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Bremsstrahlung from an equilibrating quark-gluon plasma
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The photon production rate from a chemically equilibrating quark-gluon plasma likely to be produced at
RHIC (BNL) and LHC (CERN) energies is estimated taking into account bremsstrahlung. The plasma is
assumed to be in local thermal equilibrium, but with a phase space distribution that deviates from the Fermi or
Bose distribution by space-time dependent factfiugacities. The photon spectrum is obtained by integrating
the photon rate over the space-time history of the plasma, adopting a boost invariant cylindrically symmetric
transverse expansion of the system with different nuclear profile functions. Initial conditions obtained from a
self-screened parton cascade calculation and, for comparison, from the HIJING model are used. Compared to
an equilibrated plasma at the same initial energy density, taken from the self-screened parton cascade, a
moderate suppression of the photon yield by a factor of 1 to 5 depending on the collision energy and the photon
momentum is observed. The individual contributions to the photon production, however, are completely
different in the both scenarios.

PACS numbgs): 12.38.Mh, 24.10.Nz, 25.75q

[. INTRODUCTION In the next section we present an estimate of the nonequi-
librium photon rates taking into account bremsstrahlung. In
In ultrarelativistic heavy ion collisions photons are emit- Sec. lll we summarize briefly our hydrodynamical descrip-
ted during the entire lifetime of the fireball. Since their meantion, before we will discuss our results in Sec. IV and draw
free path is large compared to the size of the fireps))  our conclusions in Sec. V.
energetic photons escape from it without any interaction.
Therefore photons with Iarge_ transverse momenta probg the || PHOTON PRODUCTION EROM QUARK-GLUON
early, hot stage of the collision and may serve as a direct PLASMA
signature for the quark-gluon plasni®GP formation at
RHIC and LHC[2]. In order to use photons as a probe for The production rate of energetic real photons in an equili-
the QGP, we have to predict the thermal spectrum from thérated QGP has been calculated using the hard thermal loop
QGP as well as from the hadronic phase. For this purpose w@giTL) resummation techniqyd.2,13. Here only the lowest
have to convolute the photon production rates from bothorder contributions, namely quark-antiquark annihilation and
phases with the space-time evolution of the fireball. Here w&Compton scatteringcorresponding to a one-loop polariza-
want to focus on a QGP phase possibly created at RHIC antion tensor containing a HTL resummed quark propagator in
LHC energies. Recent calculations of the photon productiorthe case of a soft quark momentynhas been taken into
rate from the QGP, taking into account bremsstrahlung, reaccount. An estimate for these contributions in chemical
sulted in a significantly larger rate compared to previous inhonequilibrium has been given by computing these rates
vestigations[3]. These rates have been implemented in drom the tree level scattering diagrams and using off-
hydrodynamical calculation assuming a local thermal andequilibrium distribution functions for the external quarks and
chemical equilibriuni4,5]. However, at RHIC and LHC the gluons[10]. For this purpose the equilibrium distributions
QGP phase is not expected to be in chemical equilibriumhave been multiplied by space-time dependent fugacity fac-
i.e., the phase space of quarks and gluons will probably beorsiy 4 describing the deviation from equilibrium according
undersaturated6—8]. Using nonequilibrium photon rates to Refs.[6,14]. Also the infrared cutoff in these rates given
without bremsstrahlung and generalizing the hydrodynamicaby the effective in-medium quark mass has been generalized
calculations to chemical nonequilibrium, the photon specto nonequilibrium. Neglecting Pauli blocking and Bose en-
trum from a chemically nonequilibrated QGP has been estihancement effects, which is justified since the average mo-
mated[9—11]. Due to the undersaturation in particular of the menta of the partons isT3in the baryon free QGP, the
quark component a suppression of the photon yield has bednllowing result for the rates due to Compton scattering and
observed[10]. In order to make up-to-date predictions for quark-antiquark annihilation has been obtaiped 1],
the thermal photon spectrum of a QGP at RHIC and LHC,
both competing effects of the enhanced photon rate consid- dN
ering bremsstrahlung and the reduction of the photon yield Y
due to the chemical nonequilibrium should be combined.  d*x d®p
This is the aim of the present investigation.
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and TABLE I. Initial conditions for the hydrodynamical expansion
phase in central collision of two gold nuclei at BNL RHIC and
dN, |*7 2aa CERN LHC energies from SSPC and HIJING models.
E—— = —AgA\gT?
d*x d°p am 7 Ti T; €
Energy (fmlc)  (Ge Ay A (GeV/fnr)
X 2 e?)e_E/T |n(—2)—1— ‘| SSPC
! Ke RHIC 0.25 0.668 0.34 0.064 61.4
(2 LHC 025 1.02 043  0.082 425
Here C=0.57725 ..., andk.=2m?, where the thermal HIJING
mass of the quarks in t,he non?aquiligr,ated medium is given RHIC, I 0.7 0.55 0.05 0.008 4.0
BHic,1 07 040 053 0.083 11.7
) drag )\q ) LHC, | 0.5 0.82 0.124 0.02 48.6
Me=—g (Mt % |T" 3  LHC, 1 05 072 0761 0118 176

Alternatively nonequilibrium rates can be calculated by gen- o . _
eralizing the HTL technique to quasistatic chemical nonequi@nd for the annihilation with scattering process
librium situations[15,16. In the case of the photon produc-

tion rate this more consistent, but also more elaborate, dN, |*7 2N.Cp 2 .3,
method leads to quantitatively very similar results as the sim- d*x dp - 3775 aas Ekq’L gkg)‘q
plification used abov§l5s]. aws

Recently Aurencheet al. [3] have shown that there are
additional contributions to the thermal photon rate at the X Z ef)ETeE/T(JT—JL)- )

same orderag coming from two-loop diagrams within the
HTL method. The corresponding physical processes ar _ .
bremsstrahlung and quark-antiquark annihilation, where thgkare the constantd;=4.45 andJ, =~ —4.26 for two flavors

quark (or antiquark scatters of a parton from the QGP. The ﬁeaf?i(tai:sa?;nabselzsqlglcl:lt% réurpéfltrr:cee tggrfgsgttiagrcli;nce on the
latter process becomes important especially for energetic g g ' y

photons as the rate is proportional B, whereas the rates only and the square of the effectizve quark mmﬁ_ S Ea.(3),
from bremsstrahlung, annihilation without rescattering, and®nd ©f the effective gluon masg; are proportional to the
Compton scattering are proportional &. Although the ~9luon fugacity, if the much smaller quark fugacity is ne-

Compton and annihilation contributions are enhanced in thg'€ctéd. It should be noted that in B§) the combination of
weak coupling limit by a logarithmic factor In(@4) com- the different parton fugacities appears in cubic power, in-

pared to the bremsstrahlung processes, the latter ones dorgi€@d of quadratically as for the other processes, due to the
nate for realistic values of the coupling constant by a factofact that this particular process involves three particles in the

of 5 or more[3,4]. Of course, the extrapolation of these €Ntrance channel.

perturbatively calculated rates to realistic values of the cou-
pling constant, for which we will use,=0.3 in the follow- [ll. HYDRODYNAMIC EXPANSION AND CHEMICAL

ing, is questionable. However, in view of the lack of other EQUILIBRATION

methods for calculating dynamical quantities such as produc-

. ) : To evaluate the thermal photon spectrum one has to con-
tion rates in thermal field theory so far, we assume that these o . . .

. . voJute these emission rates with the space time history of the
results can be used as a rough estimate at least in the case 0

; - : ; . expanding fireball out of chemical equilibrium. We do not
high energy photons&>T), in which we are interested. want to repeat here the calculations of the chemical evolution

For estimating the bremsstrahlung contributions to thgeOf the QGP by means of rate equatidé$and its implemen-

nonequilibrium rate we adopt the same approximations as 0 tion i .

) . tation in a hydrodynamical code, but refer the reader to Refs.
Egs.(1) and(2). This means that we start from the scattering 11,14, In tgis hy():llrodynamical model, which we are adopt-
diagrams corresponding to these processes and ascribe non-"_ = :

equilibrium distributions to the external partons in the en-"9 here, the transverse expansion of the QGP has been taken
" . into account.
trance channels. Restricting ourselves-tihannel diagrams,

which dominate because the exchanged gluon i/Shfand The esgenhal input needed are the njltlal condl'tlons for
S : : the fugacities and temperature at the time at which local
considering the different spin, color, and flavdi;& 2) fac-

tors. we find for the bremsstrahlund process thermal equilibrium is achieved. In order to take into account
’ gp the uncertainties in these initial conditions we consider vari-

dN. |89 on 4 3 ous possibilities predicted by two microscopic models for
E— 73 _ c5 F aas<_)\§+ _)\g)\q> ultrarelativistic heavy ion collisions, namely, SSPIZ7] and
dxdp| . 7 [ HIJING [8]. The initial conditions we are using here are

tabulated in Table I. The ones denoted(byare the original
2 efZ)TZeE/T(JT_JL)ln(Z) (4) HIJING predictions, while se(il) is obtained by multiplying
T

X
the original initial fugacities by a factor of 4 and by decreas-
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ing the initial temperature somewhat, in order to take into 1

account possible uncertainties in the model such as the ne- L 0(22,;';32,?)
glect of soft parton production from the color figldi1]. o\ e Tvgo-Loop;“
In addition to the different initial conditions, we also need \ L Tz,,;‘ff;';l,c“":’
Ann, with Scot.

a nuclear profile function for the fireball to solve the hydro-
dynamical equations numerically as matter distributions with
sharp edges are difficult to use in numerical simulat{dr&.
Another aim of our investigation is to study the dependence
of the photon spectra on different choices of the profile func-
tion. For this purpose we consider in the following two pro-
file functions. The first one is a Fermi-like profile function
[18]

dN/d’p,dy (GeV?)
o

10
1 RHIC (SSPC, Fermi)
- (Equilibrated)
Talr)= e —Rp/6 1’ ©®) 10'5 . . ) . . . S
1 15 2 25 3 36 4 45 5
wherer is the transverse coordinatR; is the transverse pr (GeV)

radius of the nucleus, andl is the surface thickness, which -1

has also been used in Rdfll]. The second one isthe ~ F One—Loop
wounded-nucleon profilgl9] given by -, (Com + Ann)
Y Two-Loop
— - s
a0 3 1 r2 @) % T (Ann. with gcol.)
alln)=75 B L N A <G A N T
2 Ry e 10
>
Since the initial conditions shown in Table | describe aver- g—_
ages over the transverse cross secbimff of the colliding % 10
nuclei in a central collision, one needs to modify them for ~
different nuclear profiles. This implies that the system will %
have higher initial energy density and fugacities using the 10
wounded-nucleon profiles, but also the preexistence of a den- RHIC (SSPC, Fermi)
sity gradient over the whole transverse area resulting in a (Equibroting)
faster onset of the transverse expansion throughout the 10 e
plasma volumé19]. 1 15 2 25 3 36 4 45 5

pr (GeV)

FIG. 1. Photon spectra from various processes at RHIC energies
In Fig. 1 we present the thermal photon production fromwith SSPC initial conditions and the Fermi-like profile function.
the quark phase as a function of its transverse momentum @he upper panel represents the fully equilibrated scenario, whereas
RHIC energies with SSPC initial conditions and the Fermi-the lower panel corresponds to the chemically equilibrating sce-
like profile function both in the equilibrium and equilibrating nario.
scenario, where we assumed the same initial energy densities

in both cases given in Table I. The initial temperature in the The contribution from different physica| processes dis-
equilibrium case corresponding t9=61.4 GeV/fn? is T{  cussed in the preceding section can easily be identified from
=0.429 GeV. Therefore there is an interplay in the photorFig. 1 itself. As expected from the equilibrium static rates,
production between the enhanced temperature and the rghe photon spectrum from the equilibrated QGRe upper
duced fugacities in the nonequilibrium. As a result the totalpanel of Fig. ] is dominated by the annihilation with scat-
photon yield is suppressed¢=1 GeV by a factor of 5 but  tering contribution. In the case of a chemically equilibrating
almost identical apr=5 GeV in the equilibrating compared plasma(lower panel of Fig. 1the most dominant contribu-

to the equilibrated scenario. Keeping, however, the initiation comes from the usual bremsstrahlung processes, even
temperature T;=0.668 GeV instead of the initial energy though the aws static equilibrium rate was higher by almost
density fixed leads to a strong reduction of the nonequilib-an order of magnitude. The reason is obvious as the rate for
rium compared to the equilibrium rate by oflew pt) to  the aws processes for an equilibrating plasma involves the
three(high p1) orders of magnitude. The strong suppressionparton fugacities to cubic powgEq. (5)] whereas the other

at highpr is due to the small fugacities in the early hot stage,processes are only quadratic in the fugacitigsgs.
from which the energetic photons are emitted mainly. Keep<1),(2),(4)], and the fugacities at RHIC are small for the en-
ing, however, the initial energy density fixed this effect istire lifetime of the plasma. At highep; the Compton and
counterbalanced by the higher initial temperature in the nonannihilation one-loop contributions even exceed clearly the
equilibrated case. aws contribution as energetic photons have their origin in the

IV. RESULTS

014902-3



MUNSHI G. MUSTAFA AND MARKUS H. THOMA PHYSICAL REVIEW C 62 014902

10 g temperature and fugacities are higher. The upper panel
E O('c‘f,,_, Loon shows the equilibrated scenario, whereas the lower panel ap-
AN T(vége;lgg%glm) plies to the equilibrating one. Now the usual bremsstrahlung
o 1 S Two—Lpog and the aws contribution originating from two-loop calcula-
S N\ e, Totgi " > tions are similar in the nonequilibrium case, whereas the
8 10-1'_ one-loop contribution is smaller at gk-. The reduced sup-
\; pression of the aws contribution compared to RHIC can be
1) s understood in the following way. The rate depends linearly
Nes ; -2 on the temperature and cubicly on the fugacities. In addition
o 0F the aws is also proportional to the energy of the photon. Now
~ E
v - with the passage of time the system expands, the temperature
© 10—5'_ falls and the chemical reactions pushes the system towards
E LHC (SSPC, Fermi) equilibrium causing the fugacities to increase, though at later
i (Equifibrated) time they decrease significantly caused by transverse expan-
o ) sion. Hence, there is a competition between the space-time
1 15 2 25 3 36 4 45 5 evolution of the temperature and the fugacities though they
Pr (GeV) are not exactly counterbalanced. Rather, the interplay of
these two quantities along with the photon energy depen-
10 g dence causes a reduced suppression of the aws contribution
E One-Loop compared to RHIC. The prompt p_hoton. producti¢®@] due
T%Tfo?;) to lowest order QCD(Born) and mcluswe photons_back-
& otgw T T(‘sae:lfsolaahlung) grqund photons fragmented off high- qqark jets will re-
% AN E— (A,.,,_,,,;.h&a.,) main buried under the thermal photon yield for gf+values
G % N considered here.
‘; 10 Comparing the photon spectra obtained with the
O wounded-nucleon profile we observe that the photon yield
o ) following from the Fermi-like profile is a little bit higher.
Q 10 This enhancement, which is always less than a factor of 2, is
z i caused by the fact that a Fermi-like profile associated with a
© o slower cooling implies a higher temperature.
10 ¢ In the following we present our results with HIJING ini-
f LHC (SSPC, Fermi) tial conditions. If we use the original prediction, i.e.,
-4 (Equifbroling) 3 HIJING-I, then the lifetime of the QGP phase is very small
10 =382 25 5 356 4 45 5 (less than 2 fne) for RHIC and 7.5 fmé for LHC [11]. Also
p (GeV) the matter will be very dilute due to the very small initial
T values of the fugacities at RHIC. Furthermore, for LHC only
FIG. 2. Same as Fig. 1 for LHC energies. the fluid beyond 4 fm from the center participates in flow.

Now for HIJING-II initial condition, the lifetime of the
early hot stage of the plasma, where the fugacities are verglasma increases substantially both for RHKE4 fm/c) and
small. It is also worthwhile to note that the SSPC modelLHC (~12fm/c). Also the initial fugacities differ by one
predicts a gluon dominated plasma implying larger contribu-order of magnitude for RHIC, and are reasonably higher for
tions from processes involving gluons in the entrance chantHC. For LHC the entire fluid will participate in the trans-
nel. verse flow since the lifetime is large and initially the system

The total thermal photon yield at RHIC dominates overwill approach equilibrium but then be driven away from it as
the prompt photon contributionf20] for pr<4.5 GeV. soon as the large transverse velocity gradient develops. Fig-
However, if only the Compton and annihilation contributions ure 3 exhibits the photon production from the equilibrating
are considerefil1] the prompt photons overshadow the ther-plasma with HIJING-I initial conditions and a Fermi-like
mal photon yield already beyor=3 GeV. Since the life nuclear profile both at RHICupper pangland LHC (lower
time of the plasma at RHIC is small, the photon yield is notpane) energies. Because of the low values of the fugacities
affected by flon{11]. during the entire lifetime of the plasnjal], the contribution

The corresponding results for LHC energies are shown iof the different processes as well as the total yield are
Fig. 2. Here the nonequilibrium rate is suppressed comparestrongly suppressed compared to the case using SSPC initial
to the equilibrium at the same initial energy densiff’{ conditions. In particular there is a huge suppression of the
=0.695 GeV by about a factor of 3 for all photon momenta aws contribution, depending cubicly on the fugacities, com-
and by one to two orders of magnitude in the case of thgared to the other processes at RHIC. Also at LHC the strong
same initial temperature. The photon yields from differentsuppression of the aws contribution at highis due to the
processes as well as the total yield are much larger than aery small initial fugacities as hight photons are mostly
RHIC as the lifetime of the plasma, likely to be created atemitted from the initial stages.

LHC energy, is expected to be much larger and the initial Finally the results for an equilibrating plasma with
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FIG. 3. Photon spectra for a chemically equilibrating plasma at

RHIC (upper pangland LHC(lower panel energies with HIJING-I FIG. 4. Same as Fig. 3 with HIJING-II initial conditions.
initial conditions and the Fermi-like profile function.

plasma, we estimated the nonequilibrium photon production
HIJING-II initial conditions are given in Flg 4. Since the rate in the fo”owing way: we S|mp|y assigned fugacity fac-
initial fugacities are an order of magnitude higher for RHIC tors, describing the deviation of the parton densities from
(upper pane| the contributions from each process, particu-chemical equilibrium, to the partons in the entrance channels
larly from the aws, are enhanced substantially compared tgf the matrix elements corresponding to the different pro-
HIJING-I. Since the initial fugacities are hlgher Compared tOCesses(annih“ation’ Compton scattering, bremsstramung’
SSPC but the initial temperature is smaller, there is a coungnnihilation with scattering In the case of the first two pro-
terbalance of these two effects, and the total photon produgesses this approach has to be shown to give quantitatively
tion for LHC (lower panel is almost the same as that using very similar results as the more elaborate HTL method ex-
SSPC initial conditionglower panel of Fig. 2 tended to chemical nonequilibriufd5]. Moreover, regard-
ing the uncertainties, such as the validity of perturbation
V. SUMMARY AND CONCLUSION theory and the initia}l cqndit'i(.)ns.in t'he. cqmputation of the
photon spectrum, this simplification is justified.

We have considered the photon production from a chemi- The photon spectra have been calculated from these rates
cally nonequilibrated QGP at RHIC and LHC energies. As aby using a hydrodynamical calculation, describing the space-
new aspect we have included bremsstrahlung processes. Ttime evolution of the QGP phase of the fireball, where we
photon production rate due to these processes has been chhve taken into account the transverse expansion of the fire-
culated recently using the HTL resummation technique byball. The initial conditions for the temperature and the

Aurencheet al. [3] in the case of a fully equilibrated QGP. fugacities have been taken from microscopic modsBSPC,
Instead of repeating this calculation in the nonequilibriumHIJING).
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We found that the photon yield is reduced by a factor of 1rium. The reason for this behavior is that the annihilation
to 5 depending on the collision energy and photon momenwith scattering process depends cubicly on the fugacities,
tum compared to the fully equilibrated plasma, assuming thevhich are very small at RHIC, whereas the other processes
same initial energy density taken from the SSPC model. Thisnly quadratically. At LHC energies, on the other hand,
moderate suppression is the result of the interplay betweewhere the fugacities are significantly larger, the annihilation
the small fugacities and the increased temperature in the nomvith scattering and the bremsstrahlung contributions are of
equilibrium compared to the equilibrium scenario. In generathe same order and exceed the one-loop contributions
the suppression is more pronounced for energetic photordearly.
coming from the highly dilute early stage. We have also investigated the dependence of our results

Assuming the same initial temperature the photon yieldon different initial conditions and the choice of the profile of
from the nonequilibrium QGP is reduced by one to threethe fireball. The photon yield can vary by more than an order
orders of magnitude. The reason for this large difference i®f magnitude, depending on the choice of the initial condi-
the reduction of the initial temperature for the equilibratedtions, while the dependence on the profile function is weak.
scenario assuming a fixed initial energy density. In ultrarela- Although in this investigation all important effects
tivistic heavy ion collisions assuming free flow the initial (bremsstrahlung, chemical nonequilibrium, transverse expan-
energy density is determined from the measured particlsion) known so far, are incorporated, there are still uncertain-
multiplicity, which is related to the collision enerd®l]. ties and open questions. For example, the applicability of
Therefore the assumption of a fixed initial energy densityperturbative methods and the role of higher order contribu-
instead of temperature appears to be more physical. tions is unknown. Also a consistent treatment of the chemi-

Although the total photon yield does not differ much in cal equilibration, the space-time evolution of the fireball, and
both scenarios, using the same initial energy density, itshe nonequilibrium photon rates within the framework of the
composition by the individual processes is completely differ-kinetic theory would be desirable.
ent. Whereas the contribution from the annihilation with
scattering process dominates the photon production over the
entire momentum range in equilibrium, in a chemically non-
equilibrated plasma it is suppressed at RHIC energies com- The authors are grateful to H. Zaraket for helpful discus-
pared to the bremsstrahlung contribution, which is nowsions concerning the extension of the bremsstrahlung rate to
dominating, and even to the one-lo@nnihilation, Compton nonequilibrium. This work was supported by BMBF, GSI
scattering contributions, which is the smallest in equilib- Darmstadt, DFG, and the Humboldt foundation.
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