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Electromagnetic probes, such as photons and dileptons, play a key role in diagnosing
the initial temperature of the hot and dense quark-gluon plasma (QGP) matter created

in relativistic nuclear collisions at very high energies. This is due to their large mean
free path λ, which allows them to escape the medium without significant interactions.

Unlike hadronic particles, which experience multiple scatterings and are affected by

the evolving medium, electromagnetic probes carry undistorted information from the
initial stages of the expanding system. In this work an attempt has been made to revisit

the estimation of mean free paths of photons in QGP phase for a temperature range

predicted by hydrodynamics for heavy ion collisions at
√
sNN = 200 GeV at RHIC and√

sNN = 2.76 TeV at the LHC. The mean free paths have been estimated for a plasma

expanding via (1+1)D and (2+1)D hydrodynamical expansions. For the (1+1)D case,

photons with low energy (Eγ < 0.2 GeV) coming from a high temperature (> 250 MeV)
source are found to have shorter mean free path compared to the expansion scale of the
system; while the high energy photons have always larger mean free paths. A similar

qualitative nature of the mean free path has also been observed for a more realistic
(2+1)D hydrodynamic model calculations although the λ values are found to be larger

on a quantitative scale compared to the (1+1)D case.

Keywords: Mean free path; Relativistic Heavy Ion Collision; RHIC ; LHC; photon; elec-
tromagnetic radiations.

PACS numbers:

1. Introduction

The mean free path of photons in relativistic heavy ion collisions is expected to be

large compared to the size of the produced medium, enabling them to escape the hot

and dense matter with minimal interaction and thus serve as a valuable probe of the

initial temperature and other thermodynamic properties.1–4 The matter produced
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at RHIC and LHC encounter both quark gluon plasma and hadronic phases. It

is thus important to estimate the mean free paths of photons in both QGP and

hadronic media.

It is widely known that in such dense medium, photons have a high mean free

path due to their weak interactions. They do not to undergo multiple scatterings,

which allow them to carry information directly from their point of origin. The

mean free path depends on factors like the photon’s energy, the temperature, and

the density of the medium. High energy photons tend to have longer mean free paths

due to decreased scattering probabilities, making them even more direct probes of

early-stage collision dynamics.

Kapusta et. al.5 in 1991 have estimated the mean free paths of photons at various

energies from both quark gluon plasma and hadron gas at different temperatures

and found to be large. Based on the calculation they proposed that photons having

energy of about one-half to several GeV can be a good signal of the formation of a

quark-gluon plasma in high-energy collisions. That estimation gave an quantitative

idea of photon mean free paths which justified the use of photon and lepton pair

measurements as good probe of heavy ion collision to infer the initial temperature of

the produced system. The initial temperature in other words can justify or disprove

the formation of quark gluon plasma. During that time heavy ion experiments

were being carried out at CERN’s Super Proton Synchrotron (SPS) and BNL’s

Alternating Gradient Synchrotron(AGS) facilities. Later, heavy ion experiments at

RHIC and at the LHC provided significant evidences of the formation of quark

gluon plasma in those collisions.

In the mean time significant advancement has been made in hydrodynamic

model calculations which provides a reasonably well explanation of the bulk prop-

erties of the produced matter. No other calculations of the photon mean free path

have been made since that time. The calculation of rate of the photon production

which is an input to the estimation of mean free path has been modified significantly

in last couple of decades. The state-of-the-art complete leading order6 as well as

NLO rates of thermal photons production from QGP7 are available for quite some

time now. There has been advancement in the photon production from the hadronic

matter8 as well which includes the meson-meson and meson-baryon bremsstrahlung

[see Ref.2 and references therein for detail]. It is to be noted that Kapusta et. al.5

calculated the mean free path of photons ignoring the expansion of the matter.

Here in this work an attempt has been made to revisit the calculation with

expansion of the system and considering the rate of photon production upto leading

order in αs. The formalism for the calculation of mean free path has been discussed

in the next section. Then in Sec. 3 rate of photon production and hydrodynamics

model calculations have been discussed. Then results are shown in Sec. 4 and Sec. 5

summaries the work.
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2. Mean free path of photon in heavy ion collisions

The relaxation time for a static system can be calculated from the rate equation

as shown in.5 The solution to the rate equation with initial zero photon density, at

t = 0, can be written as

dn

d3p
=

dneq

d3p
(1− exp(−t/τ)) (1)

The equilibration time is

τ =
dneq/d3p

dR/d3p
(2)

For an expanding QGP we can write

τ =
dn/d3p

dR/d3p

= E
dn

d3p
/E

dR

d3p
(3)

Where, n is the number density of photons with momentum p at any temperature

T and EdR/d3p is the rate of production and described in the next section. The

mean free path λ = c× τ and c = 1 here.

3. Photon production and evolution of the system

In QGP, photon emissions are considered from Compton processes, q(q̄)g → q(q̄)γ,

annihilation processes qq̄ → gγ and bremsstrahlung processes gq → gqγ, qq → qqγ,

qqq̄ → qqγ and gqq̄ → gγ. The rate is given in6

dN

d4xd3p
= (

1

2π
)3A(p)(ln[T/mq(T )] +

1

2
ln(2E/T ) + Ctot(E/T )) (4)

Where, E = p for mass less photons.

Thermal mass m2
q = 4παsT

2/3, A(p) = 2αNc

∑
s q

2
s
m2

q(T )

E fD(E), s is active

quark flavors, Nc =3, qs is the fractional quark charges and f is the Fermi-Dirac

distribution function. Ctot(E/T ) is given by the following expression,

Ctot(E/T ) = C2→2(E/T ) + Cbrem(E/T ) + Caws(E/T )

Since all Ci(E/T ) contains non-trivial integrations, it is parametrised after numeri-

cal integration in9 The parametrisation of rate upto order αs
9 is used here. Au+Au

collisions at 200A GeV and Pb+Pb collisions at 2.76A TeV are considered for both

(1+1)D and (2+1)D ideal longitudinally boost invariant hydrodynamical model

evolution.10 The initial parameters for the hydrodynamic framework are tuned to

reproduce the experimental data for charged particle multiplicity and hadronic

spectra both at RHIC and LHC.11 A smooth initial density distribution has been

considered for the initial state in central collisions and net baryon density is consid-

ered to be negligible at both energies. A lattice based EOS is taken for the (2+1)D

model calculation with a transition temperature from QGP to hadronic phase of

about 170 MeV.12
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Fig. 1. Mean free path of photons versus temperature coming with different energies, from (1+1)

dimensional hydrodynamic calculation.

4. Results

The photon mean path λ from (1+1)D hydrodynamic calculation has been

shown in Fig. 1. The λ values are plotted as a function of temperature T at different

photon energies. The mean free path has been found to be extremely large around

the QGP hadronic transition temperature and it decreases towards the hot and

dense initial stage. A photon with larger energy results in significant enhancement

in the value of λ for a fixed temperature. The typical system size in Au+Au colli-

sions is expected to be of the order of 10–20 fm which is way too smaller than the

λ of the photons emitted with energy ≥ 0.2 GeV.

The results from a more realistic (2+1)D hydrodynamic model calculation at

200A GeV at RHIC has been shown in Fig. 2. The temperature dependent mean

free path values of the photons with energy rage 0.2 to 3 GeV in this case also shows

similar qualitative nature as observed for the earlier case od (1+1)D calculation.

However, the values of λ are estimated to be larger (about 20%) for the (2+1)D

case. The generic nature of the λ values are expected to be same even when initial

state fluctuation and viscosity are included in the hydrodynamic model calculation.
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Fig. 2. Mean free path of photons of different energies from expanding plasma from a (2+1)D

hydrodynamical model calculation using rates from.6,8

5. Summary and Conclusions

The photon mean free path λ has been estimated using state of the art QGP

photon rates and ideal hydrodynamical model framework in collisions of heavy ions

at relativistic energies. These calculations reveal that λ values are highly sensitive

to both the temperature of the medium and the energy of the emitted photons. The

results show that the photon mean free path is considerably larger than the size of

the system, allowing them to escape with minimal interaction. These results show

the importance of photons as reliable probes of the early thermal stages in heavy-

ion collisions, as they provide a direct signal from the QGP with little distortion.

However it is observed that photons from a high temperature phase coming with

very low energy, of the order of a few hundred MeV, may have shorter mean free

path compared to the expansion of the system.
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