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Are direct photons a clean signal of a thermalized quark-gluon plasma?
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Direct photon production from a quark-gluon plasma~QGP! in thermal equilibrium is studied directly in real
time. In contrast with the usualS-matrix calculations, the real time approach is valid for a QGP that formed and
reached local thermal equilibrium a short time after a collision and of finite lifetime (;10–20 fm/c as
expected at BNL RHIC or CERN LHC!. We point out that during such a finite QGP lifetime the spectrum of
emitted photons carries information on the initial state. There is an inherent ambiguity in separating the virtual
from the observable photons during the transient evolution of the QGP. We propose a real time formulation to
extract the photon yield which includes the initial stage of formation of the QGP parametrized by an effective
time scale of formationG21. This formulation coincides with theS-matrix approach in the infinite lifetime
limit. It allows us to separate the virtual cloud as well as the observable photons emitted during the preequi-
librium stage from the yield during the QGP lifetime. We find that the lowest order contributionO(aem) which
doesnot contribute to theS-matrix approach, is of the same order of or larger than theS-matrix contribution
during the lifetime of the QGP for a typical formation time;1 fm/c. The yield for momenta*3 GeV/c
features a power law fall-off;T3G2/k5 and is larger than that obtained with theS-matrix for momenta
>4 GeV/c. We provide a comprehensive numerical comparison between the real time andS-matrix yields and
study the dynamics of the build-up of the photon cloud and the different contributions to the radiative energy
loss. The reliability of the current estimates on photon emission as well as theoretical uncertainties on the
details of the initial state are discussed.
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I. INTRODUCTION

Amongst the different potential experimental signatu
of the formation and evolution of a quark gluon plasm
~QGP! that is conjectured to be formed in ultrarelativist
heavy ion collisions, hard electromagnetic probes, nam
direct photons and dileptons, are considered to be very pr
ising @1,2#. Photons and dilepton pairs only interact elect
magnetically and their mean free paths are much larger
the size of the QGP, thus these electromagnetic probes l
the hot and dense region after formation without further sc
tering, carrying with them clean information of the ear
stages of the collision. Therefore a substantial effort has b
devoted to obtaining a theoretical assessment of the sp
of direct photons and dileptons emitted from a thermaliz
QGP @1–9#. Preliminary assessments concluded that dir
photon emission from a thermalized QGP can be larger t
that from the hadronized phase@3,4#, sparking an intense
effort to obtain reliable estimates of the direct photon sp
trum @5,7,8#. For recent reviews on theoretical and pheno
enological aspects of electromagnetic probes, see@10–12#.

The first observation of direct photon production in u
trarelativistic heavy ion collisions has been reported by
WA98 Collaboration in 208Pb1 208Pb collisions at As
5158 GeV at the Super Proton Synchrotron~SPS! at CERN
@13#. The results display a clearexcessof direct photons
above the expected background from hadronic decays in
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range of transverse momentumpT.1.5 GeV/c in the most
central collisions. These results provide an experimental c
firmation of the feasibility of direct photons as reliab
probes in ultrarelativistic heavy ion collisions and may pa
the way for understanding the formation and evolution o
QGP.

A variety of fits of theoretical results to the experimen
data had been reported@11#, however, the results seem inco
clusive, models with or without QGP emission seem to fit t
data in a manner compatible with models based solely
hadronic ‘‘cocktails’’~for a detailed review see@11#!.

The current ultrarelativistic heavy ion program at t
Relativistic Heavy Ion Collider~RHIC-BNL! and the pro-
posed heavy ion program Alice at the forthcoming Lar
Hadron Collider~LHC-CERN! have as a main goal to con
tinue the experimental pursuit of the long-sought QGP w
beam energies ofAs;200 AGeV for Au1Au at RHIC and
up to As;5500 AGeV for Pb1Pb at CERN. This active
experimental program with the possibility of statistic
analysis on an event-by-event basis justifies the theore
assessment of experimental probes at a deeper level. F
recent summary of measurements at RHIC see@14#.

The S-matrix approach to calculating the photon yie
from a QGP in local thermal equilibrium treats the plasma
stationary and with an infinite lifetime, while it is clear tha
QGP is a transient, nonequilibrium state@15,16#. Current the-
oretical understanding suggests that a QGP may be for
;1 fm/c after a nucleus-nucleus collision and thermaliz
via parton-parton scattering. The subsequent evolution is
sumed to be described by hydrodynamic expansion until
©2003 The American Physical Society18-1
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temperature cools down to the hadronization sc
;160 MeV. At RHIC the initial temperature of the plasma
expected to be of the order of 300 MeV, and assum
Bjorken’s longitudinal expansion with a cooling lawT(t)
5Ti(t i /t)1/3 it is expected that the lifetime of the QGP is
order &10 fm/c for a hadronization temperature of abo
160 MeV. At the LHC the initial temperature is expected
reach ;450 MeV and the lifetime of the QGP would b
expected to be of order;20230 fm/c. The transverse size
of the QGP formed in the most central collisions is of t
order of the radius of the nucleus which for Pb1Pb is about
7 fm, thus the typical space-time dimension of QGP in lo
thermal equilibrium is about 10 fm.

Despite the fact that the quark-gluon plasma, if form
will occupy a finite and rather small volume in space tim
the S-matrix approach to obtain the photon and dilept
yields treats the plasma as a medium in thermal equilibr
and of infinite extent in space-time@15,16#. The production
rate obtained from this approach is then input into a spa
time evolution combined with a hydrodynamic expansion
the plasma@10–12#. A recent analysis of photon productio
along these lines@9# to fit the data from WA98@13# suggests
that the largepT region is dominated by the first few fm/c of
~hydrodynamic! evolution and is very sensitive to the ear
stages of the evolution.

The issue of a finite space-time extension of the QGP
the hadronic phase has received attention with respect to
emission of photons and dileptons. The influence of a fin
spatial size of the plasma has been addressed for the e
sion of thermal photons@17,18# and more recently for ther
mal dileptons@19# from a hadronic gas, where the breakin
of detailed energy-momentum conservation by finite size
fects was studied.

Preliminary studies of the finitelifetime effects on the
photoproduction yield were reported in Ref.@20#. The results
of those studies pointed out the importance of nonequi
rium real time processes whose contribution is subleadin
the infinite lifetime limit, but that are of the same order
larger than theS-matrix contribution during the lifetime of a
QGP expected at RHIC and LHC. Two main consequen
of the study in Ref.@20# are as follows:

~i! During a finite lifetime the spectrum of direct photon
is sensitive to the initial conditions that lead to a thermaliz
QGP with the largepT region of the spectrum more sensitiv
to the initial stages.

~ii ! To lowest orderaem the spectrum resulting from th
nonequilibrium processes flattens for momentapT
.2 GeV/c. The sensitivity of the largepT part of the spec-
trum to initial conditions has also been pointed out in R
@9#, and perhaps coincidentally, the WA98 data@13# display a
flattening of the spectrum forpT>1.5 GeV/c.

The goals of this article are to continue the study of dir
photon production from a QGP in local thermodynamic eq
librium with a finite lifetime, directly in real time. We focu
on the following aspects:

~i! Assessing the contribution to the direct photon sp
trum from thelowest orderprocesses that are subleading
the infinite time limit. These processes areqq̄→g and q
06501
e

g

l

,
,

e-
f

d
he
e
is-

f-

-
in

s

d

.

t
-

-

→qg and correspond to the one loop contribution to the p
ton polarization, namely of orderaem. The contributions of
these processes vanish in the infinite time limit and do
contribute to the rate obtained from theS-matrix approach,
but do contribute to the yield during a finite lifetime. Focu
ing on the lowest order contributions we identify the dynam
cal aspects of photon production in real time in the simpl
possible case. This study highlights that there are contr
tions toall orders in as that are being missed by theS-matrix
calculation.

~ii ! A detailed analysis of the dynamics of the build-up
the virtual photon cloud and to provide a systematic effect
description of the initial stage between the collision and th
malization that allows a clear separation of the virtual ph
tons. We discuss the inherent difficulties associated with
unambiguous identification of the virtual photon cloud du
ing a finite time interval.

~iii ! A systematic description of direct photon productio
during a finite time interval including the initial preparatio
of the state.

~iv! An analytic and numerical comparison of the re
time yield obtained in lowest order, namely ofO(aem) and
theS-matrix yield, of orderasaemln(1/as) @7,8# to assess the
potential experimental significance of the processes that
missed by theS-matrix calculation but that contribute to th
direct photon yield from a QGP with a finite lifetime. W
provide a comprehensive numerical study of the direct p
ton yield to lowest orderO(aem) with an analysis of the
spectrum.

~v! A study of the dependence of the spectrum on
initial conditions prior to the onset of local thermal equilib
rium. This study reveals important aspects of the initial co
ditions prior to thermalization that influence the spectrum

~vi! A study of the radiative energy loss, in particular th
contributions associated with the interaction energy as w
as the cooling of the plasma by photon emission.

~vii ! A simple energy-time uncertainty argument wou
suggest that for momenta larger than the inverse lifetime
the QGP, the effects of a finite lifetime should be subleadi
Our study clearly shows this expectationnot to bear out. In
fact we show that contributions from the regionvÞk in the
imaginary part of the photon polarization are very importa
during the finite lifetime and of the same order~or larger!
than the usual result valid solely forv5k even for photons
with large transverse momentum.

This article is organized as follows: in Sec. II we revis
theS-matrix approach to highlight its caveats. In Sec. III w
present the real time formulation to photon production beg
ning with a full gauge invariant treatment of the electroma
netic interaction of quarks. In Sec. IV we provide a simp
and transparent derivation of the expression for the pho
production yield in real time to lowest order inaem and finite
QGP lifetime. This formulation reproduces the results o
tained in Ref.@20# by a more general kinetic description an
is explicitly shown to coincide with theS-matrix formulation
in the infinite QGP lifetime limit. In this section we addres
the issue of initial conditions and in particular the subtle b
important aspects associated with the formation of the p
ton cloud. In this section we present a detailed analysis of
8-2
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radiative energy loss and the different contributions, prov
ing an analytic and numerical study of the total energy ra
ated during the lifetime of the QGP. In Sec. V we address
issue of the electromagnetic dressing of the initial state~den-
sity matrix! by providing an initial density matrix that in
cludes the photon cloud parametrized by a formation ti
scale of the QGP after the parton stage following an
trarelativistic heavy ion collision, conjectured to b
;1 fm/c. This parametrization interpolates smoothly b
tween the adiabatic preparation of asymptotic states and
uncorrelated initial state assumed in theS-matrix calculation.
The consideration of such initial states~density matrix! al-
lows us to address the issue of the formation time and
cludes in a phenomenological manner the photon cloud
the preequilibrium stage.

Our conclusions are presented in Sec. VI.

II. S-MATRIX APPROACH AND ITS CAVEATS

In order to highlight the shortcomings of theS-matrix
approach to calculate photon emission, and to establish
tact with the real-time approach to photon production int
duced in Sec. IV, we now summarize some important asp
of the scenario of QGP formation and evolution and
S-matrix approach to the calculation of photon emission.

As mentioned in the Introduction, QGP is conjectured
be formed in ultrarelativistic heavy ion collisions from th
deconfinement of strongly interacting quarks and gluons
the incoming nuclei. The details of the dynamics of the c
lision are not completely understood, nor, in particular,
electromagnetic aspects of the parton distribution functio
It is conjectured that immediately after the collision the p
tons are almost free and parton-parton scattering leads
state of~local! thermal equilibrium on a time scale;1 fm/c
after the collision. The photons emitted during the preeq
librium stage are assumed to leave the medium@24#. The
thermalized QGP undergoes adiabatic hydrodynamic exp
sion during a lifetime of;10–20 fm/c after which the
plasma hadronizes. The QGP in local thermal equilibri
under the strong interactions is not in equilibrium under
electromagnetic interactions resulting in photons emitted
rectly from the thermalized plasma.

The S-matrix approach to the calculation of photon em
sion begins by writing the Hamiltonian in the form

H5H01H int ,

H05HQCD1Hg ,

H int5eE d3xJmAm , ~2.1!

where HQCD is the full QCD Hamiltonian,Hg is the free
photon Hamiltonian, andH int is the interaction Hamiltonian
between quarks and photons withJm the quark electromag
netic current,Am the photon field, ande the electromagnetic
coupling constant.
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Consider that at some initial timet i the stateu i & is an
eigenstate ofH0 with no photons. The transition amplitude
time t f to a final stateu f ,gl(pW )&[u f & ^ ugl(pW )&, again an
eigenstate ofH0 but with one photon of momentumpW and
polarizationl, is up to an overall phase given by

S~ t f ,t i !5^ f ,gl~pW !uU~ t f ,t i !u i &, ~2.2!

whereU(t f ,t i) is the time evolution operator in the intera
tion representation

U~ t f ,t i !5T expF2 i E
t i

t f
H int,I~ t !,dtG

512 ieE
t i

t f
dtE d3xJI

m~xW ,t !Am,I~xW ,t !1O~e2!,

~2.3!

where the subscriptI stands for the interaction representati
in terms ofH0. In the above expression we have appro
matedU(t f ,t i) to first order ine, since we are interested i
obtaining the probability of photon production to lowest o
der in the electromagnetic interaction. The usualS-matrix
element for the transition is obtained from the transition a
plitude S(t f ,t i) above in the limitst i→2` and t f→1`

Sf i5S~1`,2`!

52
ie

A2E
E d3xE

2`

1`

dteiPmxm«m
l ^ f uJm~x!u i &1O~e2!,

~2.4!

where E5upW u and Pm5(E,pW ) are the energy and four
momentum of the photon, respectively, and«m

l is its polar-
ization four-vector. Since the statesu i & and u f & are eigen-
states of thefull QCD Hamiltonian HQCD, the above
S-matrix element is obtainedto lowest orderin the electro-
magnetic interaction, butto all orders in the strong interac-
tion. We note that theS-matrix element in effect is the am
plitude for the transition between asymptotic statesu i ; in&
→u f ,gl(pW );out&, i.e., Sf i5^ f ,gl(pW );outu i ; in&, where
u f ,gl(pW );out&[u f ;out& ^ ugl(pW );out&. Here, ugl(pW );out& is
the asymptoticout state with one photon of polarizationl
and momentumpW , and u i ; in& (u f ;out&) is the asymptoticin
~out! state of the quarks and gluons.

The rate of photon production per unit volume from
QGP in thermal equilibrium at temperatureT is obtained by
squaring theS-matrix element, summing over the final state
and averaging over the initial states with the thermal wei
e2bEi/Z(b), whereb51/T, Ei is the eigenvalue ofH0 cor-
responding to the eigenstateu i &, andZ(b)5( ie

2bEi is the
partition function. Using the resolution of identity
5( f u f &^ f u, the sum of final states leads to the electroma
netic current correlation function. Upon using the trans
8-3
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tional invariance of this correlation function, the two spac
time integrals lead to energy-momentum conservat
multiplied by the space-time volumeV5V(t f2t i) from the
product of Dirac delta functions. The termt f2t i→1` is the
usual interpretation of 2pd(0) in the square of the energ
conserving delta functions.

These steps lead to the following result for the pho
production rate in theS-matrix approach@2,6#:

dN

d4x
5

1

V

1

Z~b!

d3p

~2p!3 (
i , f ,l

e2bEiuSf i u2

52e2gmnWmn
, ~P!

d3p

2E~2p!3
, ~2.5!

whereWmn
, (K) is the Fourier transform of the thermal e

pectation value of the current correlation function defined

Wmn
, ~K !5E d4xeiK •x^Jm~0!Jn~x!&b . ~2.6!

In the expression abovê•••&b denotes the thermal expect
tion value. To lowest order ine2 but to all orders in the
strong interactions,Wmn

, (K) is related to the retarded photo
self-energyPmn

R (K) by @4#

e2Wmn
, ~K !5

Im Pmn
R ~v5k,k!

ek/T21
. ~2.7!

Thus, one obtains the~Lorentz boost! invariant photon pro-
duction rate

k
dN

d3p d4x
52

gmn

~2p!3

Im Pmn
R ~v5k,k!

ek/T21
. ~2.8!

All the calculations of the photon production yield from
thermalized QGP in equilibrium begin by obtainin
Im Pmn

R (v5k,k) to calculate therate. The most recent resul
up to leading logarithmic order in the strong coupling h
been obtained in Ref.@8#.

We have reproduced the steps leading to Eq.~2.8!, which
is the expression for the photon production rate used in
S-matrix calculations in the literature, to highlight sever
important steps in its derivation in order to compare a
contrast to the real-time analysis discussed below. The m
features of the above result that will be compared to the
time computation are the following:

~i! The initial statesu i & are averaged with the therma
probability distribution at the initial timet i for quarks and
gluons. In the usual calculation this initial timet i→2`, as
emphasized above and the initial state describes the ph
vacuum and a thermal ensemble of quarks and gluons. T
the quarks and gluons are assumed to have thermalized i
infinite past. Furthermore, this treatment also assumes
the quarks and gluons areasymptoticstates in the infinite
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past, thus neglecting the fact that these are confined in
colliding nuclei before the collision.

~ii ! The transition amplitude is obtained via the time ev
lution operatorU(t f ,t i) evolved up to a timet f and the tran-
sition amplitude is obtained by projecting onto a stateu f & at
time t f , which in the calculation is takent f→1`. The sum
over the final states leads to the electromagnetic current
relation function averaged over the initial states with t
Boltzmann probability distribution, i.e., the thermal expec
tion value of the current correlation function.

~iii ! Taking t f→1` and t i→2` and squaring the tran
sition amplitude leads toenergy conservationand an overall
factor t f2t i . The rate~transition probability per unit time
per unit volumeV) is finally obtained by dividing by (t f
2t i)V. The important point here is that taking the limit o
t f2t i→1` results intwo important aspects: energy conse
vation and an overall factor of the time intervalt f2t i . The
resulting rate is independent of the time interval and o
depends on the photon energy~and obviously the tempera
ture!.

A. Main assumptions in theS-matrix approach

In order to compare our methods and results with th
obtained within the usualS-matrix framework described
above, it is important to highlight the main assumptions t
are implicit inall previous calculations of photon productio
from a thermalized QGP and that are explicitly displayed
the derivation above.

~i! The initial state att i ~which in the usual calculation is
taken to2`) is taken to be a thermal equilibrium ensemb
of quarks and gluons but thevacuum statefor the physical
transverse photons.

~ii ! The usual calculation of the rate to lowest order in t
electromagnetic coupling, entails that there are no elec
magnetic corrections to the intermediate states, namely, t
is no photondressingof the states that enter in the therm
density matrix.

~iii ! Taking t i→2`,t f→1` manifestly assumes tha
quarks and gluons areasymptotic statesin the infinite past
and in the infinite future. Obviously this is inconsistent wi
the fact that before the collision quarks and gluons should
described in terms of their parton distribution functions
the nuclei. Furthermore assuming quarks and gluons to
asymptotic states ast f→1` manifestly ignores the hadroni
zation phase transition to a confined phase at a finite tim
order 10–20 fm/c. In Ref.@9# confinement in the initial state
had been encoded in a ‘‘confinement factor,’’ namely a p
nomenological parameter included to account for the effe
of confinement.

~iv! Assuming the QGP to have equilibrated att i→2`
and takingt f→1` makes explicit that the plasma is a
sumed to be described as a stationary state in thermal e
librium at all times.

~v! The buildup of population of photons is neglecte
along with the electromagnetic dressing of quarks, th
assumptions are generally invoked to justify a calculat
of the yield or rate to lowest order in the electromagne
coupling.
8-4
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~vi! The rate obtained from a stationary state of therm
equilibrium is then assumed to be valid in each fluid cell~of
spatial size larger than the mean free path! which is taken as
the local rest frame. The invariant rate~independent of time!
is then written in terms of the proper time and fluid rapid
by performing a Lorentz boost and assuming that the te
perature is a function of the proper time. The resulting rat
then integrated during the space-time history of the plasm
combination with a hydrodynamic description of the expa
sion. During the hadronization transition the yield is obtain
from a Maxwell construction of the coexistence region~un-
der the assumption of a first order transition!. The lever rule
is invoked to obtain the photon yield from the mixed pha
Thus despite the fact that the rate has been obtained by
ing the initial and final times to7` it is used to extract the
photon yield during afinite lifetime, and even during phas
coexistence@10–12#.

B. Caveats

The main reason that we delve into the specific steps
the usual computation and the detailed analysis of the m
assumptions is to emphasize the inconsistencies in appl
this approach to an expanding QGP offinite lifetime.

~i! Hydrodynamic evolution is aninitial value problem
@21,22#, namely, the state of the system is specified at
initial ~proper! time surface to be of local thermodynam
equilibrium at a given initial temperature, and the hydrod
namic equations are evolved in time to either the hadron
tion or freeze-out surfaces if the equation of state is availa
for the different stages. The calculation based on
S-matrix approach takes the time interval to infinity, extra
a time-independent ratetreating the QGP as a stationa
state, and inputs this rate, assumed to be valid for every
in the comoving fluid, in the hydrodynamic evolution durin
a finite lifetime.

~ii ! There is also a physical inconsistency in using
S-matrix yield in a hydrodynamic evolution for very larg
photon energy. A hydrodynamic description, which is bas
on local thermodynamic equilibrium, is valid on spati
scales larger than the mean free path for parton-parton c
sions in the plasmal;0.5 fm. Thus photon momentak
>223 GeV probe distances shorter than the mean free p
and most likely the contribution to the direct photon spe
trum for transverse momenta larger than about 2–3 GeV c
not be reliably extracted from anS-matrix calculation. Re-
cent measurements of elliptic flow at RHIC@14# suggest that
hydrodynamics is a reliable description up topT;2 GeV/c
but the data forv2(pT) show large departures from hydrod
namics~including pQCD! for pT.2 GeV/c for charged par-
ticles ~minimum bias! @23#.

The low energy region of the photon spectrum is dom
nated by pion decay and bremsstrahlung in the hadro
phase and after freeze-out. Thus, the~transverse! momentum
interval in which direct photons could be reliable experime
tal probes of a thermalized QGP is 0.1 GeV&k&3 GeV.

~iii ! Yet another caveat is that despite the fact that the t
interval is taken to infinity, namely much larger than t
photon thermalization time scale, photons are assumednot to
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thermalize and to leave the medium. The buildup of the pho-
ton population isneglectedunder the assumption that th
mean free path of the photons is larger than the size of
plasma and the photons escape without rescattering. Thi
sumption also neglects the prompt photons produced du
the preequilibrium stage. Indeed, Srivastava and Geiger@24#
have studied direct photons from a preequilibrium stage v
parton cascade model that includes pQCD parton cross
tions and electromagnetic branching processes. The u
computation of the prompt photon yield during the stage o
thermalizedQGP assumes that these photons have left
system and the computation is therefore carried out to low
order in aem with an initial photon vacuum state, name
also ignoring the virtual cloud of photons that dress t
charged particles in the plasma. As emphasized above
taking the final timet f to infinity in theS-matrix element the
assumption is that the thermalized state isstationary, while
in neglecting the buildup of the population the assumption
that the photons leave the system without rescattering
the photon population never builds up. These assumpt
lead to considering photon production only to the lowe
order inaem, since the buildup of the photon population w
necessarily imply higher order corrections. Although the
main assumptions are seldom spelled out in detail, they
derlie all S-matrix calculations of the photon productio
from a thermalized QGP.

All calculations of the rate based on theS-matrix ap-
proach, obtain the imaginary part of the photon polarizat
to lowest order inaem and in a perturbative expansion i
terms ofas ~including leading logarithmic terms!. This ex-
pansion assumes thatas is small but the coupling depends o
the temperature scale. While it could be argued that at
initial temperatures expected to be achieved at RHIC
LHC as may be small, clearly the perturbative expansi
breaks down in the expanding scenario, when the temp
ture becomes near the critical for hadronizationTc;LQCD
;160 MeV. Thus, the regime of validity ofall S-matrix cal-
culations of the yield in a perturbative expansion inas is
actually limited by thelifetime of the QGP. Hence a pertur
bative evaluation of the rate must be understood to be v
on a time scale of the order of or shorter than the act
lifetime of the QGP, which then casts further doubts on
infinite time limit.

As stated in the Introduction, however, the QGP produc
in ultrarelativistic heavy ion collisions is intrinsically a tran
sient and nonequilibrium state. Since the spectrum of dir
photons is deemed to be a clean experimental probe of
early stages of evolution of a QGP, it is therefore of pheno
enological importance to study nonequilibrium effects on
rect photon production from an expanding QGP with afinite
lifetime with the goal of establishing potential experimen
signatures.

The current understanding of the QGP formation, equ
bration, and subsequent evolution through the quark-had
~and chiral! phase transitions is summarized as follows.
preequilibrium stage dominated by parton-parton interacti
and strong colored fields which gives rise to quark and glu
production on time scales&1 fm/c @15#. The produced
quarks and gluons thermalize via elastic collisions on ti
8-5
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D. BOYANOVSKY AND H. J. de VEGA PHYSICAL REVIEW D68, 065018 ~2003!
scales;1 fm/c. Hydrodynamics is probably the most fre
quently used model to describe the evolution of the n
stage when quarks and gluons are in local thermal equ
rium ~although perhaps not in chemical equilibrium! @21,22#.
The hydrodynamical picture assumes local thermal equ
rium ~LTE!, a fluid form of the energy-momentum tensor a
the existence of an equation of state for the QGP. The s
sequent evolution of the QGP is uniquely determined by
hydrodynamical equations, which are formulated as aninitial
value problemwith the initial conditions specified at the mo
ment when the QGP reaches LTE, i.e., at an initial timet i
;1 fm/c. The~adiabatic! expansion and cooling of the QG
is then followed to the transition temperature at which
equation of state is matched to that describing the mixed
hadronic phases@6,10,25,26#.

Our main observation is that the usual computations ba
on S-matrix theory extract a time independent rate after t
ing the infinite time interval, which is then used in a calc
lation of the photon yield during afinite timehydrodynamic
evolution. There is a conceptual inconsistency in this
proach, which merits a detailed study based on the real t
evolution of the photon distribution, which we undertake b
low.

III. REAL TIME APPROACH

A. Gauge invariance

Before we focus on the calculation of the photon yield
real time, we address the issue of Abelian gauge invaria
to highlight that the results of the real time approach are fu
gauge invariant. Since the relevant interaction is electrom
netic, we focus our discussion on the Abelian gauge c
pling. Let us consider the following Lagrangian density f
one massless fermion species:

L5c̄~ i ]”2eA” !c2
1

4
FmnFmn, ~3.1!

where the zero-temperature mass of the fermionm has been
neglected since we consider the high temperature limiT
@m. We begin by casting our study directly in a manifes
gauge invariant form. In the Abelian case it is straightf
ward to reduce the Hilbert space to the gauge invariant st
and to define gauge invariant fields. This is best achie
within the canonical Hamiltonian formulation in terms
primary and secondary class constraints. In the Abelian c
there are two first class constraints:

p050, “•p52ec†c, ~3.2!

wherep0 andp52E are the canonical momenta conjuga
to A0 andA, respectively. Physical states are those which
simultaneously annihilated by the first class constraints
physical operatorscommutewith the first class constraints
Writing the gauge field in terms of transverse and longitu
nal components asA5AL1AT with “3AL50; “•AT50
and defining
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C~x!5c~x!eie*d3y“xG(x2y)•AL(y), ~3.3!

whereG(x2y) is the Coulomb Green’s function satisfyin
“x

2G(x2y)5d3(x2y), after some algebra using the canon
cal commutation relations one finds thatAT(x) andC(x) are
gauge invariantfield operators.

The Hamiltonian can now be written solely in terms
these gauge invariant operators and when acting on ga
invariant states the resulting Hamiltonian is equivalent
that obtained in a Coulomb gauge. However we empha
that we havenot fixed any gauge; this treatment, original
introduced by Dirac, is manifestly gauge invariant. The
stantaneous Coulomb interaction can be traded for a ga
invariant Lagrange multiplier field which we callA0, leading
to the following Lagrangian density:

L5C̄~ i ]”2eg0A01eg•AT!C

1
1

2
@~]mAT!21~“A0!2#. ~3.4!

We emphasize thatA0 shouldnot be confused with the tem
poral gauge field component.

In the gauge invariant sector of the Hilbert space, nam
between states annihilated by the first class constraints,
generalizing toNf flavors of quarks, the Hamiltonian i
given by

H5E d3xF1

2
~EW T

21BW 2!1C†

3~2 iaW •¹W !C1eJW•AW TG1HCoul , ~3.5!

where

JW5(
i 51

Nf ei

e
C̄ igW C i , ~3.6!

is thegaugeinvariant current andHCoul is the Abelian Cou-
lomb interaction which will be irrelevant for our conside
ations. While this Hamiltonian is equivalent to that obtain
in a Coulomb gauge we emphasize that we have not impo
any gauge fixing; the Dirac procedure is manifestly gau
invariant. In particular the interaction part of the Hamiltonia
that will be relevant for the discussion of photon producti
to lowest order, namely

HI5eE d3xJW•AW T ~3.7!

is manifestly gauge invariant. Furthermore, states c
structed out of the noninteracting Fock vacuum by combi
tions of thegauge invariantoperatorsC†,C,AW T ,EW T are ob-
viously gauge invariant.
8-6
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ARE DIRECT PHOTONS A CLEAN SIGNAL OF A . . . PHYSICAL REVIEW D68, 065018 ~2003!
This discussion makes explicit the gauge invariance of
real time formulation.

Including now the non-Abelian color interaction betwe
quarks and gluons the total Hamiltonian is given by

H5HQCD@C#1E d3x
1

2
~EW T

21BW 2!

1eE d3xJ•AT1HCoul , ~3.8!

whereHQCD@C# is the QCD Hamiltonian in absence of ele
tromagnetism but in terms of the gauge invariant~under Abe-
lian gauge transformation! fermion fieldC and the subscrip
T refers to transverse components. We have extended
fermion content toNf flavors and the charge of each flav
species in units of the electron charge is included in
corresponding current.

Expanding the gauge invariant fieldAW T in terms of cre-
ation and annihilation operators in a volumeV

AT~xW !5(
k,l

ek,l

A2Vk
@ak,leik"x1ak,l

† e2 ik•x#, ~3.9!

with ek,l the usual transverse polarization vectors, thegauge
invariant photon number operator for polarizationl is given
by

n̂k,l5ak,l
† ak,l . ~3.10!

B. Time evolution

Time evolution in quantum mechanics and quantum fi
theory is an initial value problem. Given the total Ham
tonianH the time evolution of a density matrix is complete
determined by specifying the density matrix at an initial tim
t0. Once the initial density matrix is specified at the initi
time, its time evolution is completely determined by the u
tary time evolution operatore2 iH (t2t0). In the case unde
consideration the HamiltonianH is time independent and
gauge invariantand given by Eq.~3.8!. The ensuing rea
time dynamics is therefore completely specified by presc
ing the initial density matrix at the initial timet0.

As discussed above, theS-matrix calculation implicitly
assumes that the initial density matrix is that of thermal eq
librium for quarks and gluons at an initial timet052` and
explicitly assumes that initially there are no photons. W
this choice of initial conditions, since the initial state h
been prepared att052` there is no memory of the initia
state, in agreement with a stationary state in thermodyna
equilibrium.

Our goal is to relax this assumption of a thermal statio
ary state and study the consequences of a true real time
lution as befits the physical problem of a thermalized Q
emerging about 1 fm/c after a nucleus-nucleus collision an
evolving during a finite lifetime of about 10–20 fm/c to-
wards a hadronization~and confinement! transition.
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The real time evolution of the density matrix after th
initial time t0 is given by

r̂~ t !5e2 iH (t2t0)r̂~ t0!eiH (t2t0). ~3.11!

The total number of photons of momentumk per unit volume
at a given timet, namely the photon yield is given by~as-
suming translational invariance!

~2p!3
dN~ t !

d3xd3k
5(

l
Tr@ r̂~ t !n̂k,l#, ~3.12!

with n̂k,l5âk,l
† âk,l . In order to compute the direct photo

yield to lowest order in the electromagnetic coupling, it
convenient to write the total Hamiltonian given by Eq.~3.8!
as

H5H01HI ,

H05HQCD@C#1E d3x
1

2
~EW T

21BW 2!,

HI5E d3xJ•AT , ~3.13!

where the currentJ is given by Eq.~3.6! and we have ne-
glected the Coulomb term since it will not contribute to t
direct photon yield to orderaem.

The time evolution operator is given by

e2 iH (t2t0)5e2 iH 0tU~ t,t0!eiH 0t0, ~3.14!

whereU(t,t0) is the unitary time evolution operator in th
interaction picture ofH0 given by

U~ t,t0!512 i E
t0

t

dt8HI~ t8!1O~e2!;

HI~ t !5eiH 0tHIe
2 iH 0t, ~3.15!

where we have only considered the lowest order in the e
tromagnetic coupling.

It is then convenient to pass to the interaction picture
H0, namely the full QCD Hamiltonian andfree electromag-
netism by defining the initial density matrix in the interactio
picture ofH0 as

r̂ ip~ t0!5eiH 0t0r̂~ t0!e2 iH 0t0. ~3.16!

For the case of interest the initial density matrix describe
quark gluon plasma in equilibrium under the strong inter
8-7
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D. BOYANOVSKY AND H. J. de VEGA PHYSICAL REVIEW D68, 065018 ~2003!
tions, it must therefore commute withH0 in which case
r̂ ip(t0)5 r̂(t0). At any given timet

r̂~ t !5e2 iH 0tU~ t,t0!r̂ ip~ t0!U21~ t,t0!eiH 0t. ~3.17!

Since the number operatorak,l
† ak,l commutes withH0 we

find for the direct photon yield at timet the following exact
expression:

~2p!3
dN~ t !

d3xd3k
5(

l
Tr@U~ t,t0!r̂ ip~ t0!U21~ t,t0!n̂k,l#.

~3.18!

In the interaction picture ofH0 the time evolution ofJ and
AT is given by

J~xW ,t8!5eiH QCDt8J~xW !e2 iH QCDt8,

AT~xW ,t8!(
k,l

ek,l

A2Vk
@ak,leik•xe2 ikt81ak,l

† e2 ik•xeikt8#,

~3.19!

whereek,l are the transverse polarization vectors.
Given an initial density matrix, the photon yield can b

calculated by inserting a complete set of eigenstates ofH0
and computing the required matrix elements.

We note that the real time expression for the photon yi
Eq. ~3.18! is exact in terms of the full time independen
Hamiltonian and is gauge invariant provided that the den
matrix is constructed with physical states. Evolution of qua
tum states or density matrices is an initial value proble
once the density matrix has been specified at an initial ti
its time evolution is completely determined by the Ham
tonian.

We carry out this program below to lowest order in t
electromagnetic coupling for cases that are relevant to
description of direct photons from a QGP.

IV. PHOTON YIELD

We compute here the photon yield for a QGP with fin
lifetime in the real time approach.

A. Thermalized QGP, no initial photons

We begin the study of the real time dynamics of dire
photon production by considering that at an initial timet0
;1 fm/c the QGP is in thermal equilibrium~under the
06501
d

y
-
,

e,

e

t

strong interactions! and there areno initial photons. Such an
initial density matrix is compatible with the usual assum
tion on the initial state invoked in theS-matrix calculation
described in Sec. II but makes explicit that such a state
scribes an initial value problem from a thermalization timet0
taken to be of the order of 1 fm/c,

r̂~ t0!5(
nq

e2bEnqunq&^nqu ^ u0g&^0gu;

HQCDunq&5Enq
unq&, ~4.1!

and u0g& is the photon vacuum, annihilated by thegauge
invariant operators ak,l . The incoming nuclei coasting
along the light cone are exact eigenstates of the full Ham
tonian H. Hence, neglecting bremsstrahlung off the Coulo
field of the nuclei there is no photon emission prior to t
collision. Thus, the stateu0g& is the ‘‘in’’ state up to the time
of the collision, which is annihilated by the ‘‘in’’ operato
ak,l . Therefore the initial density matrix Eq.~4.1! is consis-
tent with neglecting the photons produced between the
lision and the onset of thermalization, namely during t
preequilibrium stage.

We will study in detail alternative and more general initi
states that include photons and correlations in a later sec
~see Sec. V below!.

Obviously the initial density matrix given by Eq.~4.1! is
gauge invariant and commutes withH0 in Eq. ~3.14!. It fol-
lows thatr̂(t0)5 r̂ ip(t0) and it describes a thermal ensemb
in equilibrium under the strong interactions with no photon
This assumption is compatible withall the calculationsof
direct photon production from an equilibrated QGP availa
in the literature. Studying the time evolution of this initia
state allows us to address the dynamics of the formation
the virtual photon cloud and to highlight the inherent dif
culty in separating the observable photons from those in
virtual cloud in the plasma during a finite lifetime.

Defining asunq ;mg&5unq& ^ umg& the eigenstates ofH0
with mg photons~we do not specify the wave vector an
polarization to avoid cluttering of notation! we can compute
the matrix elements in Eq.~3.18! by inserting a complete se
of these eigenstates. To lowest order in the electromagn
coupling the set of intermediate states that contribute to
photon number̂ n̂k,l& contain only one photon of momen
tum k and polarizationl.

After a straightforward calculation we find, to lowest o
der in the electromagnetic coupling
~2p!3
dN~ t !

d3xd3k
5(

l

e2

2kVEt0

t

dt1E
t0

t

dt2E d3x1E d3x2e2 ik(t22t1)eik•(x22x1)

3 (
nq ,mq

e2bEnq^nquek,l•J~x2
W ,t2!umq&^mquek,l•J~x1

W ,t1!unq&. ~4.2!
8-8
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Writing,

J~xW ,t !5e2 iPW •xWeiH QCDtJ~0W ,0!e2 iH QCDteiPW •xW, ~4.3!

with PW the momentum operator and choosing the eigenst
unq& to be simultaneous eigenstates ofPW with PW unq&
5pW nq

unq&, we can write

(
nq ,mq

e2bEnq^nquek,l•J~x2
W ,t2!umq&^mquek,l•J~x1

W ,t1!unq&

5E d3pdve2 ipW •(xW22xW1)eiv(t22t1)ek,l
i ek,l

j s i j
.~pW ,v!,

~4.4!

where

s i j
.~pW ,v!5 (

nq ,mq

e2bEnq^nquJi~0W ,0!umq&^mquJj~0W ,0!unq&

3d3
„pW 2~pW nq

2pW mq
!…d„v2~Enq

2Emq
!….

~4.5!

Carrying out the integrals in Eq.~4.2! and summing over the
polarizations, we finally find,

dN~ t !

d3xd3k

5
e2

k E dvP i j ~k!s i j
.~kW ,v!

12cos@~v2k!~ t2t0!#

~v2k!2
,

~4.6!

where

P i j ~k!5d i j 2
kikj

k2
, ~4.7!

is the transverse projector.
In the Appendix we show that

~2p!3e2s i j
.~kW ,v!5

n~v!

p
Im P i j ~kW ,v!;

n~v!5
1

ebv21
, ~4.8!
06501
es

where ImP i j (kW ,v) is the imaginary part of the retarded ph
ton polarization tensor. However, the photon product
yield is calculated to lowest order inaem and in principle to
all orders inas .

Introducing the transverse photon polarization

PT~k,v![P i j ~k!P i j ~kW ,v!, ~4.9!

we finally find the real time expression for the photon yie
to be given by

dN~ t !

d3xd3k

5
1

~2p!3k
E

2`

1`dv

p

Im PT~k,v!

ev/T21

12cos@~v2k!~ t2t0!#

~v2k!2
,

~4.10!

where the photon polarization is obtained in lowest order
aem and in principle to all orders inas . This expression
coincides with the lowest order result obtained from a kine
description in Ref.@20#.

If the long time limit is taken and the following identity i
used~see@20,27#!:

E
2`

1`

dvF~v!
12cos@~v2k!~ t2t0!#

~v2k!2

3 5

t2t0→1`

p~ t2t0!F~k!1E
2`

1`

dvF~v!P 1

~v2k!2

1OS 1

t2t0
D , ~4.11!

then if Im PT(k,v5k)Þ0, we obtain the long time limit of
the total yield,

dN~ t !

d3xd3k
5

1

~2p!3k
H Im PT~k,v5k!

ek/T21
~ t2t0!

1E
2`

1`dv

p

Im PT~k,v!

ev/T21
P 1

~v2k!2J .

~4.12!

From the result~4.12! above, we obtain the long time limit o
the invariant rate,

k
dN~ t !

d4xd3k
5

t2t0→1` 1

~2p!3

Im PT~k,v5k!

ek/T21
. ~4.13!

This is the same as theS-matrix result given by Eq.~2.8!.
8-9
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The expression~4.12! only involves thetransversepart of
the photon polarization, a consequence of the manife
gauge invariant treatment. Thus, we highlight that in thein-
finite time limit our result for the invariant rate coincide
with the usual one.

However, taking the time to infinity introduces all th
caveats that were discussed in Sec. II above. Thus, in o
to avoid these caveats, the initial timet0 must be interpreted
as the time at which quarks and gluons thermalize. The
pression~4.10! determines the total photon yield~per unit
volume! at a given timet, thus the total direct photon yield a
the hadronization time is obtained by settingt5thad

;10–20 fm/c for RHIC and LHC respectively.
The asymptotic long time expression~4.12!, featurestwo

different terms. The first term, which grows linearly in tim
leads to therate which is time independent and is associat
with the photons that are produced per unit time per u
volume. The second, time independent term can be in
preted as the total number of photons in the virtual clo
dressing the quarks in the medium.

This manifest separation between the time independ
term that describes the photon cloud associated with
charged particles, and the photons produced at constant
~namely the term in the yield that grows linearly witht
2t0) only emergesin the long time limit.

For anyfinite time interval there are contributions to th
photon yield from the whole range ofvÞk. The long time
asymptotic behavior of the total photon yield~4.10! is deter-
mined by the behavior of ImP(v;k). In particular if
Im P(k,v5k)50 there is nolinear time dependence as
ymptotically, however if ImP(v;k)}(v2k) as is the case
for the one loop contribution to the polarization@of
O(aemas), see below# then using the formula@20,27#

E
0

1`

dy
p~y!

y
@12cos~ykt!# 5

t→1`

p~0!ln~kt!1O~1!,

~4.14!

for p(`)50. We thus conclude that the photon yield w
grow logarithmically in timein this case.

The long time behavior of the yield is therefore dete
mined by the behavior of the ImP(k,v) in the regionv
;k. Generally, the imaginary part of the photon polarizati
for v;k behaves as

Im PT~k,v! 5
v→k

Im PT~k,v5k!1Im PT8~k,v5k!~v2k!

1O@~v2k!2#, ~4.15!

then we find@20,27# the long time behavior of the yield to b
generally given by
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dN~ t !

d3xd3k
5

1

~2p!3k
H Im PT~k,v5k!

ek/T21
~ t2t0!

1
Im PT8~k,v5k!

p~ek/T21!
ln@k~ t2t0!#

1E dv

p

Im PT~k,v!

ev/T21
P 1

~v2k!2
1OS 1

t2t0
D J ,

~4.16!

where the prime in the second term stands for a deriva
with respect to the frequency. Obviously at very long tim
the term with the linear time dependence will ultimate
dominate. However, for a finite time interval (t2t0), it is
possible that a lower order logarithmic term may give a co
parable contribution to or even be larger than a higher or
term linear in time. Furthermore, it is clear from the abo
analysis that the contributions to the imaginary part of
photon polarization forvÞk will actually contribute to the
yield during a finite time interval. However, these contrib
tions are absent in theS-matrix calculation which only ex-
tracts the linear time dependence in theasymptotic long time
limit given by Eq.~4.13!.

The main point of this discussion is to highlight the fo
lowing important issues:

~i! The real time calculation reproduces the result of
S-matrix approach in the asymptotic long time limit. Ther
fore the usualS-matrix result iscontainedin the real time
approach, which provides a detailed description of the p
cess of photon production during a finite lifetime.

~ii ! During a finite time interval the regionvÞk of the
imaginary part of the photon polarization contributes. T
contributions from different regions of the spectral dens
have different time dependence. During a finite time inter
contributions that are subleading in the asymptotic long ti
limit can be of the same order as the term that becom
asymptotically linear in time and which defines the rate. In
finite time interval the contributions from the different re
gions in the frequency integral cannot be separated. Thu
order to reliably understand the time dependence of the y
during a finite time interval, one must find the imaginary p
of the photon polarization in thefull rangeof frequency, not
just atv5k which only determines the asymptotic long tim
behavior.

~iii ! This discussion makes manifestly clear that the p
ton yield obtained from theS-matrix calculation of the rate
namely extracting the linear time dependence in
asymptotic long time limit, ignores all other contribution
which grow slower in time but that do contribute to the yie
for a finite time interval.

B. Photon production in the hard thermal loop approximation

To make the above statement more quantitative and
begin our study of the real time description of photon p
duction within a specific example highlighting the concl
sions above, we begin by considering the imaginary par
the photon polarization tensor in the hard thermal loop
8-10
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ARE DIRECT PHOTONS A CLEAN SIGNAL OF A . . . PHYSICAL REVIEW D68, 065018 ~2003!
proximation @28,29#. This approximation yields the leadin
result for the polarization tensor for soft photons, namelyk
!T and arisessolely from in-medium processes. While w
will obtain the full one-loop contribution to the imaginar
part of the photon self-energy below, the HTL limitonly
features medium dependent contributions. Thus the H
limit allows us to address dynamical issues solely associ
with in-medium processes.

For two flavor of quarks~up and down, with three colors!,
the imaginary part of the transverse photon polarization
the hard thermal loop approximation is given by@20#

Im PT
HTL~k,v!5

40p2aemT2

36

v

k S 12
v2

k2 D Q~k22v2!.

~4.17!

Obviously this contribution to the imaginary part vanish
linearly asv→k. However, while Eq.~4.12! would lead to a
constant, time independent yield and therefore to a vanish
invariant rate since ImP i j (v5k)50, the correct asymptotic
long time limit of the yield follows from Eq.~4.16! and is
given by @20#

dNHTL~ t !

d3xd3k
5

t2t0→1`5aemT2

18p2k2 Fn~k!ln@k~ t2t0!#

1
1

2kE2k

k

dv
v

k
PFk1v

k2vG 1

ev/T21

1OS 1

t2t0
D G . ~4.18!

This expression would lead to an invariant rate that vanis
asO(1/t) for t→1`. However, for any finite time there is
nonvanishing contribution to the yield.

The second, time independent term in Eq.~4.18! can be
identified with the virtual photon cloudin the thermal bath.
This contribution is medium dependent and can only be id
tified in the long time limit; the separation between the tim
independent and the time dependent contributions is m
ingful only in the long time limit. For any finite lifetime
there is no unambiguous separation between the diffe
contributions, and only the full photon number is meanin
ful.

A comparison with the photon equilibrium spectral de
sity in the HTL approximation@29# reveals that the integran
of the time independent part in Eq.~4.18! is simply related to
the HTL wave function renormalization and the real part
the photon polarization. Namely, the virtual cloud is actua
revealing the dynamics of formation of a plasmon quasip
ticle in the medium.

The result Eq.~4.18! is valid in the asymptotic long time
limit; for any arbitrary finite time we must use the full ex
pression given by Eq.~4.10!. In particular, in the hard ther
mal loop limit we find that the yield is given by
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dNHTL~ t !

d3xd3k
5

5

36p2

aemT2

k2
FFk~ t2t0!;

k

TG ,

FFkt;
k

TG5E
21

1

dxnFx
k

TGx~12x2!

3
12cos@~x21!kt#

~x21!2
. ~4.19!

The functionF@kt;k/T# is displayed in Fig. 1 for severa
values of the ratiok/T. This figure displays the logarithmic
growth determined by the asymptotic behavior~4.18! at long
times.

C. Full one loop polarization

As mentioned in the Introduction, we will study the dy
namics of photon production during a finite lifetime by fo
cusing on the lowest order contribution to the photon pol
ization. This is a quark one loop diagram and is of ord
aem. The imaginary part of this diagram vanishes atv5k,
hence this lowest order diagram does not contribute to
usual rate obtained from the long time limit as discussed
detail above.

The goal of this study is to understand the photon prod
tion during the finite lifetime of the QGP from process
whose contribution is subleading in the asymptotic long-ti
limit. Of course diagrams which are higher order inas will
also give contributions to the photon production from t
region vÞk, but focusing on the lowest order diagram w
will be able to extract important aspects of the dynamics t
are missed by theS-matrix calculation and that could b
experimentally relevant.

A comparison between real time yield obtained from t
one loop contribution to the photon polarization and t
S-matrix yield in a wide range of photon energy, in particul
for large photon momentum, requires the full expression
the photon polarization to one loop order.

0 2 4 6 8 10
k τ 

0

10

20

30

40

50

F
[k

τ 
;k

/T
]

k/T=0.3

k/T=0.5

k/T=0.1

FIG. 1. The functionF@kt;k/T# vs kt for k/T50.1;0.3;0.5
respectively.
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A lengthy but straightforward calculation gives the fo
lowing result:

Im PT~v,k!5p0~v,k!1pLD~v,k!1p2P~v,k!
~4.20!

with p0 ;p2P and pLD the zero temperature, two fermio
thermal cut and Landau damping contributions, respectiv
given by the following expressions:

p0~v,k!5
10

9
aem~v22k2!Q~v22k2!sgn~v!, ~4.21!

p2P~v,k!5
10

3
aemT2S v2

k2
21D F k

T
lnS 11e2W1

11e2W2
D

2
2T

k (
m51

`

~21!m11F 2

m3
~e2mW22e2mW1!

2
k

Tm2
~e2mW21e2mW1!GQ~v22k2!sgn~v!,

~4.22!

pLD~v,k!5
10

3
aemT2S 12

v2

k2 D F k

T
lnS 11e2W2

11e2W1
D

1
2T

k (
m51

`

~21!m11S 2

m3
1

k

Tm2D
3~e2mW22e2mW1!GQ~k22v2!sgn~v!,

W65Uuvu6k

2T U. ~4.23!

The first two termsp0 ,p2P arise from the processqq̄→g
andpLD from in-medium bremsstrahlungq→gq. The long-
wavelength limitk!T is dominated bypLD and simplifies to
the HTL expression Eq.~4.17!.

D. Dynamics of the virtual photon cloud

As discussed above, the asymptotic long time limit is d
termined by the behavior of ImPT(k,v) for v;k, therefore
it is convenient to separate the contribution from the posit
and negative frequency regions in the integral in Eq.~4.10!.
Using the properties ImPT(k,2v)52Im PT(k,v) and n
(2v)52@11n(v)# we write

dN~ t !

d3xd3k
5

dN(1)~ t !

d3xd3k
1

dN(2)~ t !

d3xd3k
~4.24!
06501
y,
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e

in terms of the positive (1) and negative (2) frequency
contributions respectively, given by

dN(1)~ t !

d3xd3k
5

1

~2p!3k
E

0

`dv

p
n~v!Im PT~k,v!

3
12cos@~v2k!~ t2t0!#

~v2k!2
~4.25!

dN(2)~ t !

d3xd3k
5

1

~2p!3k
E

0

`dv

p
@11n~v!#Im PT~k,v!

3
12cos@~v1k!~ t2t0!#

~v1k!2
. ~4.26!

For further analysis, it is convenient to add together
terms that feature the Bose-Einstein distribution functio
thus we write instead,

dN

d3xd3k
5

dN(T)

d3xd3k
1

dN(V)

d3xd3k
, ~4.27!

with

dN(T)~ t !

d3xd3k
5

1

~2p!3k
E

0

`dv

p
n~v!Im PT~k,v!

3H 12cos@~v2k!~ t2t0!#

~v2k!2

1
12cos@~v1k!~ t2t0!#

~v1k!2 J , ~4.28!

dN(V)~ t !

d3xd3k
5

1

~2p!3k
E

0

`dv

p
Im PT~k,v!

3
12cos@~v1k!~ t2t0!#

~v1k!2
. ~4.29!

Both terms are positive, however, while the frequency in
gral in dN(T)(t)/d3xd3k is finite because of the Bose
Einstein distribution function, the frequency integral
dN(V)(t)/d3xd3k features divergences associated with t
virtual photon cloud, which can be seen as follows.

The contributiondN(V)(t)/d3xd3k does not feature reso
nant denominators, therefore it remains positive and does
grow in time at long time. The oscillatory terms average o
on a short time interval, as shown explicitly in Fig. 2 whic
displays the negative frequency contribution integrated up
a frequency cutoffvc5100 GeV.
8-12
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Thus, after a very short transient time the average
dN(V)(t)/d3xd3k is obtained by neglecting the oscillator
cosine term in Eq.~4.29!.

The remaining time independent term in Eq.~4.29! fea-
tures two distinct contributions:

~i! The zero temperature part of ImPT , namelyp0 given
by Eq.~4.21! yields the distribution of photons in thevirtual
photon cloud of the vacuumgiven by

dNvv

d3xd3k
5

1

kEk

`p0~v,k!

~v1k!2

dv

8p4
. ~4.30!

This contribution can be extracted by takingT50 andt0→
2` in dN(t)/d3xd3k, it is linearly divergent and it clearly
must be subtracted since it is not observable.

~ii ! The finite temperature contributions fromp2P and
pLD for k@T are dominated by the regionv;k in the fre-
quency integral in Eq.~4.29! which is finite. A lengthy but
straightforward calculation from Eqs.~4.22! and ~4.23!
yields the following result for the frequency integral of bo
these terms fork@T:

dN(V)~ t !

d3xd3k
U

av

2
dNvv

d3xd3k
.

10aemz~3!

32p4

T3

k3
1OS 1

k5D
~4.31!

where ‘‘av’’ refers to the time average of the oscillatory ter
andz(3)51.202057 . . . . Theresult~4.31! originates in the
region v;2k both in the Landau damping as well as tw
particle contribution. This region features a contribution th
is not exponentially suppressed ink for k@T.

It is clear that the integral over the momentak yields a
logarithmically divergent number of photonsin the medium
and a linearly divergent energy integral. We identify th

0 2 4 6 8 10

t-t0 (fm/c)

1.4x10-3

1.0x10-3

6.0x10-4

2.0x10-4

N
V

(k
,t

)

k=3 Gev/c
T=0.3 Gev

FIG. 2. The contributiondN(V)(t)/d3xd3k given by Eq.~4.29!
integrated up tovc5100 GeV fork53 GeV/c;T50.3 GeV.
06501
f

t

temperature dependent term as describing the virtual ph
cloud in the medium, which again must be subtracted since
is unobservable.

The divergence associated with the virtual cloud of t
vacuum given by Eq.~4.30! as well as the divergences in th
photon number and energy stemming from the Eq.~4.31!
must both be subtracted fromdN(V)(t)/d3xd3k.

An alternative and illuminating interpretation of the vi
tual cloud of the vacuum emerges by noticing that Eq.~4.30!
is related with the vacuum wave function renormalizationZ
given by

Z511Re
]P0

T~v,k!

]v2 U
v5k

512
1

2pkE2`

1`

dv8
Im PT~v8,k;T50!

~k2v8!2
, ~4.32!

where we used the dispersion relations Eqs.~A6!, ~A7!. We
see that Eq.~4.30! is just the zero temperature wave functio
renormalization to ordere2. The vacuum virtual cloud
dresses the bare particles into the physical ‘‘in’’ or ‘‘ou
states; the wave function renormalization is simply the ov
lap of these.

The asymptotic reduction formula~LSZ formulation! re-
quires that

ak,l ;ak,l
† →Z21/2ak,l;out ;Z

21/2ak,l;out
† . ~4.33!

Thus multiplying the number operator byZ21, cancels
the vacuum contribution toO(e2) thus justifying the subtrac-
tion of the vacuum term. The asymptotic reduction~LSZ!
formalism requires thezero temperaturewave function
renormalization since the in and out states are the states
ated from the physicalvacuumby the in and out operators.

In the mediumthe extra in-medium contribution to th
virtual cloud dresses the physical particle into aquasiparti-
cle, in this case a plasmon@28,29#; these are not asymptoti
states. Thus the time dependent terms which are assoc
with the virtual cloud at asymptotically long times are act
ally describing the dynamics of formation of the quasipa
cle in the medium.

While subtracting the vacuum term corresponds to mu
plying by the inverse of the zero temperature wave funct
renormalization according to the LSZ reduction formula a
the propagation of a physical particle in the out state, a si
lar interpretation for the medium contribution is not ava
able. The virtual cloud of the medium dresses the phys
particle into a quasiparticle as it evolves in the medium bu
not an asymptotic state. The subtraction of the in medi
virtual cloud cannot be justified on the basis of asympto
theory.

Furthermore, there is no unambiguous manner to subt
the divergent terms at all times, since the oscillatory ter
are finite, and subtracting solely the time independent te
8-13
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leaves an expression that becomes negative, features th
vergences described above at the initial timet5t0 but is
finite for any tÞt0.

Hence, in this section we proceed to subtractcompletely
the contributiondN(V)(t)/d3xd3k and use the following defi-
nition of the subtracted yield for the analysis that follows

dN~ t !

d3xd3k
[

dN(T)~ t !

d3xd3k

5
1

~2p!3k
E

0

`dv

p
n~v!Im PT~k,v!

3F12cos~v2k!~ t2t0!

~v2k!2

1
12cos~v1k!~ t2t0!

~v1k!2 G . ~4.34!

This expression is finite and positive at all time and the la
v,k regions are exponentially suppressed.

We emphasize that completely subtracti
dN(V)(t)/d3xd3k also neglects the positive andfinite time
dependent contributions from this term but which cannot
unambiguously separated from the divergent terms durin
finite time interval.

At asymptotically long time the definition of the yiel
~4.34! features a term that is constant in time and terms
grow either linearly or logarithmically~or both! in time. The
time independent and finite contribution which is typica
associated with the virtual photon cloud can be separa
unambiguously from the photons produced with a cons
rate only in the asymptotic long time limit. However, since
the QGP has a finite lifetime, only the virtual cloud of th
vacuum and the medium contribution that leads to a div
gent number of photons and energy can be unambiguo
associated with the virtual photon cloud of the medium. F
thermore, these~divergent! contributions are associated wit
very fast oscillations and become constant in time on a v
short time scale (!1 fm/c) as clearly shown in Fig. 2.

To be sure, the photons produced by the plasma are
tected far away from the collision region and~practically! at
infinite time. However, these photons had beenproducedin
the plasma during a~much shorter! time scalet0<t<t f with
t f being the hadronization time. Clearly the vacuum part
the virtual cloud can be recognized and subtracted un
biguously; it is given by Eq.~4.30!. However, identifying the
contribution to the virtual photon cloud in the medium c
only be achieved unambiguously if the formation time of t
virtual cloud is much shorter than the lifetime of the QG
and the number of photons in the cloud diverges. As m
tioned above, the time dependent terms which asymptotic
are associated with the virtual cloud are describing the
namics of formation of thequasiparticlein the medium.

In Sec. V below we will introduce and implement
method that allows to separate the divergent contribution
the virtual cloud which are responsible for the rapid oscil
tions, in an effective manner.
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The contributiondN(T)(t)/d3xd3k evolves on longer time
scales and contains all of the potentially secular terms, th
that grow linearly, logarithmically etc. Furthermore, since t
large v regions are exponentially suppressed, the integ
are dominated by the regionv;k andv;0. The regionv
;k leads to secular terms from the resonant denominat
the nonresonant terms feature oscillations on the time s
;1/k, hence their time dependence is relevant during
lifetime of the QGP especially for long wavelengths. Thu
no subtractions on this contribution are warranted.

E. Real time vsS-matrix yields

We can now establish a comparison between the yie
and spectra predicted by the real time expression Eq.~4.34!
with those obtained from theS-matrix approach~the equilib-
rium rate!. The equilibriumrate in leading logarithmic order
approximation in the strong couplingas is given in Ref.@8#,
and for two flavors~up and down! of quarks~and three col-
ors! becomes

dNSM

d3kd4x
5

40pT2

9~2p!3
aemas~T!

nf~k!

k

3F lnS A3

4pas~T!
D 1CtotS k

TD G

Ctot~z!5
1

2
ln~2z!1

0.041

z
20.361511.01e21.35z

1A4

3F 0.548

z3/2
lnS 12.281

1

z
D

1
0.133z

A11
z

16.27
G , ~4.35!

wherenf(k) is the Fermi distribution function. This fit seem
to be very accurate in the region of momenta 0.2<k/T<50
@8#.

We will also use the lattice parametrization@30# for the
temperature dependence of the strong couplingas(T) given
by

as~T!5
6p

29 ln
8T

Tc

; Tc;0.16 GeV. ~4.36!

Although this lattice fit is valid at high temperatures a
certainly not near the hadronization phase transition, we
assume its validity in the temperature range relevant
RHIC in order to obtain a numerical estimate of theS-matrix
yield. We note, however, that atas(0.3 GeV);0.24 the va-
lidity of the perturbative expansion is at best questionabl
8-14
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The yield per unit phase space as a function of time
tained from this rate is given by

dNSM~ t !

d3kd3x
5~ t2t0!

dNSM

d3kd4x
. ~4.37!

We begin by comparing the yield from the real time evo
tion with the photon polarization in the hard thermal lo
approximation, valid fork!T.

Since the hard thermal loop~HTL! limit Eq. ~4.17! is
valid for k!T and the formula for the rate~4.35! is valid for
0.2,k/T,50 the comparison between the two is reliable
k/T;0.2.

A comparison of the yields per unit phase space from
time dependent real time expression~4.10! given by Eq.
~4.19! in the HTL approximation, and the leading order res
of the S-matrix formulation obtained from Eq.~4.35! @8# for
k50.1 GeV;T50.5 GeV is displayed in Fig. 3.

It is clear from this figure that during a finite time interv
compatible with the expected lifetime of QGP in local the
mal equilibrium at RHIC, the hard thermal loop contributio
is of the same order as theS-matrix result.

Figure 4 compares the real time yield Eq.~4.34! with the
full one loop photon polarization given by Eqs.~4.20!–~4.23!
to theS-matrix yield fork53 GeV/c; T50.3 GeV. The real
time yield is dominated by the Landau damping contribut
and clearly competes with theS-matrix result during the life-
time of the QGP at RHIC.

Figure 5 displays the logarithm of the real-time phot
yield given by Eq.~4.28! vs k compared to theS-matrix
result forT50.3 GeV; t2t0510 fm/c. Clearly both spectra
fall off exponentially, but the spectrum from the real tim
yield falls off slower and displays an excess of photons
compared to the equilibrium one fork>2.2 GeV/c. Since
Eq. ~4.28! is dominated by the Landau damping contributi
to the imaginary part of the photon polarization, these p
tons originate in bremsstrahlung which is a medium effe

0 2 4 6 8 10t-t0 (fm/c)

0.00

0.02

0.04

0.06

0.08

N
(k

,t)

SM

HTL

FIG. 3. Comparison between theS-matrix yield SM given by
Eqs. ~4.35!–~4.37! and the real time yield~HTL! given by Eq.
~4.19! in the HTL approximation, both fork50.1 GeV;T
50.5 GeV as a function of t2t0 ~in fm/c). N(k,t)
5d6N/d3kd3x.
06501
-

-

r

e

t

s

-
t.

We emphasize that we have only considered the contribu
from Eq. ~4.28! since we have subtracted the full contrib
tion from Eq. ~4.29! which is not exponentially suppresse
but falls of as a power law. The subtraction of Eq.~4.29! was
motivated by the fact that this contribution features bo
vacuum and in-medium divergences associated with the
observable virtual photon cloud and the finite contributio
cannot be unambiguously separated during a finite interva
time. We will revisit this point in Sec. V below where w
introduce a formulation that allows to separate the virt
cloud by allowing an initial preparation stage.

F. Energetics

If the thermalized plasma is emitting photons, the ene
radiated away must be drained from the plasma. In this s

0 2 4 6 8 10

t-t0 (fm/c)

N
(k

,t
)

Nrt(k,t)

NSM(k,t)

k=3Gev/c
T=0.3 Gev

1.5x10-8

1.0x10-8

5.0x10-9

0.0x100

2.0x10-8

FIG. 4. Comparison between theS-matrix yieldNSM(k,t) given
by Eqs.~4.35!–~4.37! and the real time yieldNrt(k,t) given by Eq.
~4.34! for k53 GeV/c;T50.3 GeV as a function oft2t0 ~in
fm/c). The real time yield is dominated by the Landau dampi
contribution given by Eq.~4.23!. N(k,t)5d6N/d3kd3x.

0 2 4 6 8 10

k(Gev/c)

-4 0

-3 0

-2 0

-1 0

0

L
n

[N
(k

,1
0)

]

T=0.3 Gev
t-t0 = 10 fm/c

Ln[Nrt(k,10)]

Ln[NSM(k,10)]

FIG. 5. Comparison of the spectra, lnN(k,t) vs k between the
S-matrix NSM and real timeNrt yield given by Eq.~4.34! for T
50.3 GeV andt2t0510 fm/c.
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tion we study the different contributions to the energy ra
ated away with the escaping photons. The total energ
conserved, namely

Tr@r~ t !H#5Tr@e2 iH (t2t0)r̂~ t0!eiH (t2t0)H#

5Tr@ r̂~ t0!H#, ~4.38!

whereH is the total Hamiltonian~3.13!. Passing to the inter
action picture ofH0 in Eq. ~3.13! the equation above Eq
~4.38! becomes

Tr@ r̂~ t0!H#5Tr$r̂ ip~ t0!U21~ t,t0!@H01HI~ t !#U~ t,t0!%,
~4.39!

whereU(t,t0), HI(t) and r̂ ip(t0) are given by Eqs.~3.15!
and ~3.16! respectively andU21(t,t0)5U(t0 ,t). Assuming
translational invariance in a~large! volumeV, the statement
of conservation of energy of Eq.~4.39! becomes

DEQCD~ t !1Eg~ t !1EI~ t !50, ~4.40!

where the second term above corresponds to the energ
unit volume radiated away by the photons produced in
plasma@see Eq.~3.12!# and we have introduced the follow
ing definitions:

DEQCD~ t !5
1

V
Tr@ r̂ ip~ t0!U21~ t,t0!HQCDU~ t,t0!#

2
1

V
Tr@ r̂ ip~ t0!HQCD#, ~4.41!

Eg~ t !5E d3kk
dN~k,t !

d3xd3k
,

EI~ t !5
1

V
Tr@ r̂ ip~ t0!U21~ t,t0!HI~ t !U~ t,t0!#. ~4.42!

The individual terms above can be computed to lowest or
in aem by expanding the time evolution operator up to se
ond order in the interaction. A lengthy but straightforwa
computation using the initial density matrix given by E
~4.1! and introducing an intermediate set of states leads
the following result:

H DEQCD~ t !

Eg~ t !

EI~ t ! J
5E d3k

~2p!3

1

kE2`

1`dv

p H 2v

k

v2kJ n~v!Im PT~v,k!

3
12cos~v2k!~ t2t0!

~v2k!2
, ~4.43!
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which manifestly satisfies conservation of energy as in
~4.40!. The asymptotic long time limit is determined by th
region of the spectral densityv;k, thus it is clear from the
expressions in Eq.~4.43! that the interaction energy shuts-o
in the long time limit and for asymptotically long time th
rate of radiative energy loss by the photons is balanced
the rate of energy loss of the plasma, which can be in
preted as radiative cooling, namely

dEg~ t !

dt
52

dEQCD~ t !

dt
. ~4.44!

We emphasize that this result is only valid in the long tim
limit; during a finite time interval there is a contribution from
the interaction energy which necessarily is present to sat
energy conservation.

As discussed in Sec. IV D for the virtual photon clou
the negative frequency contribution features the zero te
perature divergence associated with the virtual photon cl
of the vacuum, as well as the divergence associated with
virtual photon cloud in the medium. The energy in the ph
ton cloud in the vacuum diverges as the fourth power o
cutoff, while the energy in the medium contribution of th
virtual cloud diverges linearly with a cutoff since the numb
of photons diverges only logarithmically, as can be seen fr
Eq. ~4.31!. Furthermore since the virtual cloud builds up in
very short time scale, the negative frequency contribut
without the Bose-Einstein distribution averages to a time
dependent constant on a time scale!1 fm/c, as can be
gleaned from Fig. 2. Since this contribution features the
vergences associated with the vacuum and in-medium vir
photon clouds, we subtract it from the energy, consisten
with Eq. ~4.34!.

Therefore we now study the following subtracted en
gies:

H DEQCD~ t !

Eg~ t !

EI~ t ! J
5E d3k

~2p!3

1

kE0

`dv

p
n~v!Im PT~v,k!

3F H 2v

k

v2kJ 12cos@~v2k!~ t2t0!#

~v2k!2

1H v

k

2v2kJ 12cos@~v1k!~ t2t0!#

~v1k!2 G .

~4.45!

In subtracting the negative frequency contribution witho
the Bose-Einstein distribution function, we are also negle
8-16
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ing thefinite parts of the negative frequency contribution
Eg(t), which as mentioned above cannot be extracted un
biguously.

Figure 6 displays the subtracted energy radiated in p
tons@see Eq.~4.45!# as a function of time forT50.3 GeV as
compared to the energy obtained from theS-matrix yield.
The real-time energy reveals the logarithmic growth in tim
and it is of the same order as that obtained from theS-matrix
yield during the lifetime of the QGP expected at RHIC.

Figure 7 displays the subtracted contributions Eq.~4.45!
to DEQCD(t) andEI(t), as a function oft for T50.3 GeV.

We confirmed numerically that the main physical mech
nism of radiative energy loss is Landau damping by study
separately the different contributions to the photon polari
tion in the energy.

It is clear from the figure that the interaction term evolv
on time scales of order;728 fm/c, and that the QGP cool
by photon emission faster than the change in interaction
ergy, a clear signal that the photons being emitted are ma
a consequence of the cooling of the QGP. The numer
analysis reveals that the energy in photons grows and th
the QGP diminishes logarithmically, while the interaction e
ergy slowly approaches a constant over the time interva
the same order as the lifetime.

V. MODELLING THE INITIAL STATE: QUASIADIABATIC
INTERPOLATING STATES

The expression for the total direct photon yield at a giv
time t given by Eq.~4.10! was obtained from an initial den
sity matrix corresponding to a QGP in thermal equilibriu
and the photon vacuum. The assumption on the pho
vacuum is in agreement with the assumption of no phot
in the initial state in theS-matrix calculation. The rationale
for this choice is that the photons produced from the pree
librium state leave the system without buildup of the pho
population, and the real time calculation described ab
makes explicit this choice of initial state.

The study of the dynamics of the photon cloud abo
indicates that a real time description of phot
production—a necessary treatment to address the finite
time of a QGP—must include the analysis of the virtual ph
ton cloud and a consistent and systematic separation betw
the contributions from the virtual photon cloud and the o
served photons.

The S-matrix formulation bypasses any discussion of t
dynamics of the photon cloud by initializing att i→2`,
taking the final timet f→1` and extracting only the contri
butions that lead to a linear time dependence in the yield
this manner, all constant contributions, such as that of
photon cloud, as well as those that grow slower than linea
time, are neglected. This can also be summarized with
statement that in the asymptotic long time limit, the yield
independent of the initial conditions. This statement requ
that the strong interaction states are in thermal equilibri
from the initial timet i→2`. As discussed above, this doe
not apply to a QGP produced from a collision and therm
zed at;1 fm/c after the collision with a finite lifetime of a
few fm/c.
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The detailed analysis of the dynamics of the virtual ph
ton cloud highlights the difficulty and ambiguity in trying t
separate the contribution from the virtual photon cloud fro
the contribution that grows in time during a finite lifetime. I
the vacuum the virtual cloud relates the physical to the b
state, thus subtracting the vacuum virtual cloud amounts
studying the propagation of physical photons. However,
virtual cloud in the medium dresses a physical particle int
quasiparticle, hence the time dependent terms associa
with the in-medium virtual cloud are actually describing t
dynamics of formation of a plasmon quasiparticle.

In Sec. IV D we analyzed the formation of the virtu
photon cloud, and recognized that the negative freque
contribution features divergences associated with the vir
cloud of the vacuum as well as of the medium. Clearly the
divergences are unobservable and must be subtracted,
ing solely finite contributions to the real time yield.

The subtraction of the divergences associated with
virtual cloud is ambiguous during a finite time interval an
we definedthe real time yield by Eq.~4.34! to include only
the positive and negative frequency contributions that
suppressed by the Bose-Einstein distribution function. S
definition leads to a finite and manifestly positive phot
number density, but is not the only possible definition.

In particular the subtraction~4.30! of the virtual photon
cloud of the vacuum, namely theT50 contribution to the
photon yield, entails that the quarks are asymptotic state
the infinite past and the photon cloud was built up during
evolution of these asymptotic states fromt i→2` up to the
collision time. However, this assumption does not cor
spond to the actual QGP physics.

Before the collision, quarks and gluons must be descri
as partons confined inside the nuclei and in terms of th
distribution functions. Associated with the charged parto
there is a photon cloud with a distribution function that d
pends on the charged parton distribution function in
nuclei.

What happens to this photon cloud during and after

0 2 4 6 8 10

t-t0 (fm/c)

E
γ(

t)

T=0.3 Gev

Ert(t)

ESM(t)
3.0x10-4

2.5x10-4

2.0x10-4

1.5x10-4

1.0x10-4

5.0x10-5

0.0x100

FIG. 6. Comparison between the energy density radiated in p
tons as a function of time forT50.3 GeV. The real time energy
radiated in photonsErt(t) displays the logarithmic time depen
dence. The energy obtained from theS-matrix yield isESM(t).
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0 2 4 6 8 t-t0 (fm/c)
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)

T=0.3 Gev

0 2 4 6 8 10 t-t0 (fm/c)

E
in

t(
t)

T=0.3 Gev

—3x10-5

0.0x100

—2x10-5

—4x10-5

—6.0x10-5

—8.0x10-5

—7x10-5

—1.1x10-4

—1.5x10-4

FIG. 7. Positive frequency contribution toDEQCD(t) ~left panel! andEI(t) ~right panel! vs t2t0 for T50.3 GeV.
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collision? Obviously this question is very difficult to addre
quantitatively, however the following are some possibiliti
@32#.

~i! The photon cloud is shaken-off by the collision resu
ing in a flash of photons during the preequilibrium stag
These photons have a different origin from those being em
ted from parton-parton annihilation or bremsstrahlung d
cussed in Ref.@24#. If the photon cloud is shaken off after th
collision, it will form again during the time between the co
lision and the thermalization of the plasma;1 fm/c because
of the electromagnetic interaction.

~ii ! The partons deconfine during the collision becom
free and the photon cloud is not modified either by the
confinement or by the parton-parton rescattering that lead
a thermalized QGP.

Clearly which of these~or other! possibilities describes
the actual physics of the collision cannot be assessed
the current level of theoretical understanding.

The importance of these questions cannot be under
mated. If the lifetime of the QGP were truly infinite, th
photon yield at long times would be insensitive to the init
conditions and the contribution to the total yield from t
initial stage will be of O(1/t). However, given the shor
lifetime of the QGP, the initial condition not only is impo
tant but it bears an imprint in the spectrum. During the fin
lifetime of the plasma there is no clear and unambigu
separation between the photons produced at a constant
those that are produced at a slower rate and those tha
associated with the virtual photon cloud in theasymptotic
long time limit.

Although a detailed understanding of these issues is la
ing, we can provide an approximate description that w
model the essential ingredients. Thus, we now modify
choice of the initial density matrix in order to account for
period of electromagnetic dressing of the strong interac
eigenstates during the preequilibrium stage between the
lision and the onset of thermalization.

For this purpose, we now revisit the Gell-Mann-Lo
theorem@31# that obtains the exact eigenstates of the to
Hamiltonian from the free fieldin states in terms of the adia
06501
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batic Mo” ller wave operator. Define the Mo” ller wave operator

Ue~0,2`!5T expF2 i E
2`

0

eetHI~ t !dtG , ~5.1!

whereHI(t) is the interaction Hamiltonian in the interactio
picture of H0. The Gell-Mann-Low theorem asserts that
the statesun& are eigenstates of the HamiltonianH0, then the
states

un&̃5Ue~0,2`!un&, ~5.2!

are eigenstates of the full HamiltonianH. The Mo” ller wave
operator adiabatically dresses the noninteracting bare sta
be the full interacting dressed state during an infinite per
of time. If quarks and gluons were truly asymptotic states
process of scattering, thermalization and photon emiss
would indeed be consistent with the dressing of the b
states from the infinite past. However, quarks and gluons
not asymptotic states, furthermore the actual collision
volves bound states of quarks and gluons which are libera
after the nucleus-nucleus collision but the adiabatic hypo
esis is not suitable to describe the process of formation
break up of bound states. Namely, the adiabatic hypoth
which is the basis of theS-matrix approach is not suitable t
describe the dynamics of confinement and deconfinemen

If partons are freed after the collision, the dressing p
cess has to take place during the preequilibrium stage e
completely, if in the process of the collision the partons sh
their virtual cloud, or partially if the virtual cloud of photon
that partons carried as bound states is also carried afte
collision. This discussion brings to the fore the difficulty
separating unambiguously the virtual cloud from the obse
able photons during a finite lifetime, and manifestly mak
clear the inadequacy of theS-matrix approach to describ
any physical process in a QGP of a finite lifetime.
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Given that there is no current understanding of these
sues, we now provide an approximate description of
dressing between the time of collision and the onset of lo
thermodynamic equilibrium.

For this purpose, we define the interaction picture~with
respect toH0) quasiadiabatic interpolating statesup to low-
est order in the electromagnetic coupling as

unq ;g&5F12 i E
2`

t0
eG(t2t0)HI~ t !dt1O~e2!G unq& ^ u0g&.

~5.3!

The physical interpretation of these states is that the elec
magnetic interaction dresses the eigenstatesH0 during a time
scaleG21. A natural time scale to describe the preequilibru
stage, between the collision and termalization is ab
1 fm/c.

These states interpolate between the exactin states when
G→01 and the eigenstates ofH0 for G→1`. We note that
these are entangled states in the sense that they are
simple tensor products of QCD and photon states, there
these initial states are correlated.

We can now construct an initial density matrix at timet0
in terms of these states that is reminiscent of a thermal d
sity matrix but in terms of the dressed states~5.3!, namely

r̂ ip
G ~ t0!5(

nq

e2bEnqunq ;g&^nq ;gu. ~5.4!

The interpretation of this initial density matrix is that th
QCD eigenstates have been dressed by the electromag
interaction on a time scale 1/G which describes the time
between the collision and the onset of thermalization.

It is important to note that this initial density matrixdoes
not describe a state of thermal equilibrium under the stro
interactions because itdoes notcommute withHQCD since
the quark electromagnetic current that enters in the defini
of the dressed states does not commute withHQCD .

We highlight this important point:any initial density ma-
trix that includes the photon cloud, a result of the elect
magnetic interactiondoes notcommute withHQCD , hence it
cannot describe a state in thermodynamic equilibrium un
the strong interactions. The only manner to construct an
tial density matrixwith photons in the initial state and i
thermal equilibrium under the strong interactions is for t
density matrix to be factorized into a tensor product o
density matrix of pure QCD and a density matrix of fr
photons. The density matrix given by Eq.~4.1! is one such
~the simplest! case.

Once the initial density matrix~5.4! is specified, its time
evolution is completely determined by the full Hamiltonia
and given by Eq.~3.17!. The evolution of the number opera
tor in time is therefore given by Eq.~3.18!, which upon
inserting a complete set of eigenstates ofH0 leads to the
following result:
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dNG~ t !

d3xd3k
5

1

~2p!3k
E

2`

1`dv

2p
Im PT~k,v!n~v!

3F 1

G21~v2k!2
1

2G2

G21~v2k!2

3
12cos~v2k!~ t2t0!

~v2k!2

1
2G

G21~v2k!2

sin~v2k!~ t2t0!

~v2k! G . ~5.5!

The expression Eq.~5.5! clearly coincides with Eq.~4.10! in
the G→1` limit. In the opposite limitG→01 it becomes

dNG~ t !

d3xd3k
5

t i→2` 1

~2p!3k
H Im PT~k,v5k!

ek/T21
~ t2t i !

1E dv

p

Im PT~k,v!

ev/T21
P 1

~v2k!2J . ~5.6!

Thus, in the limitG→01 the yield agrees with Eq.~4.12!
when the initial timet0 is taken to2` and the photoproduc
tion rate coincides with the result from theS-matrix calcula-
tion, as it must be.

Furthermore, using the identity Eq.~4.11!, the long time
limit t2t0→1` yields,

dNG~ t !

d3xd3k
5

t2t0→2` 1

~2p!3k
H Im PT~k,v5k!

ek/T21
@ t2t01G21#

1E dv

p

Im PT~k,v!

ev/T21
P 1

~v2k!2J . ~5.7!

Since G21 is the time scale between the collision and t
onset of thermalization, Eq.~5.7! coincides with theS-matrix
calculation in the long time limit from the instant of th
collision. Therefore, this initial preparation is a physica
acceptable description insofar as it reproduces the asymp
long time limit.

We note that Eq.~5.5! does not vanish att5t0 because of
the first term in the bracket, which is time independent. T
value of the photon yield~5.5! at t5t0, namely the contri-
bution determined by the first term in the bracket in E
~5.5!, can be interpreted as the total number of photons~per
unit phase space! created during the time scaleG21. These
photons correspond to the virtual cloud as well as the obs
able photons emitted during the preequilibrium stage. Thi
precisely the physics that the density matrix in terms of
quasiadiabatic states is meant to describe.

This interpretation becomes clear in the limitG→0 in
which case
8-19
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1

G21~v2k!2
5

G→0

pG21d~v2k!1P 1

~v2k!2
1O~G!.

~5.8!

The principal part leads to the divergences associated
the virtual cloud and sinceG21 is the time scale of prepara
tion, the term with the delta function gives the real photo
produced during the time scaleG21.

We then subtract the time independent term~first in the
bracket! in Eq. ~5.5! ~which does not contribute to the rate!.
We thus define a photon number that vanishes at the in
time t0 and that is independent of the initial photon clou
namely

dNS~ t !

d3xd3k
5

1

~2p!3k
E

2`

1`dv

p

Im PT~k,v!

ev/T21

G

G21~v2k!2

3FG
12cos@~v2k!~ t2t0!#

~v2k!2

1
sin@~v2k!~ t2t0!#

v2k G . ~5.9!

The interpretation of this definition is gleaned from the e
pression

dNS~ t !

d3xd3k
5E

t0

t

dt8
dNG~ t8!

d3xdt8d3k
, ~5.10!

with dNG(t)/d3xd3k given by Eq.~5.5!. Thus, the subtracted
number is obviously the photon yield between the time
which the plasma is thermalizedt0 ~after the collision! and
the timet. Hence, this definition neglects the virtual phot
cloud in the initial state and assumes that the observ
photons produced during the preequilibrium stage leave
plasma.

The extra powers ofv2k in the denominator in Eq.~5.9!
render the total yieldfinite.

The subtraction of the time independent term in Eq.~5.5!
has accounted for the divergent contributions of the virt
cloud of the vacuum and the medium, leaving afinite result
for the time dependent yield.

Therefore, this initial preparation and the subtraction
the total photon number at the time of thermalization, p
vide a possible systematic framework to approximate
physics of the initial state.

In order to assess the~finite! contribution of the virtual
cloud, it proves convenient again to separate the positive
negative frequency contributions. We then obtain

dNS~ t !

d3xd3k
5

dNS
(T)~ t !

d3xd3k
1

dNS
(V)~ t !

d3xd3k
~5.11!

with
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dNS
(T)~ t !

d3xd3k
5

1

~2p!3k
E

0

`dv

p
Im PT~k,v!n~v!

3~T 1@v,k,t2t0#1T 2@v,k,t2t0# ! ~5.12!

dNS
(V)~ t !

d3xd3k
5

1

~2p!3k
E

0

`dv

p
Im PT~k,v!T 2@v,k,t

2t0#, ~5.13!

in terms of the functions

T 6~v,k,t2t0!5
G

G21~v7k!2 FG
12cos@~v7k!~ t2t0!#

~v7k!2

1
sin@~v7k!~ t2t0!#

v7k G . ~5.14!

The termdNS
(V)(t)/d3xd3k includes the vacuum contributio

given by p0(v,k) in Im PT(k,v). However, now this
vacuum contribution isfinite but of orderG2/k2 thus leading
to a divergent number of photons which must be identifi
with a vacuum contribution to the virtual cloud and mu
therefore be subtracted.

The remaining term

dNVS
(V)~ t !

d3xd3k
5

1

~2p!3k
E

0

`dv

p
@p2P~v,k!

1pLD~v,k!#T 2@v,k,t2t0#, ~5.15!

is finite and only depends on the medium.
A lengthy but straightforward analysis of the time avera

~neglecting the oscillatory functions! yields the following re-
sult valid in the limitk@T,G

1

~2p!3k
E

0

`dv

p

G2@p2P~v,k!1pLD~v,k!#

G21~v1k!2

.
10aemz~3!

32p4

T3G2

k5
, ~5.16!

plus terms that are exponentially suppressed fork@T. Thus,
the total yield, and the energy radiated in photons arefinite.

Figure 8 shows the vacuum subtracted te
dNVS

(V)(t)/d3xd3k for two values of the momentum for
range of parameters expected at RHIC.

Comparing Fig. 8 with Fig. 2 it becomes clear that t
oscillations in Fig. 8 are on much longer time scales,
particular it can be gleaned from Fig. 8 that theshortest
oscillation time scale is ofO(1/k) and that there are longe
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FIG. 8. The contribution of Eq.~5.15! for k50.4 GeV/c ~left panel!, k53 GeV/c ~right panel! for G50.2 GeV; T50.3 GeV.
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time scales. While the results leading to Fig. 2 are sensi
to the cutoffs because the integrals diverge, leading to v
rapid oscillations, the frequency integral in Eq.~5.15! is fi-
nite and the integrand falls off fast. Hence, the oscillatio
are not sensitive to large frequencies and are on time sc
which are of the order of the lifetime of the QGP.

Thus, the contribution given by Eq.~5.15! is ~i! finite and
leads to a finite photon number and energy,~ii ! the real time
dynamics is on time scales of the order of the QGP, certa
at least for 0<k<223 GeV/c. Therefore there isa priori
no reason to subtract this term from the yield and it must
considered on equal footing as the contribution from E
~5.12!.

Thus, the final expression for the photon yield with initi
preparation on a time scaleG21 and after subtracting the
virtual cloud and the preequilibrium yield is given by

dNF~ t !

d3xd3k
5

1

~2p!3k
E

0

`dv

p
$Im PT~k,v!n~v!T 1@v,k,t2t0#

1@ Im PT~k,v!@11n~v!#

2Im PT~k,v;T50!#T 2@v,k,t2t0#%, ~5.17!

whereT 6@v,k,t2t0# are given by Eq.~5.14!. This expres-
sion is one of themain results of this study.

While we obtained this expression based on the anal
of the lowest order contribution, we advocate Eq.~5.17! to
lowest order inaem andall orders in as as aneffectivede-
scription of the photoproduction yield during a finite tim
interval. This expression includes the initial state prepara
and has the following important properties:

~i! The divergences associated with the virtual pho
cloud both in the vacuum and in the medium, as well as
photons produced during the initial stage prior to therm
zation are subtracted.

~ii ! The total yield as well as the energy are finite.
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~iii ! The limit t2t0→1` correctly reduces to the photo
production rate obtained from theS-matrix calculation.

~iv! The limit G→0 also leads to theS-matrix result for
the rate. This is expected becauseG→0 corresponds to an
infinitely long preparation stage, which implies an infinite
long time interval, for which theS-matrix calculation ap-
plies.

~v! The initial preparation time scaleG21 is a parameter
that describes in an effective manner the time scale betw
the collision and the onset of the QGP in LTE. It can be us
as a fitting parameter for phenomenological purposes.

Figure 9 displays the yield given by Eq.~5.17! for several
values of the initial preparation time scale for values ofk,T
for which the HTL approximation is valid. As mentione
before, the HTL approximation gives the leading contrib
tion for k!T and does not depend on the vacuum contrib
tion.

The valuesG50.2 GeV correspond to a time scale

0 2 4 6 8 10
t-t0 (fm/c)

0.00

0.01

0.02

0.03

0.04

N
(k

,t)

Γ=0.2 Gev

Γ=0.02 Gev

k=0.1Gev
T=0.5 Gev

Γ=∞

FIG. 9. Comparison between the real time yield with initi
preparation given by Eq.~5.17! for k50.1 GeV;T50.5 GeV as a
function of t2t0 ~in fm/c) in the HTL approximation Eq.~4.17!.
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k=0.4 Gev/c
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FIG. 10. Comparison between the real time yieldNrt(t) with initial preparation given by Eqs.~5.17! with G50.2 GeV; T50.3 GeV and
the S-matrix yield as a function oft2t0 ~in fm/c) for k50.4 GeV~left panel! andk53 GeV ~right panel!.
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about 1 fm/c which describes the time scale between
collision and the onset of a thermalized QGP. It is clear fr
the figure that change in the yield is rather minor for lon
wavelength photons even in the case of an extremely l
preparation time scale. Thus fork!T the real time yield
from the lowest order O(aemas

0) is of the same order as th
S-matrix yield during the lifetime of the QGP and is rath
insensitive to the preparation time scale.

Figure 10 shows the comparison between the real t
yield with the full one-loop photon polarization@Eqs.
~4.20!–~4.23!# and theS-matrix yield as a function of time
for a preparation time scale 1 fm/c for k50.4,3 GeV;T
50.3 GeV. Comparing the right panel of Fig. 10 to the ca
G5` displayed in Fig. 4 we see that they are qualitative
similar, with the quantitative difference in the overall sca
However, it is clear from these figures that the yield from t
real time calculation from processes that do not contribut
the S-matrix rate, is of the same order of or larger than t
yield obtained from theS-matrix expression during the life
time of the QGP.

To emphasize this point further for larger values of t
momentum, Fig. 11 displays the real time yield fork
53 GeV/c; T50.3 GeV for a wide range of the time sca
for initial preparation.

It is clear from this figure that while there are a few qua
titative changes with respect to the caseG5`, qualitatively
the results are similar and all of the same order.

Figure 12 shows the spectrum of photons produced du
the lifetime of the QGP expected at RHIC;10 fm/c for a
preparation time scale of 1 fm/c andT50.3 GeV. The left
panel compares the real time andS-matrix yields vsk. The
right panel displays the logarithm of the yield vs the log
rithm of the wave vector for the real time case only a
clearly displays the power law fall of;k25 for large mo-
menta (k@T,G) as predicted by Eq.~5.16!. These figures
suggest a crossover from an exponential to a power law
in the spectrum of the real time yield, the crossover occ
ring at a valuekc which depends onG. We find numerically
06501
e

-
g

e

e

.
e
to
e

-

g

-

ll
r-

that for G;0.2 GeV, kc'2.723 GeV/c resulting in a
marked flattening of the spectrum. We also find numerica
that kc decreases upon increasingG. The power law domi-
nance is a telltale of the contribution of the term in the re
time yield Eq.~5.17! that does not feature a Bose-Einste
distribution function which leads to an exponential suppr
sion. As discussed above, this power law leads to a fi
number of photons and a radiated energy. In the infinite ti
limit the contribution that leads to this power law would b
identified with thefinite distribution of photons in the virtua
cloud, but as analyzed and discussed in detail above, du
the finite lifetime this term cannot be separated from
other contributions and enters in the yield on the same fo
ing.

Thus, the power law spectrum at large momentum i
hallmark of the processes that contribute during the fin
lifetime of the QGP and that cannot be captured by
S-matrix approach.

0 2 4 6 8 10

t-t0 (fm/c)

N
rt

(t
)

Γ=100  

Γ=10

Γ=1

Γ=0.2

T=0.3 Gev
k=3 Gev/c

2.0x10-8

1.5x10-8

1.0x10-8

5.0x10-9

0.0x100

FIG. 11. Comparison between the real time yieldNrt(t) with
initial preparation given by Eqs.~5.17! for several values ofG, for
k53 GeV/c; T50.3 GeV.
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FIG. 12. Comparison between the logarithms of the real time yield lnNrt(k,t) with initial preparation given by Eqs.~5.9! with G
50.2 GeV and theS-matrix yield lnNSM(k,t) as a function ofk ~in GeV/c) for T50.3 GeV.
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We have also studied the energy@see Eqs.~4.41!, ~4.42!#,
which results in expressions similar to those given by E
~4.45! but the positive and negative frequency contributio
are replaced by those in the subtracted yield~5.17!. The nu-
merical study of the energy reveals minor quantitat
changes with respect to the results shown in Figs. 6 an
The contributions of the terms which are not exponentia
suppressed by the Bose-Einstein distribution function be
to become important when the momentum is of orderk;3
24 GeV/c at which point all contributions are very sma
The momentum integrals that lead to the energies are do
nated by momenta<1.522 GeV/c for G;0.2 GeV. Con-
sequently, the results for the energies from the initial den
matrix with the initial stage preparation are very similar
the results displayed in Figs. 6 and 7 with an overall sm
change in the scale.

VI. CONCLUSIONS, DISCUSSIONS AND IMPLICATIONS

In this article we studied the direct photon producti
from a QGP in local thermodynamic equilibrium during
finite lifetime. After discussing the shortcomings of the usu
approach based on theS-matrix calculation of the emission
rate, we focused on describing photon production direc
from the real time evolution of an initial density matrix.

The main premise of this study is that there are proces
that contribute to the direct photon yield during the fin
lifetime of the QGP but that arenot captured by theS-matrix
approach. We highlighted this point by restricting our stu
to the lowest order contribution ofO(aem) to the yield.
While this contribution is subleading in the asymptotic lo
time limit ~that is if the QGP were truly a stationary state
infinite lifetime! it does contribute to the yield during a finit
lifetime.

We began our study by first considering an initial dens
matrix that describes a QGP in LTE with no photons in t
initial state, compatible with all of the assumptions in t
literature that lead to theS-matrix calculations of the emis
sion rate. This study revealed the important aspect of
dynamics of formation and build-up of the virtual photo
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cloud. We highlighted that the finite lifetime of the transie
QGP results in that the photon spectrum retains informa
of the initial state and pointed out the inherent ambiguit
associated with the separation of the virtual and observa
photons during the short time scale between formation
hadronization.

While the terms that yield divergences in the number
photons and energy from the virtual photon cloud of t
vacuum and in the medium can be identified, there is
unambiguous manner to subtract these from the finite con
butions during a finite lifetime. Within this choice of initia
state, wedefinedthe yield subtracting the divergent contr
butions associated with the virtual clouds but also finite, ti
dependent terms because there is no unambiguous mann
extract these. The resulting yield clearly shows that there
contributions from processes that cannot be captured by
S-matrix approach, but that contribute to the direct phot
yield during the finite lifetime.

In particular, within the assumption of no initial photon
our study revealed that even after subtracting finite contri
tions, the yield from lowest order processes is of the sa
order ofor larger than those obtained in theS-matrix calcu-
lations.

We then provided an effective description of the prepa
tion of the initial state by constructing the initial densi
matrix of a thermalized QGP in terms of quasiadiabatic sta
obtained by electromagnetic dressing the QCD eigenst
over a time scaleG21. This time scale describes in an effe
tive manner the preequilibrium stage between the deconfi
ment of partons and the onset of a thermalized QGP; i
expected to be of the order of 1 fm/c. This quasiadiabatic
initial condition on the density matrix allows to extract th
~divergent! contribution from the virtual cloud built-up a
well as the observable photons emitted during the pree
librium stage. The main result of this analysis is Eq.~5.17!
which provides an effective but systematic formulation
direct photon production from a QGP in local thermal eq
librium directly in real time. There are many advantages
this formulation over the usualS-matrix approach:~i! it does
8-23
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not suffer from the caveats associated with theS-matrix ap-
proach described in Sec. II;~ii ! it describes photon produc
tion in real time as an initial value problem, consistently w
hydrodynamics@20#; and~iii ! it includes a description of the
initial state in an effective manner in terms of the parame
G which is associated with the inverse of the time sc
between the collision and that of thermalization.

This is the time scale during which partons are almost f
and parton-parton scattering brings the deconfined parton
a state of local thermodynamic equilibrium.

The final expression for the real time photon yield giv
by Eq. ~5.17! has several important properties:

~i! It reproduces the result of theS-matrix result in the two
limits in which it must be equivalent: thet2t0→1` and the
G→0 limits. Both limits actually refer to a QGP of infinite
lifetime, for which theS-matrix calculation applies.

~ii ! It allows to separate the divergent contributions fro
the vacuum as well as the in-medium virtual cloud, alo
with the observable photons produced during the preequ
rium stage. Therefore this expression leads to a finite pho
yield and a total finite radiated energy.

~iii ! This description parametrizes the initial state in ter
of a time scaleG21, which is a phenomenological paramet
Namely it provides an effective description of the phys
between the time at which nucleus-nucleus collision res
in deconfined quarks and gluons and the time at whic
QGP in LTE emerges.

A. Phenomenological consequences

The main results of this study point out that during t
finite lifetime of a QGP in LTE expected at RHIC or LHC
there are processes that contribute to the yield that are
captured by the usualS-matrix approach. While we hav
focused on the lowest order such term, there are alre
many important consequences of phenomenological
evance:

~i! The correct direct photon yield is actuallylarger than
that calculated with theS-matrix approach. This is a conse
quence of the processes that contribute even at lowest o
and also processes missed by theSmatrix that arise from the
region ofvÞk in the imaginary part of the photon polariza
tion. Thus, the correct photon yield will be larger than t
current estimates. A reliable estimate of the correction c
for a recalculation of the imaginary part of the photon pol
ization for allvÞk up toO„asln(1/as)…. Such calculation is
currently not available.

~ii ! An important telltale of the processes that contribu
to the yield during a finite lifetime is apower lawspectrum
of the yield of the formk25. The coefficient of the powe
law bears information on the temperature as well as the t
scale for thermalizationG21 of the plasma. This telltale is in
striking contrast with theS-matrix yield which features an
exponential fall-off. Depending on the value of the time sc
G21 this power law sets in forkc*3 GeV/c with kc
;3 GeV/c for G21;1 fm/c. While this power law spec-
trum may be an important signature, it sets in for a region
momenta in which a description of the QGP in LTE m
break down. As mentioned above, the current data on
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elliptic flow parameterv2(pT) @14,23# reveal large depar-
tures from hydrodynamics~1pQCD! which relies on a QGP
in LTE for pT.2 GeV/c. In the region of momentum up to
;2 GeV/c the real time yield is almost indistinguishab
from an exponential fall off, but begins to flatten towards t
power law at about;3 GeV/c. It is possible that the exces
of photons and the flattening of the spectra in the WA98 d
@13# may be explained by the processes studied here and
originate in the finite lifetime of a QGP.

B. More questions

Our study indicates that direct photons from a QGP
LTE may not be a clean signature of the formation and e
lution of the plasma as originally envisaged. The short tr
sient nature of the QGP entails that the spectrum carries
formation on the initial, preequilibrium stage. However t
electromagnetic properties of the initial state are largely
known. The current estimates of therate extracted from
S-matrix calculations, which assume the existence
asymptotic states, and infinite QGP lifetime are not co
pletely reliable, in particular, these are based on a weak c
pling expansion in terms ofas but at the energy density
conjectured to be achieved at RHICas;0.24. Hence the
estimates based on theS-matrix yield are at best qualitative
During the finite lifetime of the QGP, processes that are co
pletely neglected by theS-matrix approach give contribu
tions to the yield that are of the same order as those of
equilibrium calculations, or even larger at large momen
since the spectrum from the real time description feature
power law fall off ;k25 versus the exponential fall off o
the equilibrium yield.

Thus, in order to provide a phenomenologically reliab
estimate the following questions would need to be addres

~i! What actually happens to the virtual cloud of photo
after the collision? Are the virtual photons in the nuc
shaken off and if so does this result in a flash of photo
during preequilibrium?

~ii ! The real time yield is sensitive to the structure of t
photon polarization forvÞk. What is the full expression o
the imaginary part of the photon polarization up
O(aemasln„1/as…)?

~iii ! What is the range in momenta (kT) for which emis-
sion from a hydrodynamically expanding QGP is reliable?
the data on elliptic flow for charged particles are extrapola
to photons~and in principle there is no reason to assum
otherwise! then the local equilibrium description may on
be valid up tokT;2 GeV/c.

~iv! We have discussed above that the terms that are id
tified with the virtual photon cloud in the medium asympto
cally at long time are actually providingdynamicalinforma-
tion on the formation of thequasiparticle in the medium.
This is an aspect that has not been explored before; the
mation of a quasiparticle in the medium doesnot require
scattering and is to lowest order is independent of the m
free path. This can be understood simply from the fact t
the HTL approximation does lead to a plasmon quasipart
but without collisional damping. Namely, the~transverse!
plasmon is a consequence of Landau damping and not of
8-24
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on-shell scattering process associated with a collisio
width or a mean free path. As the produced photon trave
the medium it must necessarily carry with it a polarization
the medium that dresses the photon into a quasipart
What happens to this induced polarization once the pla
hadronizes? Is the virtual photon cloud of the QGP relea
in a flash during the hadronization transition? If so a pow
fall off ;k23 in the spectrum is an unavoidable conseque
of the formation and later dissipation of the virtual cloud
the medium.

~v! We have studied the consequences of the finite l
time to lowest order in the perturbative expansion cor
sponding to the one loop polarization. However forT/Tc

between 1 and 3, lattice data clearly show that the qua
gluon plasma is not free or weakly interacting. Thus the n
step in the program will consider self-energy and vertex c
rections mediated by gluons, namely to higher order inas .
The strategy will be to compute the photon polarization
cluding higher order corrections inas and input its imagi-
nary part in the final equation~5.17!. We expect to report on
this study soon.

~vi! As we discussed above in Sec. II~see the discussion
under ‘‘caveats’’! the elliptic flow data suggest that the h
drodynamic description is not valid for~transverse! momenta
kT.2 GeV/c. Thus the assumption of LTE upon which a
calculations of direct photon production from a QGP hing
including the real time formulation studied in this articl
will not be warranted for large momenta. However, and p
haps more importantly, at large transverse momenta it is
pected that prompt photons produced during the preequ
rium stage during the pQCD parton-parton scattering w
provide a large contribution to the total photon yield. Thu
as stated in Ref.@9#, the interpretation of the photon spe
trum for largekT cannot be unambiguous. The current und
standing of prompt photon production during preequilibriu
is based on parton cascade calculations@24# which invoke a
transport description and includes collisions via pQCD p
ton scattering cross sections. Such an approach implic
~and explicitly in the collision term! relies on anS-matrix
description of the parton-parton collisions and is thus sub
to a similar criticism described in Sec. II above. Therefor
reliable estimate of the photon yield for large momenta
quires understanding the dynamics beyond LTE and pro
ing a reliable estimate of prompt photons from the preeq
librium stage.

The experimental importance of electromagnetic pro
of the QGP warrants a deeper study and assessment of
questions and in our view a reevaluation of the current t
oretical status on hard probes.
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APPENDIX: PHOTON POLARIZATION TENSOR

The retarded photon polarization tensor is given by

P i j ,ret~xW2xW8,t2t8!

52 ie2^@Ji~xW ,t !,Jj~xW8,t8!#&Q~ t2t8!. ~A1!

Introducing a complete set of simultaneous eigenstates
HQCD and the total momentum operatorPW following the
steps described in Sec. IV A above, we find

^Ji~xW ,t !Jj~xW8,t8!&

5E d3pdve2 ipW •(xW2xW8)1 iv(t2t8)s i j
.~pW ,v!,

~A2!

^Jj~xW8,t8!Ji~xW ,t !&

5E d3pdve2 ipW •(xW2xW8)1 iv(t2t8)s i j
,~pW ,v!,

~A3!

wheres i j
.(pW ,v) is given by Eq.~4.5! and

s i j
,~pW ,v!5 (

nq ,mq

e2bEmq^nquJi~0W ,0!umq&^mquJj~0W ,0!unq&

3d3~pW 2pW nq
1pW mq

!d~v2Enq
1Emq

!

5ebvs i j
.~pW ,v!. ~A4!

Introducing the Fourier representation ofQ(t2t8) we find
the photon polarization tensor to be given by

P i j ,ret~xW2xW8,t2t8!

5E d3p

~2p!3

dp0

2p
e2 ipW •(xW2xW8)eip0(t2t8)P i j ,ret~pW ,p0!,

~A5!

P i j ,ret~pW ,p0!5~2p!3E
2`

1`

dv
s i j

.~pW ,v!@12ebv#

v2p01 i0
.

~A6!

Therefore the result,

~2p!3s i j
.~pW ,p0!5

1

p

Im P i j ,ret~pW ,p0!

ebp021
. ~A7!

We note that ImP i j ,ret(pW ,p0) is an odd function ofp0 with
Im P i j ,ret(pW ,p0.0).0 therefores i j

.(pW ,p0).0 for all val-
ues ofp0.
8-25
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