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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 plas@GP in thermal equilibrium is studied directly in real
time. In contrast with the usu&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 lifetimd&Q-20 fmt as
expected at BNL RHIC or CERN LHCWe 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 formatiod” . This formulation coincides with th&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 contrib@tfes ) which
doesnot contribute to theS-matrix approach, is of the same order of or larger thanSheatrix contribution
during the lifetime of the QGP for a typical formation timel fm/c. The yield for momenta=3 GeV/c
features a power law fall-off~T°T'?/k® and is larger than that obtained with tiSematrix for momenta
=4 GeV/c. We provide a comprehensive numerical comparison between the real tingnaailix 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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. INTRODUCTION range of transverse momentum>1.5 GeVk in the most
central collisions. These results provide an experimental con-
Amongst the different potential experimental signaturesiirmation of the feasibility of direct photons as reliable
of the formation and evolution of a quark gluon plasmaprobes in ultrarelativistic heavy ion collisions and may pave
(QGP that is conjectured to be formed in ultrarelativistic the way for understanding the formation and evolution of a
heavy ion collisions, hard electromagnetic probes, nameI)QGp_
direct photons and dileptons, are considered to be very prom- A yariety of fits of theoretical results to the experimental

ising [1,2]. Photons and dilepton pairs only interact electro-yata had been reporttil], however, the results seem incon-

magnetically and their mean free paths are chh larger thaausive, models with or without QGP emission seem to fit the
the size of the QGP, thus these electromagnetic probes lea

. . ; Yata in a manner compatible with models based solely on
the_ hot and Qense region after formanon Wl_thout further Scatﬁadronic “cocktails” (for a detailed review sefi1]).
tering, carrying with them clean information of the early Th t ultrarelativistic h . t th
stages of the collision. Therefore a substantial effort has bee, € current uftrarelativistic heavy 1on program at the
devoted to obtaining a theoretical assessment of the spect plativistic He'avy lon Colhdgr(RHIC-BNL) and the pro-
of direct photons and dileptons emitted from a thermalized?©Sed heavy ion program Alice at the forthcoming Large
QGP[1-9]. Preliminary assessments concluded that direct'adron Collider(LHC-CERN) have as a main goal to con-
photon emission from a thermalized QGP can be larger thafnue the experimental pursuit of the long-sought QGP with
that from the hadronized pha$8,4], sparking an intense beam energies of's~200 AGeV for Aut+Au at RHIC and
effort to obtain reliable estimates of the direct photon specup to Js~5500 AGeV for Pb-Pb at CERN. This active
trum [5,7,8]. For recent reviews on theoretical and phenom-experimental program with the possibility of statistical
enological aspects of electromagnetic probes,[$6e17. analysis on an event-by-event basis justifies the theoretical
The first observation of direct photon production in ul- assessment of experimental probes at a deeper level. For a
trarelativistic heavy ion collisions has been reported by thgecent summary of measurements at RHIC [deg.
WA98 Collaboration in 2°%Pb+ 29%Ph collisions at /s The Smatrix approach to calculating the photon vyield
=158 GeV at the Super Proton Synchrot(@PS at CERN  from a QGP in local thermal equilibrium treats the plasma as
[13]. The results display a cleaxcessof direct photons stationary and with an infinite lifetime, while it is clear that
above the expected background from hadronic decays in th@GP is a transient, nonequilibrium stafé,16). Current the-
oretical understanding suggests that a QGP may be formed
~1 fm/c after a nucleus-nucleus collision and thermalizes
*Electronic address: boyan@pitt.edu via parton-parton scattering. The subsequent evolution is as-
"Electronic address: devega@Ipthe.jussieu.fr sumed to be described by hydrodynamic expansion until the
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temperature cools down to the hadronization scale—qyand correspond to the one loop contribution to the pho-
~160 MeV. At RHIC the initial temperature of the plasma is ton polarization, namely of ordet.,,. The contributions of
expected to be of the order of 300 MeV, and assuminghese processes vanish in the infinite time limit and do not
Bjorken’s longitudinal expansion with a cooling laW(t) contribute to the rate obtained from tlSematrix approach,
=T,(t;/t)2 it is expected that the lifetime of the QGP is of but do contribute to the yield during a finite lifetime. Focus-
order =10 fm/c for a hadronization temperature of about ing on the lowest order contributions we identify the dynami-
160 MeV. At the LHC the initial temperature is expected to cal aspects of photon production in real time in the simplest
reach ~450 MeV and the lifetime of the QGP would be possible case. This study highlights that there are contribu-
expected to be of order 20— 30 fm/c. The transverse size tions toall ordersin as that are being missed by ti&ematrix
of the QGP formed in the most central collisions is of thecalculation.
order of the radius of the nucleus which for-PBb is about (i) A detailed analysis of the dynamics of the build-up of
7 fm, thus the typical space-time dimension of QGP in locaithe Virtual photon cloud and to provide a systematic effective
thermal equilibrium is about 10 fm. des_crlp_non of the initial stage between_the coII|S|or_1 and ther-
Despite the fact that the quark-gluon plasma, if formed,mal'z"’1t|or| fchat allows.a clear separation of the. virtual _pho-
will occupy a finite and rather small volume in space time tons. We dlscu_ss th? mherent d|ﬁ|cyltles associated with an
‘unambiguous identification of the virtual photon cloud dur-

the Smatrix approach to obtain the photon and dlleptoning a finite time interval.

yields treats the plasma as a medium in thermal equilibrium (iii) A systematic description of direct photon production

and of |m_‘|n|te extent in space-tm[gS,lG]. The p_roduct|on during a finite time interval including the initial preparation
rate obtained from this approach is then input into a space

. . . . . , of the state.
time evolution combined with a hydrodynamic expansion of (iv) An analytic and numerical comparison of the real

the pIasma[lQ—lZ. A rgcent analysis of photon production tjme yield obtained in lowest order, namely Of es,;) and
along these linef9] to fit the data from WA9§13] suggests  the Smatrix yield, of orderasae In(1/ag) [7,8] to assess the
that the largepy region is dominated by the first few flmbf  potential experimental significance of the processes that are
(hydrodynamig evolution and is very sensitive to the early missed by thesmatrix calculation but that contribute to the
stages of the evolution. _ . direct photon yield from a QGP with a finite lifetime. We
The issue of a finite space-time extension of the QGP andyovide a comprehensive numerical study of the direct pho-
the hadronic phase has received attention with respect to thgp, yield to lowest ordeiO(a,,) with an analysis of the
emission of photons and dileptons. The influence of a ﬁ”itespectrum.
spatial size of the plasma has been addressed for the emis- (v) A study of the dependence of the spectrum on the
sion of thermal photonfl7,18 and more recently for ther- initial conditions prior to the onset of local thermal equilib-
mal dileptons[19] from a hadronic gas, where the breaking rjym. This study reveals important aspects of the initial con-
of detailed energy-momentum conservation by finite size efyitions prior to thermalization that influence the spectrum.
fects was studied. (vi) A study of the radiative energy loss, in particular the

Preliminary studies of the finitéfetime effects on the  contributions associated with the interaction energy as well
photoproduction yield were reported in REZ0]. The results 55 the cooling of the plasma by photon emission.

of those studies pointed out the importance of nonequilib- (vii) A simple energy-time uncertainty argument would
rium real time processes whose contribution is subleading i%uggest that for momenta larger than the inverse lifetime of
the infinite lifetime limit, but that are of the same order or e QGP, the effects of a finite lifetime should be subleading.
larger than theSmatrix contribution during th.e lifetime of a oy study clearly shows this expectatinot to bear out. In
QGP expected at RHIC and LHC. Two main consequenceg,ct we show that contributions from the regier“k in the
of the study in Ref[20] are as follows: . imaginary part of the photon polarization are very important
(i) During a finite lifetime the spectrum of direct photons during the finite lifetime and of the same ord@r large)
is sensitive to the initial conditions that lead to a thermalizedan the usual result valid solely fas=k even for photons
QGP with the largeo region of the spectrum more sensitive iip large transverse momentum.
to the initial stages. _ This article is organized as follows: in Sec. Il we revisit
(i) To lowest orderae, the spectrum resulting from the  the S matrix approach to highlight its caveats. In Sec. Il we
nonequilibrium  processes flattens for momentar  present the real time formulation to photon production begin-
>2 GeVic. The sensitivity of the larger part of the spec-  ning with a full gauge invariant treatment of the electromag-
trum to initial conditions has also been pointed out in Ref.netic interaction of quarks. In Sec. IV we provide a simple
[9], and perhaps coincidentally, the WA98 dEta] display @ and transparent derivation of the expression for the photon
flattening of the spectrum fquir=1.5 GeVk. production yield in real time to lowest order ir., and finite
The goals of this article are to continue the study of direciQGp lifetime. This formulation reproduces the results ob-
photon production from a QGP in local thermodynamic equi-zined in Ref[20] by a more general kinetic description and
librium with qfinite lifetime, directly in real time. We focus g explicitly shown to coincide with th&matrix formulation
on the following aspects: _ in the infinite QGP lifetime limit. In this section we address
(i) Assessing the contribution to the direct photon specthe jssue of initial conditions and in particular the subtle but
trum from thelowest orderprocesses that are subleading injmportant aspects associated with the formation of the pho-
the infinite time limit. These processes ajg— vy and q ton cloud. In this section we present a detailed analysis of the
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radiative energy loss and the different contributions, provid- Consider that at some initial timg the state|i) is an
ing an analytic and numerical study of the total energy radieigenstate oH, with no photons. The transition amplitude at
ated during the lifetime of the QGP. In Sec. V we address thgime t, to a final statelf,y,(p))=|f)®|y,(p)), again an
issue of the electromagnetic dressing of the initial stdém- -

sity matrix) by providing an initial density matrix that in-
cludes the photon cloud parametrized by a formation tim
scale of the QGP after the parton stage following an ul-

trarelativistic heavy ion collision, conjectured to be S(te ) =(f, 1 (P)|U(t;, t)]i), (2.2
~1 fm/c. This parametrization interpolates smoothly be-

tween the adiabatic preparation of asymptotic states and thghereU(t; ,t;) is the time evolution operator in the interac-
uncorrelated initial state assumed in Benatrix calculation.  tion representation

The consideration of such initial statédensity matrix al-

lows us to address the issue of the formation time and in-

cludes in a phenomenological manner the photon cloud of U(tf,ti)=Tex;{—if”HmU(t),dt}

eigenstate oH, but with one photon of momentum and
é)olarization)\, is up to an overall phase given by

the preequilibrium stage.
Our conclusions are presented in Sec. VI.

ty - -
1. SMATRIX APPROACH AND ITS CAVEATS :1_ief dtf d3xJ,"(x,t)AM,|(x,t)+O(ez),
1§

In order to highlight the shortcomings of ti&matrix
approach to calculate photon emission, and to establish con-
tact with the real-time approach to photon production intro-where the subscriptstands for the interaction representation
duced in Sec. IV, we now summarize some important aspeci® terms ofH,. In the above expression we have approxi-
of the scenario of QGP formation and evolution and thematedU(t;,t;) to first order ine, since we are interested in
Smatrix approach to the calculation of photon emission.  obtaining the probability of photon production to lowest or-

As mentioned in the Introduction, QGP is conjectured toder in the electromagnetic interaction. The usS8ahatrix
be formed in ultrarelativistic heavy ion collisions from the element for the transition is obtained from the transition am-

deconfinement of strongly interacting quarks and gluons irpjitude S(t; ,t;) above in the limitst;— —o andt;— +
the incoming nuclei. The details of the dynamics of the col-

lision are not completely understood, nor, in particular, the
electromagnetic aspects of the parton distribution functions. Sfi=S(+%,—%)
It is conjectured that immediately after the collision the par-

(2.3

tons are almost free and parton-parton scattering leads to a  _ e a3 J +°°d iPEX, N ; 2
o : =—— te flJ# +0(e’),

state of(local) thermal equilibrium on a time scate1l fm/c J2E X —» M8“< [3400li) (€

after the collision. The photons emitted during the preequi-

librium stage are assumed to leave the medi@#. The 2.4

thermalized QGP undergoes adiabatic hydrodynamic expan- = e -
sion during a lifetime of~10-20 fmt after which the Where E=|p| and P*=(E,p) are the energy and four-

plasma hadronizes. The QGP in local thermal equilibriumMomentum of the photon, respectively, arifl is its polar-
under the strong interactions is not in equilibrium under theZation four-vector. Since the statéiy and |f) are eigen-
electromagnetic interactions resulting in photons emitted diStates of thefull QCD Hamiltonian Hocp, the above

rectly from the thermalized plasma. S-matrix element is obtainetb lowest orderin the electro-
The Smatrix approach to the calculation of photon emis-Magnetic interaction, bub all ordersin the strong interac-
sion begins by writing the Hamiltonian in the form tion. We note that th&matrix element in effect is the am-

plitude for the transition between asymptotic stafig@n)
—|f, v (p);oub), ie., Sy=(f,y\(p);outi;in), where

|f,7\(p);0uh=|f;0uh®|y,\(p);out). Here,|y,(p);oup) is
the asymptotioout state with one photon of polarization
Ho=Hocot H,, and momentunp, and|i;in) (|f;out)) is the asymptotidn
(out) state of the quarks and gluons.

The rate of photon production per unit volume from a
QGP in thermal equilibrium at temperatufeas obtained by
squaring theS-matrix element, summing over the final states,
and averaging over the initial states with the thermal weight
where Hocp is the full QCD Hamiltonian,H,, is the free e PEiIZ(B), whereB=1/T, E; is the eigenvalue ofl, cor-
photon Hamiltonian, anéH, is the interaction Hamiltonian responding to the eigenstalie, andZ(8)==;e P& is the
between quarks and photons wilti the quark electromag- partition function. Using the resolution of identity 1
netic currentA* the photon field, ane the electromagnetic =3¢|f)(f|, the sum of final states leads to the electromag-
coupling constant. netic current correlation function. Upon using the transla-

H:H0+ Hint’

Hin=e J d*xJ*A,, (2.0
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tional invariance of this correlation function, the two space-past, thus neglecting the fact that these are confined in the
time integrals lead to energy-momentum conservatiorcolliding nuclei before the collision.

multiplied by the space-time volum@ =V(t;—t;) from the (if) The transition amplitude is obtained via the time evo-
product of Dirac delta functions. The tetmn-t;— +o0 isthe  lution operatoJ(t¢,t;) evolved up to a timé; and the tran-
usual interpretation of 25(0) in the square of the energy sition amplitude is obtained by projecting onto a stdieat

conserving delta functions. time t;, which in the calculation is taket3— + 0. The sum
These steps lead to the following result for the photonover the final states leads to the electromagnetic current cor-
production rate in th&matrix approach?2,6]: relation function averaged over the initial states with the

Boltzmann probability distribution, i.e., the thermal expecta-
tion value of the current correlation function.
(iii) Takingt;— +o andt;— — and squaring the tran-
sition amplitude leads tenergy conservatioand an overall
factor t;—t;. The rate(transition probability per unit time
dp per unit volumeV) is finally obtained by dividing by t¢
m’ (2.9 —t;)V. The important point here is that taking the limit of
t;—t,— + o results intwo important aspects: energy conser-

whereW;, (K) is the Fourier transform of the thermal ex- vation and an overall factor of the time interval-t;. The

pectation value of the current correlation function defined by'€sulting rate is independent of the time interval and only
depends on the photon energnd obviously the tempera-

ture).

dN_ 1 1 d%
d*x  QZ(B) (2m)3 A

e PRS2

= —e%g"" W, (P)

W;V(K)zf d*xe® (3 ,(0)3,(X)) . (2.6)
A. Main assumptions in the S-matrix approach

In the expression above - '>B,d32”°te3 the thermal expecta- |, order to compare our methods and results with those
tion value. To_Iowes<t order ire” but to all orders in the  pained within the usuaB-matrix framework described
strong interactionsW,,(K) is related to the retarded photon gpove, it is important to highlight the main assumptions that
self-energyll}; (K) by [4] are implicit inall previous calculations of photon production
from a thermalized QGP and that are explicitly displayed by
IMTIR (o=k K the derivation above.
mll.,(0=k, )_ (2.7) (i) The initial state at; (which in the usual calculation is
eT—1 taken to— o) is taken to be a thermal equilibrium ensemble
of quarks and gluons but theacuum statdor the physical
Thus, one obtains thé.orentz boostinvariant photon pro-  transverse photons.
duction rate (i) The usual calculation of the rate to lowest order in the
electromagnetic coupling, entails that there are no electro-
dN 2 MR (0=k.K) _magnetic correctio_ns to the intermediate states, namely, there
k _ 9 AN _ (2.8 is no photondressingof the states that enter in the thermal
d®p d*x (2m)° ekT_q density matrix.
(i) Taking tj— —oo,t;— +0 manifestly assumes that
All the calculations of the photon production yield from a quarks and gluons arasymptotic statef the infinite past
thermalized QGP in equilibrium begin by obtaining and in the infinite future. Obviously this is inconsistent with
Im Hiv(wz k,K) to calculate theate. The most recent result the fact that before the collision quarks and gluons should be
up to leading logarithmic order in the strong coupling hasdescribed in terms of their parton distribution functions in
been obtained in Ref8]. the nuclei. Furthermore assuming quarks and gluons to be
We have reproduced the steps leading to ), which  asymptotic states ds— + o manifestly ignores the hadroni-
is the expression for the photon production rate used in altation phase transition to a confined phase at a finite time of
Smatrix calculations in the literature, to highlight several order 10—20 fmé. In Ref.[9] confinement in the initial state
important steps in its derivation in order to compare andhad been encoded in a “confinement factor,” namely a phe-
contrast to the real-time analysis discussed below. The mainomenological parameter included to account for the effects
features of the above result that will be compared to the reabf confinement.
time computation are the following: (iv) Assuming the QGP to have equilibratedtat: — oo
(i) The initial states|i) are averaged with the thermal and takingt;— +o makes explicit that the plasma is as-
probability distribution at the initial time; for quarks and sumed to be described as a stationary state in thermal equi-
gluons. In the usual calculation this initial tinhle— —, as  librium at all times.
emphasized above and the initial state describes the photon (v) The buildup of population of photons is neglected
vacuum and a thermal ensemble of quarks and gluons. Thudong with the electromagnetic dressing of quarks, these
the quarks and gluons are assumed to have thermalized in thesumptions are generally invoked to justify a calculation
infinite past Furthermore, this treatment also assumes thadf the yield or rate to lowest order in the electromagnetic
the quarks and gluons amsymptoticstates in the infinite coupling.

2\ < —
W (K) =
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(vi) The rate obtained from a stationary state of thermathermalize and to leave the mediufthe buildup of the pho-
equilibrium is then assumed to be valid in each fluid ¢efl  ton population isneglectedunder the assumption that the
spatial size larger than the mean free pathich is taken as mean free path of the photons is larger than the size of the
the local rest frame. The invariant rdiadependent of time  plasma and the photons escape without rescattering. This as-
is then written in terms of the proper time and fluid rapidity sumption also neglects the prompt photons produced during
by performing a Lorentz boost and assuming that the temthe preequilibrium stage. Indeed, Srivastava and G¢Ry8r
perature is a function of the proper time. The resulting rate idh1ave studied direct photons from a preequilibrium stage via a
then integrated during the space-time history of the plasma iRarton cascade model that includes pQCD parton cross sec-
combination with a hydrodynamic description of the expan-tions and electromagnetic branching processes. The usual
sion. During the hadronization transition the yield is obtainedcomputation of the prompt photon yield during the stage of a
from a Maxwell construction of the coexistence regiom-  thermalizedQGP assumes that these photons have left the
der the assumption of a first order transitiofihe lever rule system and the computation is therefore carried out to lowest

is invoked to obtain the photon yield from the mixed phase.olrder, in aem Wi;]h an initliallphoto? Vﬁcuum srt]ate, namelr):
Thus despite the fact that the rate has been obtained by taﬁhso |gcrjmor|n% tl e ,V'rttl}f]a C|OUd oAp otonﬁ t.atddrebss the
ing the initial and final times tér « it is used to extract the charged particles in fhe plasma. AS emphasized above, in

. : SR : taking the final timd; to infinity in the S'matrix element the
Eggi?geyr:iglgir&g dinite lifetime, and even during phase assumption is that the thermalized statestigtionary while

in neglecting the buildup of the population the assumption is
that the photons leave the system without rescattering and
the photon population never builds up. These assumptions
The main reason that we delve into the specific steps ofead to considering photon production only to the lowest
the usual computation and the detailed analysis of the maiarder ina,,, since the buildup of the photon population will
assumptions is to emphasize the inconsistencies in applyingecessarily imply higher order corrections. Although these
this approach to an expanding QGPfiniite lifetime main assumptions are seldom spelled out in detail, they un-
(i) Hydrodynamic evolution is amnitial value problem derlie all Smatrix calculations of the photon production
[21,22, namely, the state of the system is specified at arfrom a thermalized QGP.
initial (propey time surface to be of local thermodynamic  All calculations of the rate based on tt®matrix ap-
equilibrium at a given initial temperature, and the hydrody-proach, obtain the imaginary part of the photon polarization
namic equations are evolved in time to either the hadronizato lowest order inae,, and in a perturbative expansion in
tion or freeze-out surfaces if the equation of state is availabléerms of e (including leading logarithmic termsThis ex-
for the different stages. The calculation based on thgansion assumes that is small but the coupling depends on
S-matrix approach takes the time interval to infinity, extractsthe temperature scale. While it could be argued that at the
a time-independent ratéreating the QGP as a stationary initial temperatures expected to be achieved at RHIC and
state, and inputs this rate, assumed to be valid for every cellHC as may be small, clearly the perturbative expansion
in the comoving fluid, in the hydrodynamic evolution during breaks down in the expanding scenario, when the tempera-
a finite lifetime. ture becomes near the critical for hadronizatii~ A gcp
(i) There is also a physical inconsistency in using the~160 MeV. Thus, the regime of validity @l S-matrix cal-
Smatrix yield in a hydrodynamic evolution for very large culations of the yield in a perturbative expansionan is
photon energy. A hydrodynamic description, which is basedctually limited by thdifetime of the QGP. Hence a pertur-
on local thermodynamic equilibrium, is valid on spatial bative evaluation of the rate must be understood to be valid
scales larger than the mean free path for parton-parton collen a time scale of the order of or shorter than the actual
sions in the plasma~0.5 fm. Thus photon momentk lifetime of the QGP, which then casts further doubts on the
=2-3 GeV probe distances shorter than the mean free pathnfinite time limit.
and most likely the contribution to the direct photon spec- As stated in the Introduction, however, the QGP produced
trum for transverse momenta larger than about 2—3 GeV carin ultrarelativistic heavy ion collisions is intrinsically a tran-
not be reliably extracted from a&matrix calculation. Re- sient and nonequilibrium state. Since the spectrum of direct
cent measurements of elliptic flow at RH[T4] suggest that photons is deemed to be a clean experimental probe of the
hydrodynamics is a reliable description uppge~2 GeV/c early stages of evolution of a QGP, it is therefore of phenom-
but the data fov,(pt) show large departures from hydrody- enological importance to study nonequilibrium effects on di-
namics(including pQCD for pr>2 GeV/c for charged par- rect photon production from an expanding QGP witfinite
ticles (minimum biag [23]. lifetime with the goal of establishing potential experimental
The low energy region of the photon spectrum is domi-signatures.
nated by pion decay and bremsstrahlung in the hadronic The current understanding of the QGP formation, equili-
phase and after freeze-out. Thus, {transversemomentum  bration, and subsequent evolution through the quark-hadron
interval in which direct photons could be reliable experimen-(and chira] phase transitions is summarized as follows. A
tal probes of a thermalized QGP is 0.1 Gek<3 GeV. preequilibrium stage dominated by parton-parton interactions
(i) Yet another caveat is that despite the fact that the timand strong colored fields which gives rise to quark and gluon
interval is taken to infinity, namely much larger than the production on time scaless1 fm/c [15]. The produced
photon thermalization time scale, photons are assumetb  quarks and gluons thermalize via elastic collisions on time

B. Caveats
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scales~1 fm/c. Hydrodynamics is probably the most fre- W(x)= w(x)eiefdsnyG(x—y)~AL<y), (3.3
quently used model to describe the evolution of the next

stage when quarks and gluons are in local thermal equilibwhere G(x—vy) is the Coulomb Green’s function satisfying
rium (although perhaps not in chemical eqUIllbrI)J[ﬁl,ZZ_I VEG(X_y) B Bs(x_y), after some a|gebra using the canoni-

The hydrodynamical picture assumes local thermal equilibsg] commutation relations one finds that(x) and¥ (x) are
rium (LTE), a fluid form of the energy-momentum tensor and gauge invariantfield operators.

the existence of an equation of state for the QGP. The sub- The Hamiltonian can now be written solely in terms of
sequent evolution of the QGP is uniquely determined by thghese gauge invariant operators and when acting on gauge
hydrodynamical equations, which are formulated asdial  jhyariant states the resulting Hamiltonian is equivalent to
value problemwith the initial conditions specified at the mo- that obtained in a Coulomb gauge. However we emphasize
ment when the QGP reaches LTE, i.e., at an initial time that we havenot fixed any gauge; this treatment, originally
~1 fm/c. The(adiabati¢ expansion and cooling of the QGP ntroduced by Dirac, is manifestly gauge invariant. The in-
is then followed to the transition temperature at which thestgntaneous Coulomb interaction can be traded for a gauge
equation of state is matched to that describing the mixed anghyariant Lagrange multiplier field which we caf, leading

hadronic phase5,10,25,26. . to the following Lagrangian density:
Our main observation is that the usual computations based

on S-matrix theory extract a time independent rate after tak-
ing the infinite time interval, which is then used in a calcu- g:xf(i,g_eyoAOJr ey- AW
lation of the photon yield during &inite timehydrodynamic
evolution. There is a conceptual inconsistency in this ap-
proach, which merits a detailed study based on the real time
evolution of the photon distribution, which we undertake be-
low. We emphasize thak® shouldnot be confused with the tem-
poral gauge field component.

ll. REAL TIME APPROACH In the gauge invariant sector of the Hilbert space, namely
between states annihilated by the first class constraints, and
generalizing toN; flavors of quarks, the Hamiltonian is

Before we focus on the calculation of the photon yield ingiven by
real time, we address the issue of Abelian gauge invariance
to highlight that the results of the real time approach are fully
gauge invariant. Since the relevant interaction is electromag- H :J' d3x
netic, we focus our discussion on the Abelian gauge cou-
pling. Let us consider the following Lagrangian density for

+ %[(&MAT)2+(VA°)2]. (3.9

A. Gauge invariance

1 ., -
E(|5$+E;2)+«1fT

one massless fermion species: X(—ia-V)¥+ed-Ar|+Heouls 3.5
— 1
L=Ui0—eNy—ZF . F, 3.9 Where
N¢
where the zero-temperature mass of the fernmohas been T N
neglected since we consider the high temperature limit J .Zl eq,'yq," (3.6

>m. We begin by casting our study directly in a manifestly
gauge invariant form. In the Abelian case it is straightfor-is thegaugeinvariant current andi,,, is the Abelian Cou-
ward to reduce the Hilbert space to the gauge invariant statdsmb interaction which will be irrelevant for our consider-
and to define gauge invariant fields. This is best achievedtions. While this Hamiltonian is equivalent to that obtained
within the canonical Hamiltonian formulation in terms of in a Coulomb gauge we emphasize that we have not imposed
primary and secondary class constraints. In the Abelian cassny gauge fixing; the Dirac procedure is manifestly gauge
there are two first class constraints: invariant. In particular the interaction part of the Hamiltonian
that will be relevant for the discussion of photon production

to lowest order, namely
mo=0, V-m7=—ey'y, (3.2

Whe(56770 and 7= —I_E are the c_anonical momenta conjygate H, :ef d3xj-5\T (3.7
to A” andA, respectively. Physical states are those which are

simultaneously annihilated by the first class constraints and

physical operatorsommutewith the first class constraints. i manifestly gauge invariant. Furthermore, states con-
Writing the gauge field in terms of transverse and longitudi-Structed out of the noninteracting Fock vacuum by combina-
nal components a8 =A, + A1 with VXA =0; V-A;=0 tions of thegauge invarianoperators? ', ¥ A; ,E; are ob-
and defining viously gauge invariant.
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This discussion makes explicit the gauge invariance of the The real time evolution of the density matrix after the
real time formulation. initial time ty is given by
Including now the non-Abelian color interaction between

uarks and gluons the total Hamiltonian is given b . . . .
| ’ ? g p(t)=e M=) p(ty)eH(t~t0), (3.1

The total number of photons of momentdmper unit volume
at a given timet, namely the photon yield is given byas-
suming translational invariance

3 1 =2, R2

+ef d®xJ-Ar+Heoul (3.9
dN(t)
d3xd®k

whereH o cp[ V] is the QCD Hamiltonian in absence of elec- (2m)®
tromagnetism but in terms of the gauge invariamtder Abe-

lian gauge transformatigriermion field¥ and the subscript . . At oA .
T refers to transverse components. We have extended tH&th Nk =2 8, - In order to compute the direct photon
fermion content ta\; flavors and the charge of each flavor Yield to lowest order in the electromagnetic coupling, it is
species in units of the electron charge is included in th&onvenient to write the total Hamiltonian given by Eg.8)

corresponding current. as

Expanding the gauge invariant fieﬁIT in terms of cre-
ation and annihilation operators in a volurde H=Hy+H,,

; T p(t)Ng ], (3.12

€\

Ar(x)= g\ J2VK

with €, the usual transverse polarization vectors,dghage
invariant photon number operator for polarizatianis given

by H.:f d®xJ-Aq, (3.13

a, k% ral e ikx) 3.9 1., .
[ K.\ Ko\ ] ( ) HO:HQCD[W]+fd3X E(E%J’_Bz)a

(3.10  Where the currend is given by Eq.(3.6) and we have ne-
glected the Coulomb term since it will not contribute to the
direct photon yield to ordet,.

The time evolution operator is given by

- _ AT
M x= 8y \ Ak, -

B. Time evolution

Time evolution in quantum mechanics and quantum field
theory is an initial value problem. Given the total Hamil-
tonianH the time evolution of a density matrix is completely
determined by specifying the density matrix at an initial time . . . . .
to. Once the initial density matrix is specified at the initial yvhereU_(t,tO) is the “”“"?‘W time evolution operator in the
time, its time evolution is completely determined by the uni_mteractlon picture oH, given by
tary time evolution operatoe (") |n the case under
consideration the Hamiltonial is time independent and t
gauge invariantand given by Eq(3.8). The ensuing real U(t,to)=1—if dt’H,(t")+0(e?);
time dynamics is therefore completely specified by prescrib- o
ing the initial density matrix at the initial timg,.

As discussed above, th®&matrix calculation implicitly H,(t)=eHotH,e ot (3.15
assumes that the initial density matrix is that of thermal equi-
librium for quarks and gluons at an initial timg=—< and  \here we have only considered the lowest order in the elec-
explicitly assumes that initially there are no photons. Withtromagnetic coupling.
this choice of initial ConditionS, since the initial state has It is then convenient to pass to the interaction picture of
been prepared dp=—c there is no memory of the initial 1 namely the full QCD Hamiltonian anfiee electromag-
state, in agreement with a stationary state in thermodynamigetism by defining the initial density matrix in the interaction

equilibrium. - _ . ~ picture ofH, as
Our goal is to relax this assumption of a thermal station-

ary state and study the consequences of a true real time evo-

lution as befits the physical problem of a thermalized QGP pip(to) =e'Holop(tg)eHolo, (3.16
emerging about 1 fn@/ after a nucleus-nucleus collision and

evolving during a finite lifetime of about 10-20 fm/to-  For the case of interest the initial density matrix describes a
wards a hadronizatiofand confinementtransition. quark gluon plasma in equilibrium under the strong interac-

e M-t =g~ Moty (t,t,)eHolo, (3.14

065018-7
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tions, it must therefore commute witH, in which case
;)ip(to)=f>(t0). At any given timet

p(t)=e"MoU(t,to) pip(to) U~ H(t,tg) et (3.17)

Since the number operatarﬁ,xak,)\ commutes withH, we
find for the direct photon yield at timethe following exact
expression:

N
d3xd®k

; T U (t,t0) pip(to) U 1(t,to) Ny 5 1.
(3.18

In the interaction picture of, the time evolution of] and
A+ is given by

J()_(),t,) — eiHQCDt,J()_())efiHQCDt"

N € . Lt . et
AT(th’)g\ ;Ck[ak'helk»xeflkt +alv)\eflk-xelkt ],

(3.19

whereg , are the transverse polarization vectors.

PHYSICAL REVIEW D68, 065018 (2003

strong interactionsand there ar@o initial photons Such an
initial density matrix is compatible with the usual assump-
tion on the initial state invoked in th&matrix calculation
described in Sec. Il but makes explicit that such a state de-
scribes an initial value problem from a thermalization titpe
taken to be of the order of 1 fro/

P(to) = nz e_IBEnq|nq><nq| ® |0y><0y|!
q

HQCD|nq>:Enq|nq>r 4.1
and |0,/> is the photon vacuum, annihilated by tgauge
invariant operators @, . The incoming nuclei coasting
along the light cone are exact eigenstates of the full Hamil-
tonian H. Hence, neglecting bremsstrahlung off the Coulomb
field of the nuclei there is no photon emission prior to the
collision. Thus, the stat@,) is the “in” state up to the time
of the collision, which is annihilated by the “in” operator
ay ) . Therefore the initial density matrix E¢4.1) is consis-
tent with neglecting the photons produced between the col-
lision and the onset of thermalization, namely during the
preequilibrium stage.

We will study in detail alternative and more general initial

Given an initial density matrix, the photon yield can be
calculated by inserting a complete set of eigenstated pf States that include photons and correlations in a later section
and computing the required matrix elements. (see Sec. V below

We note that the real time expression for the photon yield Obviously the initial density matrix given by E@.1) is
Eq. (3.18 is exactin terms of the full time independent gauge invariant and commutes with, in Eq. (3.14). It fol-
Hamiltonian and is gauge invariant provided that the densityows thatp(to) = pip(to) and it describes a thermal ensemble
matrix is constructed with physical states. Evolution of quan-n equilibrium under the strong interactions with no photons.
tum states or density matrices is an initial value problem;This assumption is compatible withll the calculationsof
once the density matrix has been specified at an initial timeglirect photon production from an equilibrated QGP available
its time evolution is completely determined by the Hamil-in the literature. Studying the time evolution of this initial

tonian.

state allows us to address the dynamics of the formation of

We carry out this program below to lowest order in thethe virtual photon cloud and to highlight the inherent diffi-
electromagnetic coupling for cases that are relevant to theulty in separating the observable photons from those in the

description of direct photons from a QGP.

IV. PHOTON YIELD

virtual cloud in the plasma during a finite lifetime.

Defining as|nq;m,)=|ng)®|m,) the eigenstates dfiy
with m,, photons(we do not specify the wave vector and
polarization to avoid cluttering of notatipmve can compute

We compute here the photon yield for a QGP with finite o matrix elements in Eq3.18 by inserting a complete set

lifetime in the real time approach.

A. Thermalized QGP, no initial photons

of these eigenstates. To lowest order in the electromagnetic
coupling the set of intermediate states that contribute to the

photon numbel(ﬁm) contain only one photon of momen-

We begin the study of the real time dynamics of directtum k and polarization\.

photon production by considering that at an initial time
~1 fm/c the QGP is in thermal equilibriunmfunder the

dAN(t)

After a straightforward calculation we find, to lowest or-
der in the electromagnetic coupling

2
e t t : ;
(ZW)SdSXdSk_; ZKVLOdtlftodtzf dgxlf d3X2ef|k(tz*t1)elk.(xz*x1)

X 2 e PEng(ngl € - I(Xa,t0) M) (Mgl € x - I(X1,t1) NG

nq ,mq

4.2
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Writing, where ImIT;; (k,w) is the imaginary part of the retarded pho-
ton polarization tensor. However, the photon production
. o R , .- yield is calculated to lowest order i, and in principle to
J(x,t)y=e" P XeHaco'g(0,0)e Maco'e® X, (4.3 |l orders inas.
Introducing the transverse photon polarization
with P the momentum operator and choosing the eigenstates
n, to be simultaneous eigenstates Bf with P|n . -
| q2 imu - u [o] Wi | q> HT(k,w)EPIJ(k)Hij(k-w)v (4.9
= pnq|nq), we can write
we finally find the real time expression for the photon yield
to be given by
2, e PEn(ng| e Iz t2) IMahmgl i+ (X1, 1) Ing)

Ng»

o dN(t)

d3xdk

= f d3pdwe7”3'(Xf’zl)ei“’(tftl)e:(v)\e{(’)\aﬁ( p,®),

(4.4 1 f+°°dw ImII+(k,w) 1—cog (w—Kk)(t—1tp)]
(2m)%k)—= T e¥lT—1 (0—k)? ’
where (4.10
where the photon polarization is obtained in lowest order in
oo _gE - R aem and in principle to all orders inxg. This expression
Uij(pyw):nzm e PEng(NnglJ;(0,0)[mg)(mg|J;(0,0)[ng) coincides with the lowest order result obtained from a kinetic
4 description in Ref[20].
X 30— (0. —bw NS(w—(E.. —E- ). If the long time limit is taken and the following identity is
(P=(Pn, = Pm))8(@—(En,—Em,)) used(see[20.27)
(4.9
Carrying out the integrals in E¢4.2) and summing over the +oo 1-cog(w—Kk)(t—tp)]
polarizations, we finally find, . doF(w) (0—K)?
t—tg—+o to
dN(t) X = m(t—ty)F(k)+ j_oc dwF(w)'Pm
d3xdk
e? ) . 1-cod(w—k)(t—t +O( — ) (4.1
== dwPia; K0 i((w k))z( ol o
w—
thenif Im I11(k,w=k)+# 0, we obtain the long time limit of
(4.6 the total yield,
where
dN(t) 1 ImHT(k,wzk)(t &)
) W d3xdPk  (2m)%k | eNT—1 0
Pll(k):(slj—k—, (47)

+edw ImII(K, 1
+f do (K, )

e TT ea)/T_l (w_k)Z )
is the transverse projector.
In the Appendix we show that (4.12

From the result4.12) above, we obtain the long time limit of
the invariant rate,

_ Nn(w -
(2w)3eza§(k,w):(7)|m IT;; (K, 0);
dN(D) T 1 Im Tk, 0=k
(t) _ 1(K,0=k) 413
d*xd3k 2m)® eNT-1
N(w)= , (4.8 . : .
efo—1 This is the same as th®matrix result given by Eq(2.8).
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The expre53|or(4._12) _only involves thetransversepart o_f dN(t) 1 Im (K, 0=K)
the photon polarization, a consequence of the manifestly s T 3 T (t—tp)
gauge invariant treatment. Thus, we highlight that inithe d>xd*k  (2m)°k e’ -1
finite time limit our result for the invariant rate coincides ,
. ImI15(k,w=k)
with the usual one. ———— In[k(t—tp)]
However, taking the time to infinity introduces all the m(e¥T—1)
caveats that were discussed in Sec. Il above. Thus, in order
to avoid these caveats, the initial timemust be interpreted N do ImI(k,w) 1 ( 1 )]
as the time at which quarks and gluons thermalize. The ex- T eT-1  (w—k)? t—tp) |’
pression(4.10 determines the total photon yielgher unit
volume at a given timd, thus the total direct photon yield at (4.16
the hadronization time is obtained by settitg=t,aq  where the prime in the second term stands for a derivative
~10-20 fmk for RHIC and LHC respectively. with respect to the frequency. Obviously at very long times

The asymptotic long time expressioh.12), featuresswo  the term with the linear time dependence will ultimately
different terms. The first term, which grows linearly in time dominate. However, for a finite time intervalty), it is
leads to theate which is time independent and is associatedpossible that a lower order logarithmic term may give a com-
with the photons that are produced per unit time per uniparable contribution to or even be larger than a higher order
volume. The second, time independent term can be inteterm linear in time. Furthermore, it is clear from the above
preted as the total number of photons in the virtual cloudanalysis that the contributions to the imaginary part of the
dressing the quarks in the medium. photon polarization fokw # k will actually contribute to the

This manifest separation between the time independer)tiem during a finite time interval. However, these contribu-
term that describes the photon cloud associated with thBONS are absent in th&matrix calculation which only ex-
charged particles, and the photons produced at constant rdf&Cts the linear time dependence in &gymptotic long time
(namely the term in the yield that grows linearly with Imit given by Eq.(4.13. o o
—t,) only emergesn the long time limit. The main pom't of this discussion is to highlight the fol-

For anyfinite time interval there are contributions to the lowing important issues:

photon yield from the whole range @f#k. The long time (i) The real time calculation reproduces the result of the
asymptotic behavior of the total photon yigll10 is deter- Smatrix approach n the asymptotic .Iong_ time limit. There—
mined by the behavior of Ifi(w~K). In particular if fore the usualSmatrix result iscontainedin the real time

ImII(k,w=k)=0 there is nolinear time dependence as- approach, which provides a d_etailed' d.esqrip.tion of the pro-
ymptotically, however if IMI(w~k)x(w—Kk) as is the case cess of ph_oton p_ro_duc_tlon _durlng a finite Il_fetlme.
for the one loop contribution to the polarizatiofof (ii) During a finite time interval the regiom#k of the

: imaginary part of the photon polarization contributes. The
O(aemes), see beloythen using the formul§20,27] contributions from different regions of the spectral density

have different time dependence. During a finite time interval
contributions that are subleading in the asymptotic long time
. ) oo limit can be of the same order as the term that becomes
f dyp(—y[l—cos(ykt)] = p(0)In(kt)+O(1), asymptotically linear in time and which defines the rate. In a
0 y finite time interval the contributions from the different re-
(4.14 gions in the frequency integral cannot be separated. Thus, in
order to reliably understand the time dependence of the yield
during a finite time interval, one must find the imaginary part
for p(«)=0. We thus conclude that the photon yield will of the photon polarization in thiill range of frequency, not
grow logarithmically in timein this case. just atw=k which only determines the asymptotic long time
The long time behavior of the yield is therefore deter-behavior.
mined by the behavior of the Ih(k,w) in the regionw (iii ) This discussion makes manifestly clear that the pho-
~k. Generally, the imaginary part of the photon polarizationton yield obtained from thes-matrix calculation of the rate,
for o~k behaves as namely extracting the linear time dependence in the
asymptotic long time limit, ignores all other contributions
which grow slower in time but that do contribute to the yield
for a finite time interval.

w—k
ImIlr(k,0) = ImTz(k,0=k)+ImIl(k,0=K)(0—k) B. Photon production in the hard thermal loop approximation
+O[(w—k)?], (4.15 To make the above statement more quantitative and to
begin our study of the real time description of photon pro-
duction within a specific example highlighting the conclu-
then we find 20,27 the long time behavior of the yield to be sions above, we begin by considering the imaginary part of
generally given by the photon polarization tensor in the hard thermal loop ap-
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proximation[28,29. This approximation yields the leading
result for the polarization tensor for soft photons, nantely
<T and arisessolely from in-medium processes. While we
will obtain the full one-loop contribution to the imaginary
part of the photon self-energy below, the HTL linonly
features medium dependent contributions. Thus the HTL
limit allows us to address dynamical issues solely associated 3
with in-medium processes.

For two flavor of quarkgup and down, with three colors
the imaginary part of the transverse photon polarization in k/T=0.3
the hard thermal loop approximation is given [[20]

501 K/T=0.1

Flkt ;k/T]

40

10 k/T=0.5

40m%a,. T2 w w?
|mH$TL(k,w)=T€‘”‘F(l—F)(a(kz—wz). ° ; . 6 8 10
(4.17

kT

FIG. 1. The functionF kr;k/T] vs kr for k/T=0.1;0.3;0.5

Obviously this contribution to the imaginary part vanishesreSpeCt'vely'

linearly asw— k. However, while Eq(4.12 would lead to a
constant, time independent yield and therefore to a vanishing dNTHt) 5 aemTZ}_[ K(t—to): k}
—to): =,
T

invariant rate since Irfil;; (w=k) =0, the correct asymptotic d3xd3k 3672 K2
long time limit of the yield follows from Eq(4.16 and is
given by[20]

k 1 k
kT;f zf dxn X3 X(1—x?)
AN BT o
E T H 1-cog (x-1)kr]
X . (4.19
(x—1)?
1 [k o |k+w 1
i atflrel 1 | e
2k) k' |[k—wfewT_1 The function /T k7;k/T] is displayed in Fig. 1 for several

values of the ratik/T. This figure displays the logarithmic

growth determined by the asymptotic behavirl8 at long

1
t—to) ' 418 fimes.

This expression would lead to an invariant rate that vanishes
asO(1#) for t— + . However, for any finite time there is a As mentioned in the Introduction, we will study the dy-
nonvanishing contribution to the yield. namics of photon production during a finite lifetime by fo-
The second, time independent term in E4.18 can be cusing on the lowest order contribution to the photon polar-
identified with the virtual photon clouih the thermal bath  ization. This is a quark one loop diagram and is of order
This contribution is medium dependent and can only be idene,. The imaginary part of this diagram vanisheseat Kk,
tified in the long time limit; the separation between the timehence this lowest order diagram does not contribute to the
independent and the time dependent contributions is meamsual rate obtained from the long time limit as discussed in
ingful only in the long time limit. For any finite lifetime detail above.
there is no unambiguous separation between the different The goal of this study is to understand the photon produc-
contributions, and only the full photon number is meaning-tion during the finite lifetime of the QGP from processes
ful. whose contribution is subleading in the asymptotic long-time
A comparison with the photon equilibrium spectral den-limit. Of course diagrams which are higher orderdg will
sity in the HTL approximatio29] reveals that the integrand also give contributions to the photon production from the
of the time independent part in E@L.18 is simply related to  region w# K, but focusing on the lowest order diagram we
the HTL wave function renormalization and the real part ofwill be able to extract important aspects of the dynamics that
the photon polarization. Namely, the virtual cloud is actuallyare missed by th&matrix calculation and that could be
revealing the dynamics of formation of a plasmon quasiparexperimentally relevant.
ticle in the medium. A comparison between real time yield obtained from the
The result Eq(4.18) is valid in the asymptotic long time one loop contribution to the photon polarization and the
limit; for any arbitrary finite time we must use the full ex- Smatrix yield in a wide range of photon energy, in particular
pression given by Eq4.10. In particular, in the hard ther- for large photon momentum, requires the full expression for
mal loop limit we find that the yield is given by the photon polarization to one loop order.

+0

C. Full one loop polarization
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A lengthy but straightforward calculation gives the fol- in terms of the positive ) and negative {) frequency

lowing result: contributions respectively, given by
|mHT(w,k):7To(a),k)+7T|_D(w,k)+7T2p(0),k)(4 20 dNC(t) 1 edew
: P 3 —n(w)ImII{(k,w)
d°xd’k  (2m)°kJo T
with 7q;m,p and 7 p the zero temperature, two fermion
thermal cut and Landau damping contributions, respectively, 1-co§(w—Kk)(t—tg)]
given by the following expressions: X (0—k)2 (4.29
10 2 2 2 2
To(@,K) = g den( @~ K9) O (0~ k)sgrw), (4.2 dNCI(b) 1 [(=do
s a 3 f —[1+n(w)]IMmIl{(k,w)
d°xd’k  (2m)°kJo T
10 w? k [1+e W+ 1-cog(w+k)(t—to)]
E— 2l —_ _1ll=In| ——— X . 4.2
op(w,K) 3 aeml (k2 1 TIn 1+ew) (0+K)2 (4.26
2T & 2 B For further analysis, it is convenient to add together the
Tk m§=:l (—pm E(e M e ™) terms that feature the Bose-Einstein distribution function,

thus we write instead,

k
——— ("™ e ™) 1@ (w?—k?)sgn w),

Tn? dN dN  gNW 2
= + , .
(4.22 d3dk  d3xd®k  d3xd®k
with
o= 10 2[4 o?\|k [1+eW-
T p(®,K)= 5 e )| T rews
dNM(t) 1 Fdw ()i IL-(k.)
o0 = —N(w)IMm , W
22T Cqyme| 2 K dxdk  (2m3ikJo 7 !
K m=1 mé  Tn?
X[l—coi(w—k)(t—to)]
X (e"MW- — =MW | @ (K2~ w?)sgr ), (0—k)?
1-co +k)(t—t
) $<w+k>2( 0)]]’ 428
lwl =k s (w+k)
=7 | (4.23
_ dNM(t) 1 (*dw
The first two termsmg,m,p arise from the procesgg— y FEN 2 )3kfo — ImIlr(k,0)
and | p from in-medium bremsstrahlung— yq. The long- i
wavelength Iimitkl<T is dominated by p and simplifies to 1—cog (w+K)(t—tg)]
the HTL expression Eq4.17). X (4.29
(w+k)?

D. Dynamics of the virtual photon cloud .. . .
Y P Both terms are positive, however, while the frequency inte-

As discussed above, the asymptotic long time limit is degra| in dNM(t)/d®xd®k is finite because of the Bose-
termined by the behavior of lidr(k, w) for w~Kk, therefore  Einstein distribution function, the frequency integral in
it is convenient to separate the contribution from the positivqjN(V)(t)/d3xd3k features divergences associated with the
and negative frequency regions in the integral in @q10.  virtual photon cloud, which can be seen as follows.
Using the properties Il (k, —w)=—ImIly(k,w) andn The contributiond N™)(t)/d®xd®k does not feature reso-
(—w)=—-[1+n(w)] we write nant denominators, therefore it remains positive and does not
grow in time at long time. The oscillatory terms average out
+ _ on a short time interval, as shown explicitly in Fig. 2 which
dN() = dNT() | dNT() (4.24) displays the negative frequency contribution integrated up to
d3xd*k  d3xd®k  dxdk a frequency cutofiv.= 100 GeV.
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T=0.3 Gev

1.4x10°%
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FIG. 2. The contributiordN™)(t)/d®xd®k given by Eq.(4.29
integrated up tav,=100 GeV fork=3 GeV/c;T=0.3 GeV.
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temperature dependent term as describing the virtual photon
cloudin the mediumwhich again must be subtracted since it
is unobservable.

The divergence associated with the virtual cloud of the
vacuum given by Eg4.30 as well as the divergences in the
photon number and energy stemming from the E§31)
must both be subtracted frodiN™)(t)/d®xdk.

An alternative and illuminating interpretation of the vir-
tual cloud of the vacuum emerges by noticing that @30
is related with the vacuum wave function renormalizatfon
given by

A (w,k
Z=1+R 0(2 )
Jw w=k
L[y, e kT=0)
T 2mk) L (k=02 ' (432

Thus, after a very short transient time the average ofvhere we used the dispersion relations Hé®), (A7). We

dNM(t)/d®xd3k is obtained by neglecting the oscillatory
cosine term in Eq(4.29.

The remaining time independent term in E4.29 fea-
tures two distinct contributions:

(i) The zero temperature part of by, namelyw, given
by Eq.(4.2]) yields the distribution of photons in thertual
photon cloud of the vacuugiven by

dN,, 1fwwo(w,k) do
d3xdk Kk (w+k)2 874

(4.30

This contribution can be extracted by takifg-0 andty—
—oo in dN(t)/d3xd%k, it is linearly divergent and it clearly
must be subtracted since it is not observable.

(i) The finite temperature contributions from,, and
p for k=T are dominated by the regian~k in the fre-
quency integral in Eq(4.29 which is finite. A lengthy but
straightforward calculation from Eqs4.22 and (4.23
yields the following result for the frequency integral of both
these terms fok>T:

1
lie

(4.3)

dNM(t) dN,, 10aen(3) T®
d*d% |, d*d%k 27t K8

see that Eq(4.30 is just the zero temperature wave function
renormalization to ordere?. The vacuum virtual cloud
dresses the bare particles into the physical “in” or “out”
states; the wave function renormalization is simply the over-
lap of these.

The asymptotic reduction formuldSz formulation re-
quires that

ot ~1/2 c—12,t
A —Z Anouts L T @ nout (4.33

Thus multiplying the number operator & 1, cancels
the vacuum contribution t®(e?) thus justifying the subtrac-
tion of the vacuum term. The asymptotic reductitr52)
formalism requires thezero temperaturewave function
renormalization since the in and out states are the states cre-
ated from the physicalacuumby the in and out operators.

In the mediumthe extra in-medium contribution to the
virtual cloud dresses the physical particle intg@asiparti-
cle, in this case a plasmdr28,29; these are not asymptotic
states. Thus the time dependent terms which are associated
with the virtual cloud at asymptotically long times are actu-
ally describing the dynamics of formation of the quasiparti-
cle in the medium.

While subtracting the vacuum term corresponds to multi-
plying by the inverse of the zero temperature wave function
renormalization according to the LSZ reduction formula and
the propagation of a physical particle in the out state, a simi-
lar interpretation for the medium contribution is not avail-

where “av” refers to the time average of the oscillatory term able. The virtual cloud of the medium dresses the physical

and{(3)=1.20205 ... . Theresult(4.3]) originates in the
region o~ —k both in the Landau damping as well as two

particle into a quasiparticle as it evolves in the medium but is
not an asymptotic state. The subtraction of the in medium

particle contribution. This region features a contribution thatvirtual cloud cannot be justified on the basis of asymptotic

is not exponentially suppressedkrfor k>T.
It is clear that the integral over the momertaields a
logarithmically divergent number of photoirs the medium

theory.
Furthermore, there is no unambiguous manner to subtract
the divergent terms at all times, since the oscillatory terms

and a linearly divergent energy integral. We identify thisare finite, and subtracting solely the time independent terms
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leaves an expression that becomes negative, features the di- The contributiordN(™(t)/d®xdk evolves on longer time
vergences described above at the initial titwety, but is  scales and contains all of the potentially secular terms, those
finite for anyt#t,. that grow linearly, logarithmically etc. Furthermore, since the
Hence, in this section we proceed to subtremmpletely large o regions are exponentially suppressed, the integrals
the contributiord N®)(t)/d®xd®k and use the following defi- are dominated by the regian~k and w~0. The regionw
nition of the subtracted yield for the analysis that follows: ~k leads to secular terms from the resonant denominators,
the nonresonant terms feature oscillations on the time scale

dN(t) B dN(T)(t) ~1/k, hence their time dependence is relevant during the
d3xd3k= d3xd%k lifetime of the QGP especially for long wavelengths. Thus,
no subtractions on this contribution are warranted.
1 *dw
= (277)3ka 7n(w)lm (ko) E. Real time vsS-matrix yields
We can now establish a comparison between the yields
1-cogw—Kk)(t—tg) and spectra predicted by the real time expression(£84)
(0—k)2 with those obtained from th&matrix approactithe equilib-

rium rate). The equilibriumrate in leading logarithmic order
approximation in the strong coupling is given in Ref[8],

1-codw+k)(t—tp)
+ (4.34  and for two flavorgup and dowi of quarks(and three col-

(w+k)? ors) becomes
This expression is finite and positive at all time and the large dN 407 T2 ne(k)
o,k regions are exponentially suppressed. M _ Aemts(T) !
We  emphasize that completely  subtracting d*kd*x  9(2m)* k
dNM(t)/d3xd®k also neglects the positive arfihite time
dependent contributions from this term but which cannot be x| In i) +C (E”
unambiguously separated from the divergent terms during a 4may(T) N T

finite time interval.

At asymptotically long time the definition of the yield L 0.041
(4.34) features a term that is constant in time and terms that . _
grow either linearly or logarithmicallyor both in time. The Ciot(2)= 3 In(22) + 5 —0.3615+ 1.0e™ %%
time independent and finite contribution which is typically
associated with the virtual photon cloud can be separated 4| 0.548 1
unambiguously from the photons produced with a constant +\/- In( 12.28+ —)
rate only in the asymptotic long time limiHowever, since 3 z
the QGP has a finite lifetime, only the virtual cloud of the
vacuum and the medium contribution that leads to a diver-

Z3/2

gent number of photons and energy can be unambiguously 0.13%

associated with the virtual photon cloud of the medium. Fur- + ) (4.35
thermore, thesédivergenj contributions are associated with z

very fast oscillations and become constant in time on a very 1+ 16.27

short time scale<€1 fm/c) as clearly shown in Fig. 2.

To be sure, the photons prpduced_ by the plasma are d(\e/\?herenf(k) is the Fermi distribution function. This fit seems
tected far away from the collision region afractically) at ) )
e . to be very accurate in the region of momenta<Ok?T<50
infinite time. However, these photons had beeaducedin

; . . [8].
<t< . . L
the plasma during @nuch shortertime scaleto=<t<t; with We will also use the lattice parametrizatip®0] for the

ts being the hadronization time. Clearly the vacuum part of . .
the virtual cloud can be recognized and subtracted una temperature dependence of the strong coupigg) given

biguously; it is given by Eq(4.30. However, identifying the
contribution to the virtual photon cloud in the medium can

only be achieved unambiguously if the formation time of the ay(T)= : T.~0.16 GeV. (4.36)
virtual cloud is much shorter than the lifetime of the QGP 29|n8—
and the number of photons in the cloud diverges. As men- T

tioned above, the time dependent terms which asymptotically

are associated with the virtual cloud are describing the dyAlthough this lattice fit is valid at high temperatures and

namics of formation of thguasiparticlein the medium. certainly not near the hadronization phase transition, we will
In Sec. V below we will introduce and implement a assume its validity in the temperature range relevant for

method that allows to separate the divergent contributions t®&HIC in order to obtain a numerical estimate of Benatrix

the virtual cloud which are responsible for the rapid oscilla-yield. We note, however, that at(0.3 GeV)~0.24 the va-

tions, in an effective manner. lidity of the perturbative expansion is at best questionable.
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SM 2.0x10°%4 k=3Gev/c -
0.08 | =03 Gev Nrt(k,t)
1.5x10°° -
AO.OG’
% HTL g NSM(k,t
Z 1.0x10° =
0.04
0.027 5.0x10° F
0.00 T T T T T
0 2 4 6 8 t-t, (imic) 10 0.0x10° T T T T T
0 2 4 6 8 10
FIG. 3. Comparison between tf&matrix yield SM given by t-t, (fmic)
Egs. (4.39—(4.37) and the real time yieldHTL) given by Eq. i . .
(419 in the HTL approximation, both fork=0.1 GeVT FIG. 4. Comparison between tl_Siamat_rlx yield NSM_(k,t) given
—05GeV as a function oft—t, (in fmic). N(kt) by Egs.(4.35—(4.37) and the real time yieltN,,(k,t) given by Eq.
— doN/d3k dBx. (4.34 for k=3 GeVIc;T=0.3 GeV as a function ot—ty (in

fm/c). The real time yield is dominated by the Landau damping

: 1 H _ A6 3 3
The yield per unit phase space as a function of time obSentribution given by Eq(4.23. N(kt) =d"N/d"kd"x.

tained from this rate is given by
We emphasize that we have only considered the contribution

from Eq. (4.28 since we have subtracted the full contribu-
dNsm(t) ) dNsm 4.37 tion from Eq.(4.29 which is not exponentially suppressed
d3kadx % PBrdtx ' but falls of as a power law. The subtraction of E4.29 was
motivated by the fact that this contribution features both
We begin by comparing the yield from the real time evolu-vacuum and in-medium divergences associated with the un-
tion with the photon polarization in the hard thermal loop observable virtual photon cloud and the finite contributions
approximation, valid fok<T. cannot be unambiguously separated during a finite interval of

Since the hard thermal loofHTL) limit Eq. (4.17) is  time. We will revisit this point in Sec. V below where we
valid for k<T and the formula for the rat@.35) is valid for ~ introduce a formulation that allows to separate the virtual
0.2<k/T<50 the comparison between the two is reliable forcloud by allowing an initial preparation stage.
k/IT~0.2.

A comparison of the yields per unit phase space from the
time dependent real time expressiohl0 given by Eq.
(4.19 in the HTL approximation, and the leading order result  If the thermalized plasma is emitting photons, the energy
of the Smatrix formulation obtained from Ed4.35) [8] for radiated away must be drained from the plasma. In this sec-
k=0.1 GeVT=0.5 GeV is displayed in Fig. 3.

It is clear from this figure that during a finite time interval 0 ‘
compatible with the expected lifetime of QGP in local ther-
mal equilibrium at RHIC, the hard thermal loop contribution
is of the same order as tf&matrix result. 107

Figure 4 compares the real time yield E4.34) with the
full one loop photon polarization given by Eqd4.20—(4.23
to theSmatrix yield fork=3 GeV/c; T=0.3 GeV. The real
time yield is dominated by the Landau damping contribution
and clearly competes with ti@matrix result during the life-
time of the QGP at RHIC.

Figure 5 displays the logarithm of the real-time photon
yield given by Eq.(4.28 vs k compared to theS-matrix 401
result forT=0.3 GeV;t—ty=10 fm/c. Clearly both spectra
fall off exponentially, but the spectrum from the real time T ‘ T T T
yield falls off slower and displays an excess of photons as
compared to the equilibrium one f&=2.2 GeVk. Since
Eq. (4.28 is dominated by the Landau damping contribution  FIG. 5. Comparison of the spectra, Nigk,t) vs k between the
to the imaginary part of the photon polarization, these phoSmatrix Ng, and real timeN,, yield given by Eq.(4.34 for T
tons originate in bremsstrahlung which is a medium effect=0.3 GeV and—t,=10 fm/c.

F. Energetics

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

-20

Ln[Nrt(k,10)]

Ln[N(k,10)]

-307)

Ln[NSM(k,10)]

k (Gev/c)
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tion we study the different contributions to the energy radi-which manifestly satisfies conservation of energy as in Eq.
ated away with the escaping photons. The total energy i$4.40. The asymptotic long time limit is determined by the

conserved, namely
T p(t)H]=Tr e Ht-t)p(t,)eH (-]
=T p(to)H], (4.39

whereH is the total Hamiltoniar{3.13. Passing to the inter-
action picture ofH, in Eq. (3.13 the equation above Eg.
(4.38 becomes

T p(t) H1=Tr{pip(to) U~ X(t,to)[Ho+ H (1)U (L, o)},
(4.39

whereU(t,to), H,(t) and pj,(to) are given by Egs(3.19
and (3.16 respectively andJ ~1(t,to) = U(tq,t). Assuming
translational invariance in darge volumeV, the statement
of conservation of energy of E¢4.39 becomes

A&oep(t) +E,(1)+&E(1H)=0, (4.40

region of the spectral density~k, thus it is clear from the
expressions in Eq4.43 that the interaction energy shuts-off
in the long time limit and for asymptotically long time the
rate of radiative energy loss by the photons is balanced by
the rate of energy loss of the plasma, which can be inter-
preted as radiative cooling, namely

de(t)  dégep(t)
dt  dt (444

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

As discussed in Sec. IV D for the virtual photon cloud,
the negative frequency contribution features the zero tem-
perature divergence associated with the virtual photon cloud
of the vacuum, as well as the divergence associated with the
virtual photon cloud in the medium. The energy in the pho-

where the second term above corresponds to the energy pemn cloud in the vacuum diverges as the fourth power of a
unit volume radiated away by the photons produced in theutoff, while the energy in the medium contribution of the
plasma[see Eq.(3.12] and we have introduced the follow- virtual cloud diverges linearly with a cutoff since the number

ing definitions:

1 A
A&qep(t)= vTr[Pip(to)U “Ht,to)HocepU(t,to)]

1 .
—y MMrip(to)Hocol, (4.41
dN(k,t)
_ 3
& fd KK i

1_ .
()= Tilpip(t) U (Lt HI(DU(Lto)]. (442

of photons diverges only logarithmically, as can be seen from
Eq. (4.31). Furthermore since the virtual cloud builds up in a
very short time scale, the negative frequency contribution
without the Bose-Einstein distribution averages to a time in-
dependent constant on a time scafl fm/c, as can be
gleaned from Fig. 2. Since this contribution features the di-
vergences associated with the vacuum and in-medium virtual
photon clouds, we subtract it from the energy, consistently
with Eq. (4.34).

Therefore we now study the following subtracted ener-
gies:

A&qcp(t)
E,(1)

The individual terms above can be computed to lowest order
in aem Dy expanding the time evolution operator up to sec-
ond order in the interaction. A lengthy but straightforward
computation using the initial density matrix given by Eq.
(4.1) and introducing an intermediate set of states leads to
the following result:

& (1)

d*k 1 (*de
:f (277)3 EJ;) 7n(w)lm HT((I),k)

—w
A&qcp(t) y k 1-co§(w—Kk)(t—tg)]
E(1) w—k (0—k)?
&(t)
w
—w N k 1-cog(w+Kk)(t—tg)]
d*k 1 (+=d 2
=f ——J 28K (@) ImII(w,k) —o-k (0+k)
@m3kl-w 7|,k
(4.45
Xl—COS{w—k)(t—to)’ (4.43  In subtracting the negative frequency contribution without
(w—k)? the Bose-Einstein distribution function, we are also neglect-
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ing thefinite parts of the negative frequency contribution to
&,(t), which as mentioned above cannot be extracted unam- ~ 3.0x10% T=0.3 Gev
biguously. ESM()
Figure 6 displays the subtracted energy radiated in pho-  25x10*
tons[see Eq(4.45] as a function of time fol =0.3 GeV as
compared to the energy obtained from tBenatrix yield. 2.0x10™ Ert(t)
The real-time energy reveals the logarithmic growth in time ¢
and it is of the same order as that obtained fromStmeatrix W1 sx10]
yield during the lifetime of the QGP expected at RHIC.
Figure 7 displays the subtracted contributions Eg45 1.0x10]
to A&qcp(t) and&(t), as a function ot for T=0.3 GeV.
We confirmed numerically that the main physical mecha- 5.0x10°
nism of radiative energy loss is Landau damping by studying
separately the different contributions to the photon polariza- g0 ‘ ‘ ‘ ‘ ‘
tion in the energy. 0 2 4 6 8 10

It is clear from the figure that the interaction term evolves t-t, (fmrc)
on time scales of order 7—8 fm/c, and that the QGP cools _ ) . .
by photon emission faster than the change in interaction en- F'G- 6. Comparison between the energy density radiated in pho-
ergy, a clear signal that the photons being emitted are maini{P"S as a function of time fof =0.3 GeV. The real time energy

a consequence of the cooling of the QGP. The numeric ‘;diated in phomnf“(t_) displays the Io_gar_ithm_ic time depen-
analysis reveals that the energy in photons grows and that i pnce. The energy obtained from tBenatrix yield isEsy(t).

the QGP diminishes logarithmically, while the interaction en-  Thg detailed analysis of the dynamics of the virtual pho-
ergy slowly approaches a constant over the time interval ofg cloud highlights the difficulty and ambiguity in trying to

the same order as the lifetime. separate the contribution from the virtual photon cloud from
the contribution that grows in time during a finite lifetime. In
V. MODELLING THE INITIAL STATE: QUASIADIABATIC the vacuum the virtual cloud relates the physical to the bare
INTERPOLATING STATES state, thus subtracting the vacuum virtual cloud amounts to

studying the propagation of physical photons. However, the

The expression for the total direct photon yield at a givenvirtual cloud in the medium dresses a physical particle into a
time t given by Eq.(4.10 was obtained from an initial den- quasiparticle hence the time dependent terms associated
sity matrix corresponding to a QGP in thermal equilibrium with the in-medium virtual cloud are actually describing the
and the photon vacuum. The assumption on the photodynamics of formation of a plasmon quasiparticle.
vacuum is in agreement with the assumption of no photons In Sec. IV D we analyzed the formation of the virtual
in the initial state in theSmatrix calculation. The rationale photon cloud, and recognized that the negative frequency
for this choice is that the photons produced from the preequieontribution features divergences associated with the virtual
librium state leave the system without buildup of the photoncloud of the vacuum as well as of the medium. Clearly these
population, and the real time calculation described abovelivergences are unobservable and must be subtracted, leav-
makes explicit this choice of initial state. ing solely finite contributions to the real time yield.

The study of the dynamics of the photon cloud above The subtraction of the divergences associated with the
indicates that a real time description of photonvirtual cloud is ambiguous during a finite time interval and
production—a necessary treatment to address the finite lifaxe definedthe real time yield by Eq(4.34) to include only
time of a QGP—must include the analysis of the virtual pho-the positive and negative frequency contributions that are
ton cloud and a consistent and systematic separation betwesnppressed by the Bose-Einstein distribution function. Such
the contributions from the virtual photon cloud and the ob-definition leads to a finite and manifestly positive photon
served photons. number density, but is not the only possible definition.

The Smatrix formulation bypasses any discussion of the In particular the subtractio®.30 of the virtual photon
dynamics of the photon cloud by initializing &t— — o, cloud of the vacuum, namely thE=0 contribution to the
taking the final timet;— + o and extracting only the contri- photon yield, entails that the quarks are asymptotic states in
butions that lead to a linear time dependence in the yield. Inhe infinite past and the photon cloud was built up during the
this manner, all constant contributions, such as that of thevolution of these asymptotic states frap> — up to the
photon cloud, as well as those that grow slower than linear icollision time. However, this assumption does not corre-
time, are neglected. This can also be summarized with thepond to the actual QGP physics.
statement that in the asymptotic long time limit, the yield is  Before the collision, quarks and gluons must be described
independent of the initial conditions. This statement requiress partons confined inside the nuclei and in terms of their
that the strong interaction states are in thermal equilibriundistribution functions. Associated with the charged partons
from the initial timet;— —. As discussed above, this does there is a photon cloud with a distribution function that de-
not apply to a QGP produced from a collision and thermali-pends on the charged parton distribution function in the
zed at~1 fm/c afterthe collision with a finite lifetime of a nuclei.
few fm/c. What happens to this photon cloud during and after the
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FIG. 7. Positive frequency contribution théqcp(t) (left pane) and & (t) (right pane) vst—t, for T=0.3 GeV.

collision? Obviously this question is very difficult to addressbatic Mdler wave operator. Define the Mer wave operator
guantitatively, however the following are some possibilities
[32].

(i) The photon cloud is shaken-off by the collision result- 0
ing in a flash of photons during the preequilibrium stage. UE(O,—oo):Texr{—if
These photons have a different origin from those being emit-
ted from parton-parton annihilation or bremsstrahlung dis-
cussed in Ref.24]. If the photon cloud is shaken off after the whereH,(t) is the interaction Hamiltonian in the interaction
collision, it will form again during the time between the col- picture of H,. The Gell-Mann-Low theorem asserts that if

lision and the thermalization of the plasmdl fm/c because the statesn) are eigenstates of the Hamiltonibfy, then the
of the electromagnetic interaction. states

(ii) The partons deconfine during the collision becoming
free and the photon cloud is not modified either by the de-
confinement or by the parton-parton rescattering that leads to ~
a thermalized Qé/P. P P ’ [M=U(0,~)[n), 52
Clearly which of thesgor othe) possibilities describes
the actual physics of the collision cannot be assessed withre eigenstates of the full Hamiltonidh The Mdler wave
the current level of theoretical understanding. operator adiabatically dresses the noninteracting bare state to
The importance of these questions cannot be underestbe the full interacting dressed state during an infinite period
mated. If the lifetime of the QGP were truly infinite, the of time. If quarks and gluons were truly asymptotic states the
photon yield at long times would be insensitive to the initial process of scattering, thermalization and photon emission
conditions and the contribution to the total yield from the would indeed be consistent with the dressing of the bare
initial stage will be of O(1/t). However, given the short states from the infinite past. However, quarks and gluons are
lifetime of the QGP, the initial condition not only is impor- not asymptotic states, furthermore the actual collision in-
tant but it bears an imprint in the spectrum. During the finitevolves bound states of quarks and gluons which are liberated
lifetime of the plasma there is no clear and unambiguousfter the nucleus-nucleus collision but the adiabatic hypoth-
separation between the photons produced at a constant ragsis is not suitable to describe the process of formation or
those that are produced at a slower rate and those that apeeak up of bound states. Namely, the adiabatic hypothesis
associated with the virtual photon cloud in tagymptotic ~ which is the basis of th&matrix approach is not suitable to
long time limit describe the dynamics of confinement and deconfinement.
Although a detailed understanding of these issues is lack- If partons are freed after the collision, the dressing pro-
ing, we can provide an approximate description that willcess has to take place during the preequilibrium stage either
model the essential ingredients. Thus, we now modify theeompletely, if in the process of the collision the partons shed
choice of the initial density matrix in order to account for a their virtual cloud, or partially if the virtual cloud of photons
period of electromagnetic dressing of the strong interactiorthat partons carried as bound states is also carried after the
eigenstates during the preequilibrium stage between the cotollision. This discussion brings to the fore the difficulty in
lision and the onset of thermalization. separating unambiguously the virtual cloud from the observ-
For this purpose, we now revisit the Gell-Mann-Low able photons during a finite lifetime, and manifestly makes
theorem([31] that obtains the exact eigenstates of the totaklear the inadequacy of th&matrix approach to describe
Hamiltonian from the free fieléh states in terms of the adia- any physical process in a QGP of a finite lifetime.

ef‘H,(t)dt}, (5.0
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Given that there is no current understanding of these is- dNT(t) 1 +odw
sues, we now provide an approximate description of the = —ImII{(k,w)n(w)
dressing between the time of collision and the onset of local d*xdk  (2m)%kJ) = 27
thermodynamic equilibrium. 5

For this purpose, we define the interaction pict(réth < 1 + 2l
respect tdH,) quasiadiabatic interpolating statag to low- I'’+(0—k)? T?+(w—k)?

est order in the electromagnetic coupling as
><1—cos(w—k)(t—t0)

(0—k)?
t
Inq;7>=[l—ifiem‘°)H|<t)dt+O(ez)}lnq>®|07>- 2r  sino—kt-ty)|
(5.3 * '+ (w—k)? (0—=k) ©9

The physical interpretation of these states is that the electrorhe expression Eq5.5) clearly coincides with Eqi4.10 in
magnetic interaction dresses the eigenstdiigduring a time  the I’ — -+ limit. In the opposite limitC —0" it becomes
scalel’ 1. A natural time scale to describe the preequilibrum
stage, between the collision and termalization is about

1 fm/c. Ipytio == —

These states interpolate between the ekastates when dv = ! Im I+(k,0=k) (t—t;)
I'—0" and the eigenstates bf, for I'— + . We note that dxdk (2m)% eT—1
these are entangled states in the sense that they are not
simple tensor products of QCD and photon states, therefore n d_“’ Im (k. ) 1 ] (5.6)
these initial states are correlated. T eT-1 (w—k)?|’ '

We can now construct an initial density matrix at timge
in terms of these states that is reminiscent of a thermal de

= . . . + . .
sity matrix but in terms of the dressed stabs3), namely nl'hus, in the limitl' -0 the yield agrees with Eq4.12

when the initial timet, is taken to— and the photoproduc-

tion rate coincides with the result from tisematrix calcula-

tion, as it must be.

~T _ — BE . . Furthermore, using the identity E¢4.11), the long time
in(tg)=2, € PEnging; y){Ng; vl 54 . )

P|p( 0) nzq q| q 7>< q 7| (5.9 limit t—ty— +o¢ yields,

The interpretation of this initial density matrix is that the

QCD eigenstates have been dressed by the electromagneticdN' ()" °" ™" 1 [ImIIt(k,@=k) T 1
interaction on a time scale I1/which describes the time  y3yg3k (2m)3k ekT_q [t=to ]
between the collision and the onset of thermalization.

It is important to note that this initial density matritoes do ImII(k,) 1
not describe a state of thermal equilibrium under the strong T -1 (w—kK?| (5.7)

interactions because @oes notcommute withHqcp since

the quark electromagnetic current that enters in the definition

of the dressed states does not commute Wigp . SinceI' ! is the time scale between the collision and the
We highlight this important pointany initial density ma-  onset of thermalization, E5.7) coincides with thes-matrix

trix that includes the photon cloud, a result of the electro-calculation in the long time limit from the instant of the

magnetic interactiodoes nottommute withHqcp, hence it collision. Therefore, this initial preparation is a physically

cannot describe a state in thermodynamic equilibrium undeacceptable description insofar as it reproduces the asymptotic

the strong interactions. The only manner to construct an inilong time limit.

tial density matrixwith photons in the initial state and in We note that Eq(5.5) does not vanish dt=ty because of

thermal equilibrium under the strong interactions is for thisthe first term in the bracket, which is time independent. The

density matrix to be factorized into a tensor product of avalue of the photon yield5.5) att=t,, namely the contri-

density matrix of pure QCD and a density matrix of free bution determined by the first term in the bracket in Eq.

photons. The density matrix given by E@.1) is one such (5.5), can be interpreted as the total number of phot@es

(the simplest case. unit phase spag¢ecreated during the time scale *. These
Once the initial density matrix5.4) is specified, its time photons correspond to the virtual cloud as well as the observ-

evolution is completely determined by the full Hamiltonian able photons emitted during the preequilibrium stage. This is

and given by Eq(3.17). The evolution of the number opera- precisely the physics that the density matrix in terms of the

tor in time is therefore given by Eq3.18, which upon quasiadiabatic states is meant to describe.

inserting a complete set of eigenstatesHy leads to the This interpretation becomes clear in the linhit=0 in

following result: which case
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1 o 1 dNS() 1

= o 7' 8(w—Kk)+P +0(I). 3B 3

I'“+(w—k) (w— d°xd’k  (27)°k
(5.9

*dw
2 Jo - ImI+(K,w)n(w)

+ _ - _
The principal part leads to the divergences associated with X (T Lok t=t]+7 [0k 1)) (5.12

the virtual cloud and sincE ~! is the time scale of prepara-

tion, the term with the delta function gives the real photons dNY (1) 1 edew

produced during the time scale . S — ImTI(k,w)T [w,kt
We then subtract the time independent teffirst in the d3xd®k  (2m)%kJo ™

brackej in Eq. (5.5 (which does not contribute to the rate

We thus define a photon number that vanishes at the initial —tol, (5.13

time ty and that is independent of the initial photon cloud,

namely in terms of the functions
dNg(t 1 +edw IMmII+(K,» r r 1-co§(wFk)(t—t

35(3): 3f do w;( ) : 2 T (okitmto) = 2{F 103 >2< 0]

d°xd’k  (2m)°kJ-= ™ e'—1 TI“+(w—k) I'+(wxk) (w¥k)

r 1—cog (w—Kk)(t—to)]

siN(w+k)(t—tg)]
+ .

(w—k)? Tk (5.19
+S"{(w_k)(t_t°)] _ (5.9  The termdN$’(t)/d*xdk includes the vacuum contribution
o=k given by mo(w,k) in ImIl+(k,w). However, now this

vacuum contribution iginite but of orderI'?/k? thus leading
The ir_1terpretation of this definition is gleaned from the ex-ig g divergent number of photons which must be identified
pression with a vacuum contribution to the virtual cloud and must
therefore be subtracted.
The remaining term

Tvr
dN(t) —ftd CANT(tY) 510
t

dxadPk  Ji,  d3xdt'd3k’

with dN''(t)/d®xd3k given by Eq.(5.5). Thus, the subtracted d3xdk  (2m)%
number is obviously the photon yield between the time at

which the plasma is thermalizeg (after the collision and - _
the timet. Hence, this definition neglects the virtual photon Tmp(@l]T [okt=t], (519
cloud in the initial state and assumes that the observablg finite and only depends on the medium.

photons produced during the preequilibrium stage leave the  jengthy but straightforward analysis of the time average

plasma. _ _ _ (neglecting the oscillatory functiongields the following re-
The extra powers ob —k in the denominator in E(5.9) sult valid in the limitk>T.T

render the total yieldinite.

The subtraction of the time independent term in Ex5)
has accounted for the divergent contributions of the virtual 1 »dw ' 7op(w,K)+ 7 p(w,k)]
cloud of the vacuum and the medium, leavingrite result —

dNG2() 1 jwdw

0 7[7T2p(w,k)

for the time dependent yield. (2m)kJo ™ I+ (0+k)?
Therefore, this initial preparation and the subtraction of
the total photon number at the time of thermalization, pro- 10aemd(3) T3I?
vide a possible systematic framework to approximate the = 3274 K5 (5.16

physics of the initial state.

In order to assess thiinite) contribution of the virtual s terms that are exponentially suppressedseiT. Thus,

cloud, it proves convenient again to separate the positive anfhe total yield, and the energy radiated in photonsfaniée.
negative frequency contributions. We then obtain Figure 8 shows the vacuum subtracted term

dNO2(t)/d®xd%k for two values of the momentum for a
) ) range of parameters expected at RHIC.
dNs(t) — dNs () dNs(1) (5.11) Comparing Fig. 8 with Fig. 2 it becomes clear that the
d3xd*k  d3xd®k  d3xd®k oscillations in Fig. 8 are on much longer time scales, in
particular it can be gleaned from Fig. 8 that thkortest
with oscillation time scale is 0©(1/k) and that there are longer
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FIG. 8. The contribution of Eq5.15 for k=0.4 GeVk (left pane), k=3 GeV/c (right panel for I'=0.2 GeV; T=0.3 GeV.

time scales. While the results leading to Fig. 2 are sensitive (iii) The limit t—ty,— + o0 correctly reduces to the photon
to the cutoffs because the integrals diverge, leading to verproduction rate obtained from ti&matrix calculation.

rapid oscillations, the frequency integral in E§.19 is fi- (iv) The limit I'—0 also leads to th&matrix result for
nite and the integrand falls off fast. Hence, the oscillationghe rate. This is expected because-0 corresponds to an
are not sensitive to large frequencies and are on time scal@sfinitely long preparation stage, which implies an infinitely

which are of the order of the lifetime of the QGP. long time interval, for which theSmatrix calculation ap-
Thus, the contribution given by E¢5.15) is (i) finite and  plies.
leads to a finite photon number and enefgy,the real time (v) The initial preparation time scalg™ ! is aparameter

dynamics is on time scales of the order of the QGP, certainlyhat describes in an effective manner the time scale between
at least for Bsk=2-3 GeV/c. Therefore there i priori the collision and the onset of the QGP in LTE. It can be used
no reason to subtract this term from the yield and it must bes a fitting parameter for phenomenological purposes.
considered on equal footing as the contribution from Eq. Figure 9 displays the yield given by E¢.17 for several
(5.12. values of the initial preparation time scale for valuekgf

Thus, the final expression for the photon yield with initial for which the HTL approximation is valid. As mentioned
preparation on a time scalgé~! and after subtracting the before, the HTL approximation gives the leading contribu-
virtual cloud and the preequilibrium yield is given by tion for k<T and does not depend on the vacuum contribu-

tion.
The valuesI’=0.2 GeV correspond to a time scale of

dNg(t) 1 *dw . =
e (277)3ka 7{Im (K, 0)n(w)7 [,k t—tg] < K=0.1Gev e
T=0.5 Gev
+[ImII+(K,w)[1+n(w)] 0.04 7 =0.2 Gev

—ImT(k,o;T=0)]7 [wkt—to]}, (5.17

0.03

where7-[ w,k,t—to] are given by Eq(5.14). This expres- _ Cev
sion is one of thanainresults of this study. 0.02 1 '
While we obtained this expression based on the analysis
of the lowest order contribution, we advocate E§.17) to
lowest order inae,, andall ordersin a4 as aneffectivede- 0.01
scription of the photoproduction yield during a finite time
interval. This expression includes the initial state preparation
and has the following important properties: 0.00 ‘ ‘ ‘ ‘ ‘
(i) The divergences associated with the virtual photon ° 2 ¢ ®
cloud both in the vacuum and in the medium, as well as the
photons produced during the initial stage prior to thermali- FIG. 9. Comparison between the real time yield with initial
zation are subtracted. preparation given by Eq5.17) for k=0.1 GeVT=0.5 GeV as a
(ii) The total yield as well as the energy are finite. function oft—t, (in fm/c) in the HTL approximation Eq(4.17).

10
t-t, (fmic)
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FIG. 10. Comparison between the real time yiBlg(t) with initial preparation given by Eq$5.17) with I'=0.2 GeV; T=0.3 GeV and
the Smatrix yield as a function of—t, (in fm/c) for k=0.4 GeV(left pane) andk=3 GeV (right panel.

about 1 fmt which describes the time scale between thethat for I'~0.2 GeV, k.,~2.7—-3 GeV/c resulting in a

collision and the onset of a thermalized QGP. It is clear frommarked flattening of the spectrum. We also find numerically

the figure that change in the yield is rather minor for long-thatk. decreases upon increasifig The power law domi-

wavelength photons even in the case of an extremely lonfance is a telltale of the contribution of the term in the real

preparation time scale. Thus fée<T the real time yield fime yield Eq.(5.17) that does not feature a Bose-Einstein

from the lowest order Qf, @) is of the same order as the distribution function which leads to an exponential suppres-
em*ts

Smatrix yield during the lifetime of the QGP and is rather sion. As discussed above, th's power law Ieads_ to a f|_n|te
insensitive to the preparation time scale. number of photons and a radiated energy. In the infinite time

Figure 10 shows the comparison between the real tim!imit Fhe contributipr_] tha}t Igads to this power_law WO-U|d be

. ) o fdentified with thefinite distribution of photons in the virtual
yield with the ful one-qup photon polarlz_atlorﬁEqs. cloud, but as analyzed and discussed in detail above, during
(4.20—(4.23] and theSmatrix yield as a function of time  ho finite lifetime this term cannot be separated from the
for a preparation time scale 1 fm/for k=0.4,3 GeVI  iher contributions and enters in the yield on the same foot-
=0.3 GeV. Comparing the right panel of Fig. 10 to the casqng.

I'= displayed in Fig. 4 we see that they are qualitatively Thus, the power law spectrum at large momentum is a
similar, with the quantitative difference in the overall scale.hallmark of the processes that contribute during the finite
However, it is clear from these figures that the yield from thelifetime of the QGP and that cannot be captured by the
real time calculation from processes that do not contribute t& -matrix approach.

the Smatrix rate, is of the same order of or larger than the
yield obtained from thé&s-matrix expression during the life- . T=0.3 Gev
time of the QGP. 20077 K=3 Gev/c

To emphasize this point further for larger values of the
momentum, Fig. 11 displays the real time vyield f&r
=3 GeV/c; T=0.3 GeV for a wide range of the time scale  15x0°
for initial preparation.

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

Figure 12 shows the spectrum of photons produced during
the lifetime of the QGP expected at RHKE10 fm/c for a
preparation time scale of 1 fm/and T=0.3 GeV. The left
panel compares the real time a8dnatrix yields vsk. The =02
right panel displays the logarithm of the yield vs the loga-
rithm of the wave vector for the real time case only and
clearly displays the power law fall ofk™° for large mo-
menta >T,I') as predicted by Eq5.16. These figures
suggest a crossover from an exponential to a power law fall F|G. 11. Comparison between the real time yidlg(t) with
in the spectrum of the real time yield, the crossover occurinitial preparation given by Eqg¢5.17) for several values oF, for
ring at a valuek, which depends ofi. We find numerically k=3 GeVic; T=0.3 GeV.

—~
=
[
=
j
P4

1.0x10°% 4

5.0x10°
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FIG. 12. Comparison between the logarithms of the real time yiel,(kt) with initial preparation given by Eq95.9) with T’
=0.2 GeV and the&s-matrix yield InNgy(k,t) as a function ok (in GeV/c) for T=0.3 GeV.

We have also studied the eneligee Eqs(4.41), (4.42)], cloud. We highlighted that the finite lifetime of the transient
which results in expressions similar to those given by EqQQGP results in that the photon spectrum retains information
(4.49 but the positive and negative frequency contributionsof the initial state and pointed out the inherent ambiguities
are replaced by those in the subtracted yi®d 7. The nu-  associated with the separation of the virtual and observable
merical study of the energy reveals minor quantitativephotons during the short time scale between formation and
changes with respect to the results shown in Figs. 6 and fadronization.

The contributions of the terms which are not exponentially \yhijle the terms that yield divergences in the number of
suppressed_ by the Bose-Einstein distributio_n function begi’bhotons and energy from the virtual photon cloud of the
to become important when the momentum is of orkier3  yacuum and in the medium can be identified, there is no
—4 GeVic at which point all contributions are very small. ;2 mphiguous manner to subtract these from the finite contri-
The momentum integrals that lead to the energies are domjy isns quring a finite lifetime. Within this choice of initial
nated by momentas 1.5-2 GeVic for I'~0.2 Gev. Con- state, wedefinedthe yield subtracting the divergent contri-
seqqently, the rgs_u_lts for the energies from the 'n't"’?‘l qens'%utions associated with the virtual clouds but also finite, time
matrix with the initial stage preparation are very similar to . .
the results displayed in Figs. 6 and 7 with an overall Sma"dependent terms because thgre IS no unambiguous manner to
change in the scale. extra_ct these. The resulting yield clearly shows that there are
contributions from processes that cannot be captured by the
Smatrix approach, but that contribute to the direct photon
yield during the finite lifetime.

In this article we studied the direct photon production In particular, within the assumption of no initial photons,
from a QGP in local thermodynamic equilibrium during a our study revealed that even after subtracting finite contribu-
finite lifetime. After discussing the shortcomings of the usualtions, the yield from lowest order processes is of the same
approach based on tl&matrix calculation of the emission order ofor larger than those obtained in tH&matrix calcu-
rate, we focused on describing photon production directlylations.
from the real time evolution of an initial density matrix. We then provided an effective description of the prepara-

The main premise of this study is that there are processeson of the initial state by constructing the initial density
that contribute to the direct photon yield during the finite matrix of a thermalized QGP in terms of quasiadiabatic states
lifetime of the QGP but that aneot captured by th&matrix ~ obtained by electromagnetic dressing the QCD eigenstates
approach. We highlighted this point by restricting our studyover a time scal& ~1. This time scale describes in an effec-
to the lowest order contribution 0D(a.,) to the yield. tive manner the preequilibrium stage between the deconfine-
While this contribution is subleading in the asymptotic longment of partons and the onset of a thermalized QGP; it is
time limit (that is if the QGP were truly a stationary state of expected to be of the order of 1 fm/This quasiadiabatic
infinite lifetime) it does contribute to the yield during a finite initial condition on the density matrix allows to extract the
lifetime. (divergeni contribution from the virtual cloud built-up as

We began our study by first considering an initial densitywell as the observable photons emitted during the preequi-
matrix that describes a QGP in LTE with no photons in thelibrium stage. The main result of this analysis is Es.17)
initial state, compatible with all of the assumptions in thewhich provides an effective but systematic formulation of
literature that lead to th&matrix calculations of the emis- direct photon production from a QGP in local thermal equi-
sion rate. This study revealed the important aspect of thé&brium directly in real time. There are many advantages of
dynamics of formation and build-up of the virtual photon this formulation over the usu&matrix approachfi) it does

VI. CONCLUSIONS, DISCUSSIONS AND IMPLICATIONS
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not suffer from the caveats associated with 8atrix ap-  elliptic flow parameterv,(py) [14,23 reveal large depar-
proach described in Sec. I(ii) it describes photon produc- tures from hydrodynamicé+pQCD) which relies on a QGP
tion in real time as an initial value problem, consistently within LTE for pr>2 GeV/c. In the region of momentum up to
hydrodynamicg20]; and(iii) it includes a description of the —2 GeV/c the real time yield is almost indistinguishable
initial state in an effective manner in terms of the parametefrom an exponential fall off, but begins to flatten towards the
I' which is associated with the inverse of the time scalgyower law at about-3 GeVic. It is possible that the excess
between the collision and that of thermalization. of photons and the flattening of the spectra in the WA98 data

Thisis the time scale during which partons are almost fre 1 3) may be explained by the processes studied here and that
and parton-parton scattering brings the deconfined partons iginate in the finite lifetime of a QGP.

a state of local thermodynamic equilibrium.

The final expression for the real time photon yield given
by Eq.(5.17 has several important properties:

(i) It reproduces the result of ttfematrix result in the two Our study indicates that direct photons from a QGP in
limits in which it must be equivalent: the-t,— + and the  LTE may not be a clean signature of the formation and evo-
I'—0 limits. Both limits actually refer to a QGP of infinite |ution of the plasma as originally envisaged. The short tran-
lifetime, for which theS:matrix calculation applies. sient nature of the QGP entails that the spectrum carries in-

(ii) It allows to separate the divergent contributions fromformation on the initial, preequilibrium stage. However the
the vacuum as well as the in-medium virtual cloud, alongelectromagnetic properties of the initial state are largely un-
with the observable photons produced during the preequilibknown. The current estimates of thate extracted from
rium stage. Therefore this expression leads to a finite photog matrix calculations, which assume the existence of
yield and a total finite radiated energy. asymptotic states, and infinite QGP lifetime are not com-

(iii) This description parametrizes the initial state in termspjetely reliable, in particular, these are based on a weak cou-
of a time scald” "%, which is a phenomenological parameter. pling expansion in terms ofrg but at the energy density
Namely it provides an effective description of the physicsconjectured to be achieved at RHI&~0.24. Hence the
between the time at which nucleus-nucleus collision reSU'téstimates based on tl&ematrix yield are at best qualitative.
in deconfined quarks and gluons and the time at which guring the finite lifetime of the QGP, processes that are com-
QGP in LTE emerges. pletely neglected by th&matrix approach give contribu-
tions to the yield that are of the same order as those of the
equilibrium calculations, or even larger at large momenta,
since the spectrum from the real time description features a

The main results of this study point out that during thepower law fall off ~k > versus the exponential fall off of
finite lifetime of a QGP in LTE expected at RHIC or LHC the equilibrium yield.
there are processes that contribute to the yield that are not Thus, in order to provide a phenomenologically reliable
captured by the usuabmatrix approach. While we have estimate the following questions would need to be addressed:
focused on the lowest order such term, there are already (i) What actually happens to the virtual cloud of photons
many important consequences of phenomenological relafter the collision? Are the virtual photons in the nuclei
evance: shaken off and if so does this result in a flash of photons

(i) The correct direct photon yield is actualgrger than  during preequilibrium?
that calculated with th&matrix approach. This is a conse- (i) The real time yield is sensitive to the structure of the
quence of the processes that contribute even at lowest ordgghoton polarization fow+ k. What is the full expression of
and also processes missed by 8matrix that arise from the the imaginary part of the photon polarization up to
region ofw#k in the imaginary part of the photon polariza- O(aemasin(l/ag))?
tion. Thus, the correct photon yield will be larger than the (i) What is the range in moment&() for which emis-
current estimates. A reliable estimate of the correction callsion from a hydrodynamically expanding QGP is reliable? If
for a recalculation of the imaginary part of the photon polar-the data on elliptic flow for charged particles are extrapolated
ization for allw#k up to O(a¢In(1/ag)). Such calculation is to photons(and in principle there is no reason to assume

B. More questions

A. Phenomenological consequences

currently not available. otherwise then the local equilibrium description may only
(it) An important telltale of the processes that contributebe valid up tok;~2 GeV/c.
to the yield during a finite lifetime is power lawspectrum (iv) We have discussed above that the terms that are iden-

of the yield of the formk™>. The coefficient of the power tified with the virtual photon cloud in the medium asymptoti-
law bears information on the temperature as well as the timeally at long time are actually providindynamicalinforma-
scale for thermalizatioff ! of the plasma. This telltale is in tion on the formation of thejuasiparticlein the medium.
striking contrast with thesmatrix yield which features an This is an aspect that has not been explored before; the for-
exponential fall-off. Depending on the value of the time scalemation of a quasiparticle in the medium doest require

I'"! this power law sets in fork,=3 GeV/c with k.  scattering and is to lowest order is independent of the mean
~3 GeV/c for I'"1~1 fm/c. While this power law spec- free path. This can be understood simply from the fact that
trum may be an important signature, it sets in for a region othe HTL approximation does lead to a plasmon quasiparticle
momenta in which a description of the QGP in LTE may but without collisional damping. Namely, th@ransversg
break down. As mentioned above, the current data on thplasmon is a consequence of Landau damping and not of any
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on-shell scattering process associated with a collisionalvork was carried out. H.J.d.V. thanks the Department of
width or a mean free path. As the produced photon traversgdhysics and Astronomy at Pitt for their warm hospitality.
the medium it must necessarily carry with it a polarization of

the medium that dresses the photon into a quasiparticle. ~ APPENDIX: PHOTON POLARIZATION TENSOR

What happens to this induced polarization once the plasma

hadronizes? Is the virtual photon cloud of the QGP released The retarded photon polarization tensor is given by

in a flash during the hadronization transition? If so a power . ()Z—)Z’ t—t')

fall off ~k ™3 in the spectrum is an unavoidable consequence et

og the fg.rmation and later dissipation of the virtual cloud in = —iez([Ji(f,t),Jj(i’,t’)])@(t—t’). (A1)
the medium.

(v) We have studied the consequences of the finite lifelntroducing a complete set of simultaneous eigenstates of
time to lowest order in the perturbative expansion correHgcp and the total momentum operatér following the
sponding to the one loop polarization. However ffT,  steps described in Sec. IV A above, we find
between 1 and 3, lattice data clearly show that the quark- R R
gluon plasma is not free or weakly interacting. Thus the next (Ji(x,1)J;(x",t"))
step in the program will consider self-energy and vertex cor-
rections mediat_ed by gluons, namely to higher or_dea_;n _ :f ddewe—irS-(i—i’)+iw(t—t’)aﬁ(5,w),

The strategy will be to compute the photon polarization in-

cluding higher order corrections iag and input its imagi- (A2)
nary part in the final equatiofb.17). We expect to report on

this study soon. (J;(x" )3 (X,1))

(vi) As we discussed above in Sec.($ee the discussion
under “caveats) the elliptic flow data suggest that the hy- :f d*pdwe- ip- (=X ) +iw(t—t') <(p ),
drodynamic description is not valid fétransversemomenta
kt>2 GeV/c. Thus the assumption of LTE upon which all
calculations of direct photon production from a QGP hinge,
including the real time formulation studied in this article, whereo”(p ) is given by Eq.(4.5) and
will not be warranted for large momenta. However, and per-
haps more importantly, at large transverse momenta it is ex- _
pected that prompt photons produced during the preequilib- 7ii (p ®)= E e fEm mo(Ng|Jy (©, 0)/mg)(mg|J;( (0 0)[ng)
rium stage during the pQCD parton-parton scattering will "

(A3)

provide a large contribution to the total photon yield. Thus, X 83 (P—Ppn.+Pm ) w—E, +En )
as stated in Ref[9], the interpretation of the photon spec- e a a
trum for largek; cannot be unambiguous. The current under- :e/o’wa.i(f),w)_ (A%)

standing of prompt photon production during preequilibrium
is based on parton cascade calculatig¥ which invoke a

transport description and includes collisions via pQCD par-,
ton scattering cross sections. Such an approach implicitly
(and explicitly in the collision termrelies on anS-matrix

description of the parton-parton collisions and is thus subject
to a similar criticism described in Sec. Il above. Therefore a j d®p dp, |

Introducing the Fourier representation ©f(t—t’) we find
the photon polarization tensor to be given by

l_[ij ,ret()z_ )Z’ ,t—t’)

reliable estimate of the photon yield for large momenta re- 35 PO )glPolt =TT, (P, o),
quires understanding the dynamics beyond LTE and provid- (2m)> &m
ing a reliable estimate of prompt photons from the preequi- (A5)
librium stage.

The experimental importance of electromagnetic probes
of the QGP warrants a deeper study and assessment of these II;;, ret(p Po)=(27) f dw

guestions and in our view a reevaluation of the current the-

o (p,w)[1—eP*]

oretical status on hard probes. (AB)
Therefore the result,
ACKNOWLEDGMENTS
1ImII
The authors thank Yuri Dokshitzer for fruitful discussions (2m)° o] ~(p,po)= M_ (A7)

and suggestions. We thank E. Mottola, P. Aurenche, R. Baier, efPo—1

D. Schiff and B. Mueller for conversations during initial

stages of this work. D.B. thanks the NSF for partial suppori/Ve note that Inil;; .¢((p,po) is an odd function opg with
through grants PHY-9988720 and NSF-INT-9905954, andmII;;, ret(P,Po>0)>0 thereforeaIJ (p,po) >0 for all val-
acknowledges the hospitality of LPTHE where part of thisues ofpg.

065018-25



D. BOYANOVSKY AND H. J. de VEGA PHYSICAL REVIEW D68, 065018 (2003

[1] E.L. Feinberg, Nuovo Cimento Soc. ltal. Fis., 24A, 391 [17] C.Y. Wong, Phys. Rev. @8, 902(1993; M.G.H. Mostafa and

(1976; E. Shuryak, Phys. Lett78B, 150 (1978; B. Sinha, C.Y. Wong, ibid. 51, 2135(1995.
ibid. 128B, 91 (1983. [18] S. Sarkaret al, J. Phys. G22, 951 (1996.
[2] L.D. McLerran and T. Toimela, Phys. Rev. 81, 545(1985.  [19] D. Anchishkin, V. Khryapa, and V. Ruuskanen, “Thermal
[3] J.I. Kapusta, P. Lichard, and D. Seibert, Phys. Red4D2774 Dilepton Radiation from Finite Fireball,” hep-ph/0210346.
(1991); 47, 4171(1993. [20] D. Boyanovsky and H.J. de Vega, Phys. Rev58) 105019
[4] C. Gale and J.I. Kapusta, Nucl. Phya357, 65 (199)). (1999; D. Boyanovsky, H.J. de Vega, and S.-Y. Waliigid.
[5] R. Baier, H. Nakkagawa, A. Nigawa, and K. Redlich, Z. Phys. 61, 065006(2000; S.-Y. Wang, D. Boyanovsky, H.J. de Vega,
C 53, 433(1992. and D.-S. Leejbid. 62, 105026(2000; S.-Y. Wang and D.
[6] P.V. Ruuskanen, iParticle Production in Highly Excited Mat- ng?;gg;ky"b'd' 63, 051702R) (2001); Nucl. Phys.AG99,

ter, Vol. 303 of NATO Advanced Study Institute Series B:
Physics, edited by H.H. Gutbrod and J. Rafelghenum, New [22] J.-P. Blaizot and J.-Y. Ollitrault, iMQuark-Gluon Plasma ,1

York, 1992. . o .
' . edited by R.C. HwaWorld Scientific, Singapore, 1990
[7] P. Aurenche, F. Gelis, R. Kobes, and H. Zaraket, Phys. Rev. Dy g4 collaboration, C. Adleet al, Phys. Rev. Lett90, 032301

[21] J.D. Bjorken, Phys. Rev. R7, 140(1983.

58, 085003(1999. (2003,
[8] P. Arnold, G.D. Moore, and L.G. Yaffe, J. High Energy Phys. [54] p k. Srivastava and K. Geiger, Phys. Rev56, 1734(1998.
12,009 (2002. [25] J. Sollfrank, P. Huovinen, M. Kataja, P.V. Ruuskanen, M.
[9] T. Renk, Phys. Rev. €7, 064901(2003. Prakash, and R. Venugopalan, Phys. Re%5-392 (1997.
[10] J. Alam, S. Sarkar, T. Hatsuda, T.K. Nayak, and B. Sinha[26] D.K. Srivastava and B. Sinha, Phys. Rev. Lei8, 2421
Phys. Rev. 33, 021901(2001); J. Alam, S. Sarkar, P. Roy, T. (1994); Phys. Rev. B4, 034902(2001); D.K. Srivastava, Eur.
Hatsuda, and B. Sinha, Ann. Phyal.Y.) 286, 159 (2001). Phys. J. C10, 487 (1999.
[11] T. Peitzmann and M.H. Thoma, Phys. R&64, 175 (2002. [27] D. Boyanovsky and H.J. de Vega, “Dynamical Renormaliza-
[12] F.D. Steffen, nucl-th/9909035; F.D. Steffen and M. Thoma, tion Group Approach to Relaxation in Quantum Field Theory,”
Phys. Lett. B510, 98 (2002. Ann. Phys.(N.Y.) (to be publisheg hep-ph/0302055.
[13] WA98 Collaboration, M.M. Aggarwaét al, Phys. Rev. Lett. [28] E. Braaten and R.D. Pisarski, Nucl. Phy&337, 569 (1990;
85, 3595(2000; nucl-ex/0006007. B339 310(1990; R.D. Pisarski, Physica A58 146 (1989;
[14] P. Jacobs, “Measurements of High Density Matter at RHIC,” Phys. Rev. Lett.63, 1129 (1989; Nucl. Phys.A525, 175
talk presented at the 2002 Slac Summer Institute Topical Con-  (1991).
ference, hep-ex/0211031. [29] M. Le Bellac, Thermal Field Theory(Cambridge University
[15] K. Geiger, Phys. Re258 237(1999; X.-N. Wang,ibid. 280, Press, Cambridge, England, 1996
287 (1997). [30] F. Karsch, Z. Phys. 38, 147(1988.
[16] FOPI Collaboration, F. Ranegt al, Phys. Rev. Lett84, 1120 [31] M. Gell Mann and F. Low, Phys. Re®&4, 350 (195J.
(2000. [32] We thank Yuri Dokshitzer for discussions on these issues.

065018-26



