on the level of a few percent only. into the calculation, but this is comparable with other intrin-
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total rate 10 i 2 2
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FIG. 3. (Color onling The total photon emission spectrum and Z NA
i i 10
the mtegrated ratg at proper times-0.2, 0.5, 1.0, and 2 fna/ of 15 20 25 30 35 20
the fireball evolution. k, [GeV]

sic uncertainties, such as the detailed choice of the numerical FIG. 5. (Color onlin@ Prompt photon production in Pb-Pb col-

value of ag(T) in this temperature regime. lisions as a function of the photon transverse momenkynfor
The highk; tail of the spectrum is potentially capable of different values of average parton intrinsic transverse momentum

providing information about the initial temperature reached(p?) [17], as compared to experimental ddt (figure adapted

immediately after equilibration. This capability is seriously from Ref.[17]).

limited in practice, however, by the need to assess an un-

known contribution of prompt photons, which may be large
in this region. Bearing this uncertainty in mind, we can, nev-
ertheless, pursue this idea further in Fig. 4, where we inve
tigate the sensitivity of the result to the equilibration timge
of the fireball.

We find that the lowk; region of the spectrum is hardly
affected by different choices for the equilibration time, while
for largerk; one is increasingly sensitive to short evolution
time scales. An equilibration time of 0.5 fmtorresponding
to an initial temperature of 370 MeV leads to a good descrip
tion of the data without the inclusion of any prompt photon
contribution. On the other hand, a rather slow equilibration
corresponding torg=2 fm/c and an initial temperature of
260 MeV requires a sizeable contribution from prompt pho-
tons.

10 . :
il WAQ8 data —=—
1 H T=1.0 fM/C-eeeeereens
=05 fm/c
T =20 fmco— -
N; 0.1 4 T c
& 001+ -
& 0.001 j I )
< f..if
%% 0.0001 H T ;
Z - oyt
2 w5 firs, o
108 [ L Tﬂ ]
10
-8
10 L I .
0.5 1.5 2 2.5 3.5 4
ki[GeV]

FIG. 4. (Color online The thermal photon emission spectrum
for different choices of the equilibration time, as compared to
experimental datfl].

06490
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Without any reference to prompt photons, we are there-

fore able to fix 7=0.5 fm/c as the lower bound for the

equilibration time. Shorter time scales would lead to thermal
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 emis-
sion. For this purpose, we use the results of two different
works[17,18 to illustrate the possible range of predictions
dependent on the average valuepef an “intrinsic” trans-

verse momentum scale that is introduced as a phenomeno-

logical parameter to account for nonperturbative effects.
(Fig. 5.

One observes that prompt photon production is able to
explain the data above 3 GeV f¢p?)~1.8 Ge\?, but no
choice of (p?) leads to a description of the data below 3
GeV. Thus, there is a momentum region between 2 and 2.5
GeV where the data are only weakly affected by a prompt
photon contribution.

On the other hand, the present calculation of thermal pho-
ton emission indicates sensitivity to the equilibration time in
this region(see Fig. 4. One finds that an equilibration time
of 2 fm/c is unable to describe the data even in the presence
of a sizable prompt photon contribution, hence we may re-
gard this as the upper limit for the equilibration time, given
the results of Refl17].

If we use alternatively the results of R¢L8] to estimate
the contribution of prompt photons, the situation is some-
what less clear, though the main conclusions remain valid. In
the momentum region near 2 GeV, the result obtained for the
prompt photon contribution in Ref18] is about 50% of the
thermal emission spectrum obtained wity= 1 fm/c in the
present calculation, which in turn is already on the lower end
of the error bars of the data. Therefore, the prompt photon
contribution alone is unable to explain the spectrum in this
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momentum region, and a thermal contribution witg ~ nario[21] has been suggested where an initial undersatura-
~2 fm/c is needed to describe the data nkar 2 GeV. (In tion of the quark densities with respect to the thermal equi-
Ref.[18], it is stated that the prompt photon contribution is librium dens_ltles is assumed, i.e., almost qll of the entropy of
of the same size as the thermal emission spectrum corrdl€ System is carried by the gluons, leading to a drastically
sponding to a fireball with initial temperature of 300 Mey, Incréased initial temperature. _ -
which is not true in the present calculation. However, this '€ findings of Ref[20] suggest, albeit for relativistic
statement is derived using Bjorken hydrodynamics, wherea@&aVy-ion collider conditions, that the typical time scale for
the present model incorporates longitudinal acceleration of?® kinetic equilibration of light quark flavors is of order
the fireball matter, which leads to less cooling initially and 1 fm/c. This time scale is roughly in line with the assump-
hence to a prolonged QGP phase. tions made in the present wor!<. Hovyever, it Ieayes the ques-
However, there are several uncertainties in the calculalion if the photon emission signal is affected if one starts

tion. We have already discussed the complications introwith a suitable out-of-equilibrium initial quark distribution.

duced by the quasiparticle picture and the detailed choice of Regarding the hot-glue scenario, note that the drastically
as. An additional potential problem in the calculation is that Ncréased temperature of the partonic matter would mostly
the rate has been calculated to ordey, but g is not a affect the high momentum tail of observed photons and

small quantity in the relevant temperature region, so therd1€refore leave the momentum region below 2.5 GeV less

might be sizable higher order corrections. In view of these?ffected. This is especially true since also the overall normal-

uncertainties and the less urgent need for an additional corgation of the emission rate is reduced with respect to equi-

tribution to prompt photons if the results of RéL8] are librium conditions due to the undersaturation of the quark

taken, it is possibly better to estimate 0.5 &/ den5|t!es. S .

<3 fmic for the equilibration time. A d|fferent approach to preequilibrium dynamics has been
In principle, one might try to construct a scenario with ataken in Ref[22]. Here, transverse momentum dependence

large equilibration time, using the most optimistic estimateOf dilepton emission has been calculated in a kinetic frame-

for the prompt photon contribution. Below temperatureswork and calculations for different initital parton distribu-

~200 MeV, the approximations made to calculate the pho;['ons. h_ave been tgsted. Wh'.le the .approac_h IS very interest-
ng, it is hard to directly estimate its possible influence on

ton emission from the QGP phase break down; however' e e

qualitatively we expect the confinement fact@(T) to photon emission W'.th'n the p.resent framew_olrk..

strongly reduce the emission rate. Likely candidates for pho- In Ref. [23], an Investigation qf nonequilibrium photon

ton yield between 2 and 2.5 GeV are therefore only the hagEMission has been carrle_d out using a parton-cascade model

ronic evolution phase and the preequilibrium phase. (PCM)' Heref the e_ssen_tlal fmdmg; were tha_t _only a very
In order for the hadronic phase to contribute significantly,dnme partonic medium is created in the collision. Photon

either the emission rate or the four-volume of emitting matteregnssmgnefrovm trr]ns m?dlunl v(\j/as sthotvr\]/n rt10 dexpllamt_the d".’u‘;"
needs to be increased significantly. The four-volume of fire 300VE ev when integrated up fo the hadronization point,

; : o i but below 3 GeV, the photon spectrum from the partonic
ball matter in the hadronic phase, however, is tightly con hase falls below the data. It is difficult to relate these find-

strained by the measured amount of dilepton radiation, whicl . . Y
has been discussed in the present framework in [R&fAn Ings dlrect]y to the prgsent apprqach, since no eqwhbpum
increase of the emissivity of a hadronic gas, on the othe hase in either partonic or hadronic phase is described in the
hand, would very likely be accompanied by a change in th CM I—_iowever, Wwe may take th's as an indication that pre-
number of active degrees of freedom, which presumably ar _qwllbrlum dynamlc_s is most likely to strongly affect the
driven by in-medium mass reductions of resonances as a _|gh_moment_um region of the_ p_hoton_ spectrum only where
gued in Ref.[19]. A strong increase of active degrees of we find considerable uncertainties with regard to the ques-
freedom, however, is not in agreement with a statistical hadt'orll thlntl’lnSIC Pt any\livay. has b q |
ronization analysis done in R€f3]. Even an overall mass n the Pr_esef“ Work, no attempt has been made to caicu-
reduction of 10%(excluding the pseudoscalais not com- Ie_xte a contrlbut_lon to the photqn spectrum from pr_eequmb-
patible with the observed hadron ratios. Therefore, within thgluml_rg\{itter. 'th's’ hoyvevEr, unhkt_aly éhegt a long-lasting hpre—
present framework, the hadronic phase is not likely to give £9UPrium phase s characterized Dy a strong photon
large contribution to the photon spectrum. emission rate, since strong photon emission indicates fre-

There remains the question of the yield from the preequi-quem interaction processes in the medium, which in turn

librium phase. No rigorous scenario leading to thermal equiyvould lead to fast equilibration. Furthermore, it is plausible

librium for SPS conditions has been developed so far, howt"at @ preequilibrium contribution mainly affects thencer-

ever, several aspects of the preequilibrium dynamics haviin high momentum region of the spectrum, as it is charac-

already been investigated. terized by hard momentum scales. Nevertheless, all results

In Ref. [20], the kinetic equilibration of different quark discussed in this paper are subject to some uncertainties re-

flavors was investigated under the assumption that gluongu!ting from the poor knowledge of preequilibrium dynam-

come to an early equilibrium and constitute a heat bath S
which quark motion takes place. An early nonequilibrium
distribution of quarks would of course directly influence the
photon emission spectrum. Somewhat related is the question Several other scenarios have been investigated by differ-
of chemical equilibration of quarks. Here, the hot-glue sce-ent authors in order to explain the photon spectrum measured

V. COMPARISON TO OTHER WORKS
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by WA98. In Ref.[24], a hydrodynamical evolution model ever, this has to be regarded as an open question.

has been used. The favored scenario found in this work uses In addition, there is a larger contribution to the photon
a very short equilibration time of 0.2 fm/ corresponding to  spectrum of matter with temperatures below 200 MeV ob-
an (average initial temperature of 335 MeV. The contribu- served in Ref[26] (about 40% of the total yie)das com-
tion of thermal photons is about 50% of the total yield, thepared to our model. This is presumably caused by the differ-
rest is prompt photon contribution. ent choice of the EoS, which in the bag model case leads to

While the result for the equilibration time is clearly very faster cooling and to a long-lasting mixed phase, in essence
different from the findings of the present work, several otherreducing the weight of contributions from high temperatures
results are similar, among them are the weak sensitivity t@nd enhancing the low-temperature yield.
the phase transition temperatufe (indicating the domi-
nance of early emission phageshe favored large initial
temperature, and the dominance of the QGP over the had-
ronic signal. It remains to explain the remarkable difference A measurement of hard real photon emission provides a
in the conclusions about the equilibration time. good opportunity to study the early evolution of a fireball.

Note that both in Ref[24] and the present work large Due to the temperature dependence of the photon emission
initial temperatures; =300 MeV are needed to give a siz- rate, the QGP phase is expected to dominate over the contri-
able thermal photon emission in the momentum range ibution from the hadronic phase. We have used the leading
question. The choice of,=0.2 fm/c seems mainly driven order photon emission rate from the QGP, along with esti-
by the need to create such lar§e There are, however, two mates of the impact of our phenomenological quasiparticle
important differences between our model and the one in Repicture on this rate, in a simple model for the fireball evolu-
[24], which lead naturally to large initial temperatures for tion to calculate the resulting photon spectrum. As this model
equilibration times above 0.5 fra/in our approach. was fixed beforehand, we have not introduced any new free

First, we employ an EoS as based on lattice results, whicharameters.
leads to a temperature increase of about 30% for a given For the “standard choice” of the equilibration tims,
entropy density as compared to a bag model EoS. Secontche model has been able to give a good description of the
the temperatures quoted in R¢24] are obtained using the data. Nevertheless, we have tried variations of this quantity
Bjorken estimatg25]. Our fireball evolution, however, in- in order to work out constraints. With the help of an estimate
corporates significant longitudinal acceleration of matterfor the contribution of photons from initial, hard processes,
which in essence leads to a peaked initial distribution ofwe found for the equilibration time 0.5 frmk 7,<3 fm/c.
energy density at central rapidities and hence to significantlyrhis would imply that a QGP phase must be present in the
larger initial temperatures. evolution, at least within the present model.

In Ref.[26], a number of scenarios with different EoS and  Overall, our picture of the space-time evolution of the
initial state have been investigated within a hydrodynamicafireball finds now support from both the low momentgate
description. The reference scenario described there usestithe) and the high momentuntearly time region of the
bag model EoS for the QGP phase with a transition temperaavolution. More precise future measurements and calcula-
ture of 180 MeV and an initial state that leads to a peakions can be expected to tighten the constraints on the equili-
initial temperature off{"®*=325 MeV and an average initial bration time.

temperature of(z= 0)=255 MeV. There is clearly a dis-

VI. SUMMARY
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