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Electromagnetic radiation off strongly interacting matter resulting 
from ultrarelativistic heavy-ion collisions is estimated. We consider 
virtual photons (dileptons) and real photons produced in the Course 
of cooling thermalized matter. The chemical evolution of initially un- 
dersaturated parton matter coupled to the longitudinal and transverse 
expansion is followed. Due to the strong transverse expansion the so- 
called ML scaling is restored. Some estimates of contributions of the 
pre-equilibrium stage are presented. 

1 Introduction 

Electromagnetic signals (leptons and photons) can leave nearly undisturbed a fi- 
nite system of strongly interacting matter. Therefore, despite of the low production 
Cross sections, the lepton pairs and photons are considered as useful probes of the 
dynamics of heavy-ion collisions. 172 In particular, it is expected that the electromag- 
netic radiation off highly excited matter, produced in high-energy nuclear collisions, 
can signalize whether deconfined matter (i-e., the quark-gluon plasma) is transiently 
created. Unfortunately, there are many sources of dileptons and photons: 
(i) Hard first-chance parton collisions produce direct radiation, namely the Drell-Yan 
yield; in addition, at high beam energies, a copious charm and beauty production 
is expected, 3'4 which causes via semileptonic decays a strong feeding of the lepton 
channel. 
(ii) The pre-equilibrium contribution is still a matter of debate, but there are some 
hints that this component might not be negligible (see below). 
(iii) What we are mostly interested in is the radiation from thermalized parton (or 
deconfined) matter. 
(iv) The hadronizing parton matter will also radiate electromagnetic signals. Theo- 
retical estimates are still hampered by poor knowledge of the nature of the confine- 
ment transition. 
(V) Hadronic reactions cause a strong radiation component. A not yet convincingly 
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resolved issue concerns the relation of the yield from this stage to the deconfined 
matter yield. 
(vi) Hadronic decays also contribute substantially to the full spectrum. 
This causes problems in unfolding the space-time integrated spectra and in identi- 
fying doubtless a possible contribution from deconfined matter. One has therefore 
to  employ sufficiently realistic models of the reaction dynamics in order to estimate 
the various contributions in different phase space regions. 

In the present note we report mainly results of calculations relying on a hydro- 
dynamical evolution scenario for thermalized matter which includes also chemical 
equilibration processes on the parton level. A few remarks on pre-equilibrium spec- 
tra are added. 

2 Spectra of dileptons 

Details of our dynamical model for thermalized matter are described in reference. 
In a nut shell: Transverse expansion is superimposed on scale-invariant longitudinal 
expansion. The transverse expansion is dealt with our global hydrodynamics. Since 
deconfined matter is predicted to be created in a chemical off-equilibrium state 3,798 

we follow the evolution of thermalized matter by means of local rate equations. We 
assume such a fast eqniilibration that at confinement temperature a chemical equi- 
librium is reached, and we utilize the standard procedure to follow the confinement 
transition of hadronizing matter. In the hadronic phase we include the recently 
proposed effective form factorg for describing the dilepton rates. It is assumed that 
the contributions from the hadronic decays after freeze-out can be subtracted from 
experimental spectra, so this component is not included in our model. We utilize 
here a bag model equation of state in the deconfined phase, but we reduce the la- 
tent heat by scaling up the effective number of degrees in the hadron phase (see 
reference for details) . 

We now present the results of our calculations. The initial conditions for the 
thermalized era are characterized by the time TO = 0.32 fm/c, temperature T. = 
550 MeV, chemical potential p = 0, gluon fugacity X: = 0.5 or 0.25, quak  fugacity 
X: = ;X: (unless X , ,  = I),  transverse radius R! = 7 fm, transverse velocity V! = 0. 
Fugacity means here phase space occupancy. 

2.1 Invariant mass spectra 

Figure 1 displays the invariant mass spectrum for all thermal contributions summed 
and the Drell Yan yidd. The latter one is for RHIC conditions (& = 200 GeV) 
and scaled for central collisions of nuclei with mass number A = 200 by A"~; Duke- 
Owens structure funcitions, set 1.1 with K factor 2, are used. Figure 1 s h d d  be 
compared with figure 3 in reference, where T. is kept fixed. Here we keep the 
initial entropy or energy density fixed, therefore the actual initial temperatures are 
Po = T0(X:)-lJ3 or f, = TO(X;)-~J~. One can observe in figure 1 that indeed the 
smaller initial fugacity is nearly compensated by the higher temperature. n"e display 
here the spectra only in the relevant region up to or slightly above %he J/  
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Figure 1: Invariant mass spectra of dileptons for initial temperatures F. = To(Xi)-1/3 (left Panel, 

corresponding to constant entropy density so) and = TO(X:)-'/~ (right panel, corresponding to  
constant energy density eo), and X: = +X: when ever X: < 1. The dotted lines depict the Drell 
Yan background, while the dashed (Xi = 11, full (X: = 0.5) and dot-dashed lines (Xi = 0.25) 

display the total yields from the thermal era (parton gas plus mixed phase plus hadron gas). 

higher invariant mass, say M > 10 GeV, the various curves Cross and, despite the 
lower initial fugacity, the yield related to highest initial temperature (here for A: = 
0.25) is largest. So the expectation, that a smaller fugacity is compensated by 
higher temperature, can be considered as a rough approximation. It should be 
noticed that the transverse expansion for the given initial temperatures is essential 
to  reduce the life time of the hadron phase, so that the yield from the deconfined 
stage shines out. 

2.2 Transverse momentum spectra 

The featureless continuum spectrum does not contain too much information and it 
seems difficult to read off the underlying dominating radiation source (as demon- 
strated in reference, a dominating hadron gas source could show structures related 
to  hadronic resonances). Therefore, one should look for other observables. One 
possibility is to  explore peculiarities of the transverse spectra at  fixed rapidity Y 
and fixed transverse mass M1 = 4- as a function of the transverse pair 
momentum q ~ .  

In an initially strongly quark-undersaturated plasma one might expect that the 
electromagnetic basic process for dilepton production, q4 + Y* + p+p', is not 
the dominating reaction, but the Compton like reactions qg -+ qpi* + and 
ijg -+ ijy* 3 ijp+p- dlominate. In figure 2 these yields are displayed together with 
the other lowest-order a, annihilation process qij -+ gy* + g,u+p-. Here the chemi- 
cal equilibration process is assumed to be fast or slow. Despite the quark undersat- 
uration the electromagnetic annihilation still dominates unless near the kinematical 
boundary, where the Compton process becomes important. Figure 2 indicates that, 
for rough estimates, the electromagnetic annihilation within accuracy of factor 2 is 
sufficient to  calculate the rates. Within this accuracy also the j ; rL  scaling ji.e., the 



Figure 2: Transverse momentum dilepton spectra for a evolving parton gas with initial conditions 
T0 = 550 MeV and X: = 0.25; ML = 2.6 GeV. The strong coupling parameter is a, = 0.3. Left 
(right) panel: fast (slow) chemical equilibration is assumed. Thin (dashed, dotted) l ies:  contri- 
butions from the electromagnetic annihilation (QCD annihilation, QCD Compton like) process; 

. heavy full lines: sum of these contributions. This figure should be compared with figure 6 in 
reference. 

q l  independence of the spectra with Ml = const and Y = const) is restored due to 
the transverse motion, See figure 3. As well known, both the transverse expansion 
and hadronic form factors usually destroy the &IL scaling. However, for the given 
initial conditions the hadronic era is shortened, so that the dominating deconfine- 
ment phase displays as expected the scaling property approximately (cf. however 
reference l l ) .  

Notice that regularization procedures of the cu, processes for dileptons radiated 
off chemical non-equilibrium parton matter need further investigations. l2 

2.3 Rapidity dependence 

While the above presented results are for the midrapidity region Y h: 0 and for 
vanishing chemical potential, one can also explore the rapidity dependence of dilep- 
tons from baryon-rich matter. l3 In this respect we refer the interested reader to  
references. 14315 

3 Photons  

Along the above lines the photon spectra have been calculated. In contrast to the 
dileptons, these photons, not stemming from hadronic decays, are still searched for. 
The recent experimental attempts resulted only in upper bounds.16 One possible way 
to separate a possible thermal component is to analyze diphotons from the lowest- 
order process qq + yy and to exclude the hadronic decay products by kinematicd 
cuts. Results of our implementation of the diphoton rates l7 in the above evolution 
scenario will be presented elsewhere. It should be noticed that the previovs \W480 
experiment and the present \VA93 configuration are so highiy segmented that such 



Figure 3: Transverse momentum spectra of 
dileptons for initial conditions T. = 550 MeV 
and X: = 0.25 for ML = 2.6 GeV. Dashed 
(dotted) line: contribution from hadron (par- 
ton) gas; full lines: total yields from ther- 
malized matter; fast equilibration is assumed. 
This figure should be compared with figure 5 

in reference. 

measurements should be easily accessible. 

4 Pre-equilibrium dileptons 

Figure 4: Time evolution of the scaled dilep- 
ton spectrum (arbitrary units) from a ther- 
mally equilibrating parton gas for invariant 
mass M = 2.6 GeV and transverse momen- 
tum q l  = 200 MeV. The relaxation times are 
r„l = 10 fm/c (full line), 1 fm/c (dashed line), 

0.13 h / c  (dotted line). 

The recent s t u d i e ~ ' ~ * ~ ~  point to rather strong contributions fiom the pre-equilibrium 
stage, i.e., the time when first-chance collisions had happened and the main part of 
entropy is produced and the initial coherence of the nuclear parton wave function is 
destroyed, but the parton distributions does not yet look like a thermal one, 

So pin down the relation of the thermal yield and the pre-equilibrium rate we 
employ here a schematic model. First we display in figure 4 the time evolution of 
the dilepton yield from a thermally equilibrating parton gas. l8 It is Seen that the 
relaxation time scale influences strongly the yield. The heavy dots indicate the time 
when roughly 75% of the total yield is produced; obviously this happens within 
about 25% of the life time of the parton gas. 

The solution of the Boltzmann equation in relaxation time approximation has 
two components 

where f is the parton distribution function (assumed to be scale-invariant), h r  
denotes the relaxation time, and f„ stands for the thermal equilibrium distribution 
function (with temperature parameter T determined by an integral equation, cf. 
reference " for details). Within the kinetic theory framework the dilepton rate has 



Figure 5: The Same as in figure 4, but for the individual contributions: the components NI, N2 
and N12 are depicted by dotted, full, and dashed lines, respectively. The left (middle, right) panel 

is for the relaxation time rTel = 10 (1, 0.13) h / c .  

the structure 

d~ d3pl d3p2 
d4x d4Q = / 231 ( 2 ~ ) ~  2E2 ( 2 ~ ) 3  / M  l 2  ( 2 ~ ) ~  d4(p1 + P2 - &): ( 2 )  

with M for the matrix element of the fusion reaction qq + p'p-. Due to  the 
structure of the equation (2) the rate takes the form 

i.e., the dileptons are produced by collisions among the non-equilibrated partons 
(dNl  cc fo f o ) ,  and among the equilibrated (dN2 cc feq feq), and by collisions of non- 
equilibrated with equilibrated partons (dN12 cc fo feq). These three components are 
displayed in figure 5. Here, as in figure 4, the initial conditions are so that the 
energy density corresponds to the energy density of an equilibrium system at T = 
500 MeV. The initial distribution function fo at  initial time r0 = 0.13 fm/ is chosen 
as fo cc 6 ( Y  - y )  exp{-pi/K) with y as space-time rapidity and K = 0.6 GeV2, 
cf. l8 One can observe that even for the comparatively short standard equilibration 
time scale of Trel = lfm/c the non-equilibrium component still dominates; only for 
extremely rapid equilibration the equilibrium component represents the main part in 
the rate. From this one can conclude that probably the pre-equilibrium dileptons are 
an important and non-negligible part of the spectrum, despite the short relaxation 
found in the parton transport s i m ~ l a t i o n s . ~ 1 ~ ~  This holds in particular for the harder 
dileptons. 

5 Summary 

In Summary we report here mainly estimates of the dilepton spectra to be expected 
under RHIC conditions, where a substantial part of the transverse energy is produced 
by perturbative hard or semi-hard &CD processes. Single photon spectra have been 
calculated within the Same dynamical frantework. 
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