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Abstract. A phase where quark and gluon are the relevant degrees of freedom is expected for
nuclear matter at energy density ǫ ≥ 1 GeV/fm3 and a temperature T > 160 MeV. A transient
state state of such a matter can be created by mean of ultra-relativistic heavy-ion collisions.
We briefly overview some main results on the properties of the quark-gluon plasma emphasizing
the necessity to develop a transport theory for quarks and gluons able to incorporate the main
developments in lattice QCD and perturbative QCD. First results show that Boltzmann-Vlasov
transport theory correctly predict the elliptic flow observed at both RHIC and LHC energies.

1. Introduction

The study of the fundamental theory of strong interactions, Quantum Chromo Dynamics (QCD),
under extreme conditions of temperature and density has been one of the most challenging
problems in physics during the last 20 years, capturing increasing experimental and theoretical
attention. There are several reasons underlying such a vivid interest. QCD is a quantum
field theory with an extremely rich dynamical content (asymptotic freedom, confinement, chiral
symmetry, nontrivial vacuum ...). Besides Heavy-Ion Collisions at ultrarelativistic energies
(
√

s > 10 AGeV) provide the unique possibility to create a transient state of matter at energy
densities and temperatures similar to those of the Universe in the first 10−6−10−5 s after the Big
Bang. Furthermore the most dramatic event during the first second was the quark-to-hadron
phase transition associated to a reduction in the number of degrees of freedom by about a factor
three [1]. Finally, in recent years the discovery of a duality between gauge and string theory has
led to the development of a new field of intense research [2].

In 1965 Hagedorn conjectured the existence of a limiting temperature Tc ∼ 160 MeV for
the hadronic system due to an envisaged exponential increase of the density of hadronic states.
The existence of a matter made by quark in a deconfined state was suggested for the first time
in 1975 by Cabibbo and Parisi [3] soon after the Nobel Prize paper on the the asymptotic
freedom of non-abelian gauge theory [4]. They pointed out that the so-called Hagedorn limiting
temperature was associated to a divergency in the hadronic gas partition function and hence a
sign of a phase transition to quark matter. However first evidences of the possibility to realize by
mean of heavy-ion collision a transient state of such a matter came only in the 90′s thanks to the
SPS facility able to realize heavy-ion collisions up to

√
s = 17 AGeV. It was however only with

the RHIC project conducted at Brookhaven National Laboratory (BNL) that it was possible
to create a quark-gluon plasma (QGP) phase (expected at energy density ǫc > 1 GeV/fm3)
lasting for about 4-5 fm/c at a maximum initial temperature T ∼ 2Tc. A temperature and a
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duration time sufficiently long for strong interactions that have made possible to achieve several
discoveries about the properties of the QGP and its hadronization [5, 6].

The present knowledge about the properties of the QGP is mainly based on three
complementary sources: QCD calculations on the lattice (lQCD) and in the perturbative
regime (pQCD), theoretical and phenomenological models, empirical information from heavy-
ion experiments. The lQCD computations have clearly shown that a phase transition at energy
density ǫc ∼ 1 GeV/fm3 and a temperature Tc ∼ 160 MeV occurs being most likely a cross
over in the case of realistic quark masses. Furthermore the energy density and entropy density
reach about 80% of their ideal gas limit value already relatively close to the critical temperature
Tc, but then the full value is reached only for asymptotically large temperatures. Even more
interestingly a large deviation from a non-interacting gas behavior is found in the large trace
anomaly T µ

µ = ǫ − 3P up to T ∼ 2Tc indicating a system far from a mere gas of quarks and
gluons and hinting to a strongly interacting one. The development of pQCD calculations at high
temperature has shown a slow convergency with both temperature and mass of the quarks. It
is necessary to go to temperature T > 3− 4Tc [7] or at masses larger than mc ∼ 1.3 GeV [8] to
have a higher order pQCD scheme applicable.

Our focus in these Proceedings is on the phenomenological models and in particular on the
development of a tansport theory for quarks and gluons able to embed the information coming
from lQCD and pQCD from one hand and to provide a tool for a direct comparison with the
experimental observables on the other hand.

2. Main results at RHIC

The theorethical and experimental efforts around RHIC in the last decade has allowed a first
important breakthrough in the knowledge of the properties of the QGP at least up to T ∼ 2Tc.
It became soon quite clear that a new state of matter has been created and there are several novel
discoveries and results. We will discuss some of them focusing on two main type of observables
that has allowed a first survey of the QGP. A first observable is called nuclear modification
factor and provides a measure of the modification of the hadrons momentum spectra in ion-ion
(AA) collisions respect to the pp collisions through the ratio of the respective spectra rescaled
by the number of collisions Ncoll according to a geometrical Glauber model:

RAA(pT ) =
d2NAA/d2pT

Ncoll d2NNN/d2pT
(1)

It is clear that RAA = 1 means that AA collisions are merely a superposition of nucleon-nucleon
collisions. First observations at RHIC and more recently at LHC have shown RAA(pT ) ∼ 0.2
for most central collisions (see figure 2 for the case of heavy quars) corresponding to a strong
interaction of the partons initially created as one could expect if a QGP plasma fireball has been
really created.

The other main observables that allow to characterize several properties of the QGP medium
is the elliptic flow. Its origin is the initial space eccentricity of the QGP coming from the non-

central overlapping of the colliding ions, quantified by ǫ =
〈

y2−x2

y2+x2

〉

. Due to the pressure gradients

of the QGP such a space eccentricity is converted into an unisotropic momentum distribution
respect to the azimutal angle φp that can be expressed by mean of a Fourier expansion:

fq(pT , φp) = fq(pt)(1 + 2
∑

n

vn cos(n φp)) (2)

where the first coefficient (v1) is vanishing on the average to the space symmetry of the system
while the second term v2 namely the elliptic flow is the dominant one. Both at RHIC and LHC
values of v2 up to about 0.25 has been observed, see figure 1 which means that in the φp = 0
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direction the abundancy of hadrons can be about 3 times larger than at φp = π/2. It is clear
that it is a strong effect carying information on both the EoS and the shear viscosity of the
QGP.

We now briefly focus on three main reslts of relevant to the study of the transport properties
of QGP and its hadronization:

• The QGP is a nearly perfect fluid with very low viscosity - The plasma created at
temperatures T ∼ 200 − 300 MeV and small baryon chemical potential exhibits a nearly
perfect fluid behavior in the bulk of the system, opposite to the asymptotic freedom
expectations. Such a statement is mainly corroborated by the observation of large
anisotropic flows that develop due to the initial anisotropy of the created fireball. Similarly
to what has been observed in the same years for ultra-cold trapped atoms [9] the elliptic flow
has values close to the ideal hydrodynamical predictions. A first estimate would suggest a
η/s ≤ 0.4 very close to the conjectured lower bound for supersymmetric gauge theories in
the infinite coupling limit [2] and to that suggested by quite general Quantum Mechanics
considerations [10]. It remains to be determined is the value of η/s of what could be
the most ideal fluid ever observed and in particular its microscopic origin. As for the
microscopic origin of the ideal fluid behavior, a possible explanation is the presence of
quark-antiquark resonances that are reminiscent of hadronic-like or gluonic states [8] or
could be a more subtle competition between electrically charged quasiparticles (quarks and
gluons) and magnetically charged ones (magnetic monopoles) [11]. Lattice results trying
to identify and isolate these objects and their contribution to thermodynamics are also
becoming available [12]. In the next Section we will describe more in detail the issue of the
QGP shear viscosity.

• Hadronization is modified respect to the vacuum one - The statement is justified by the
fact that the ratio of baryons to mesons is up to a factor of 4 larger than the one in pp
collision in an intermediate range of pT ∼ 2 − 6 GeV. The most convincing explanation of
this phenomena is that most of the hadrons come from a coalescence of the quarks in the
plasma [13, 14]. The basic idea is that instead of pop-up quarks from the vacuum as in the
standard fragmentation picture one can hadronize combining the quark of the medium. In
such a picture calling fq(p) the (anti-)quark distribution function, the spectra of the mesons
is given by two different mechanisms:

d2NH

d2pT
=

∫

Σ(1)
fq(p) ⊗ Dq→H(z) +

∫

Σ(nq)
fnq

q (p/nq) ⊗ ΦH(prel) (3)

The first term represent the standard fragmentation contribution while the second is the
coalescence one.The Σ(n) is the n-particle phase space, D(z) is the fragmentation function
giving the probability that a parton q will give an hadron H of momentum pH = z pq and
ΦH is the hadron wave function. It has been shown in several works that the fragmentation
dominates parametrically at high pT [15, 16, 13], but with the expected density and
temperature of the quark plasma there is a dominance quark coalescence up to pT ∼ 5 − 6
GeV. It is easy to understand that in a coalescence process the baryon can be produced
more abundantly respect to fragmentation, in fact the quarks are already present and in
particular because the distribution function at low pT are exponentials fq ∼ e−p/T therefore
the integrand in Eq.(3) is the same for baryons and mesons:

fnq

q ∼
[

e−p/nq T
]nq

= e−p/T

which means that baryons and mesons can be produced with the same probability apart
from wave function and finite quark mass effect and differneces in the degeneracy of
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Figure 1. (Color online) Left Panel: The ratio of p̄/π− (circles) and Λ/Ks (squares) in Au+Au
at 200 AGeV is shown as a function of pT and compared to the prediction of a coalescence model
(solid lines) [15]. Right Panel: elliptic flow in Au + Au at 200 AGeV for K and Λ compared to
a coalescence model prediction.

hadronic states. Therefore can account for the observed enhancement of the baryon over
meson ratio observed in the data and shown in figure 1 for proton/pions (squares) and
lambda/kaon (circles). The solid lines are the correspondent prediction of a coalescence
plus fragmentation model [14, 15, 17].
A coalescence mechanism brings with it another and even more peculiar feature that is
the scaling of the elliptic flow with the number of constituent quarks, a property firmly
observed at RHIC and more recently also at the LHC energy. The understanding of QNS
is straitfoward in the simplified version of collinear quarks coalescing with momenta pq/nq.
Eeach quark distribution can be written as fq(pT , φ) = fq(pT ) (1+2 v2q(pT ) cos(2φ)). Under
this approximation substituting in the second term of Eq.3 it can be easily shown that

v2M (pT ) = 2 v2(pT /2) v2B(pT ) = 3 v2(pT /3) → v2H(pT /nq) universal f low (4)

In figure 1 (right) it is shown how the coalescing scaling is able to predict for example the
Kaon and the Lambda v2(pT ) once the quark v2q(pT ) has been fixed fitting the pion v2.
There several other observable that appear to be consistent with a quark coalescence
mechanism like triggered angular correlation, charge fluctuations, RAA and v2 for heavy
meson with charm and bottom quarks.
Of course what it has been briefly describe is a quite simplified version of a realistic
coalescence models that has to include also the r−space coalescence, the possibility of
quarks with different momenta, the radial flow, the feedown from resonance decays, the
contribution from higher Fock states and so on. A review of this aspect of the QGP physics
can be found in Ref. [13, 14] microscopic scale is important and the specific mechanism of
hadronization can modify the observables from the partonic to the hadronic case.

• Heavy Quarks strongly interact with the medium - The trivial expectation was that due the
large mass respect to the plasma temperature, mQ >> T and a presumable pQCD behavior
due to the mQ >> ΛQCD their in medium interaction relatively weak and the relaxation
time of heavy quarks was much larger that the light quark one. Furthermore the main
mechanism responsible for the in-medium energy loss, the gluon brehmsstrahlung, should
be suppressed by a dead cone effect in the gluon radiation. Despite such pQCD expectation
the experimental data [18] revealed a a strong suppression of the spectra, small RAA, and
a quite large elliptic flow both nearly comparable with the light quark ones, see figure 2.
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Figure 2. (Color online) Left Panel: the nuclear modification factor (upper panel) and elliptic
flow (lower panel) of single electrons coming from D and B decay with/without (solid/dashed
lines) quark coalescence in Au-Au collisions compared to RHIC data [23]. Right Panel:
Imaginary part of the in-medium T -matrix for S−wave cq̄ and cq scattering in color-singlet
and antitriplet channels, respectively, at two different temperatures.

Models based on jet quenching or upscaled pQCD correction failed to explain the observed
RAA(pT ) and the v2(pT ) measured. Only a non-perturbative approach to the heavy quark
dynamics based on the solution of the T-matrix scattering under a potential derived from
lQCD has been capable of account for the data [19, 20]. The main ingredients are the
presence of a resonant scattering that leads to a peak in the imaginary part of the T-matrix
especially in the color singlet state and again the presence of a coalscence mechanism for
hadronization. In figure 2 it is shown by solid line the prediction of the T-matrix approach
while the dashed line show the result if one discard the coalescence mechanism and assume
an hadronization only by parton fragmentation. Predictions for at the LHC appears to be
also quite succesfull showing a fairly good agreement with eralier results from the ALICE
Collaboration [21, 22].

We have briefly discussed three main surprising and relevant discoveries at RHIC, of course
there are other several aspects that could be discussed as the evidence of a strong jet quenching
at high momenta, first possible signs of a Color Glass Condensate matter, the confirmation of
the enhancement of strangeness. We note that the main findings about the properties of the
Quark-Gluon Plasma both in the light and heavy quark sector ask for the development of a
transport theory of quarks and gluons, as we discuss more in detail in the next section.

3. Transport Theory for the Quark-Gluon Plasma

A first comparison with preliminary data has shown an agreement of both the pT spectra and
the elliptic flow of different hadrons with the prediction of ideal hydrodynamics [24]. This has
lead to the announcement of the creation of an almost ideal fluid. Nonetheless thanks to a
more accurate comparison it has been found that dissipative effects cannot be neglected and
even a small shear viscosity to entropy ratio η/s produce sizeable effect increasing with the
transverse momentum pT of the particles [25]. This has triggered a lot of activity in developing
a relativistic theory of viscous hydrodynamics. The basic idea is to add a dissipative part in the
energy momentum tensor by mean of a first order expansion in the space-momentum gradients:
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T µν = T µν
ideal + δT µν

NS = ǫ uµuν − P ∆µν + ηs(∇µuν + ∇νuµ − 2

3
∆µν∂αuα) (5)

where ∆µν ≡ gµν − uµuν , ∆µ ≡ ∆µν∂ν . However viscous corrections to ideal hydrodynamics
are indeed large and a simple relativistic extension at first order, the so-called Navier-Stokes,
is affected by causality and stability pathologies [26]. It is therefore necessary to go to second
order gradient expansion, and in particular the Israel-Stewart theory has been implemented to
simulate the RHIC collisions providing an upper bound for η/s ≤ 0.4 [27].

Such an approach, apart from the present limitation to 2+1D simulations, has the more
fundamental problem of a limited range of validity in η/s and in transverse momentum for
pT > 1.5 GeV. In this pT region viscous hydrodynamics breaks its validity because the
relative deviation of the equilibrium distribution function δf/feq increases probably with p2

T
becoming large already at pT ≥ 3T ∼ 1 GeV. In fact viscous terms have two main effects
one is the dissipative correction to the flow velocity uµ(x) and to the density and tempeature
evolution, the other is the non-equilibrium corrections to the distribution function f → feq +δf .
It has to be realize that however there is no biunivocal correspondence between the non-
equilibrium distribution and the non-equilibrium energy momentum tensor. Therefore the theory
of hydrodynamics cannot determine δf and an ansatz has to be choosen typically it used the
Grad’s ansatz:

δf

feq
=

δT µν

ǫ + P

pµpν

T 2
.

In this contest it appears important the development of a more complete transport theory
for quarks and gluons that would have a more wide range of validity recovering the limiting
case of hydrodynamics. This appears important not only for the issued of the viscosity of
the QGP but more in general also because a transport theory has also microscopic scale that
could result essential to treat consistenly the hadronization mechanism. Furthermore heavy
quark significantly deviates from a full thermalization and cannot be described by viscous
hydrodynamics while they can be self-constitently included in the transport theory and treated
on equal footing as the light ones.

We are therefore developing a relativistic Boltzmann-Vlasov transport theory for on-shell
particles [28, 29, 30]. Such a transport approach has the advantage to be a 3+1D approach
not based on a gradient expansion in viscosity that is valid also for large η/s and for out of
equilibrium momentum distribution allowing a reliable description also of the intermediate pT

range where the important property of quark number scaling (QNS) of v2(pT ) has been observed
[13].

Furthermore Boltzmann-Vlasov transport theory distinguishes between the short range
interaction associated to collisions and long range interaction associated to the field interaction,
responsible for the change of the Equation of State (EoS) respect to that of a free gas. This
last feature allows to unify two main ingredients that are relevant for the formation of collective
flow. In ideal hydrodynamics the v2(pT ) depends only on the EoS namely on the sound velocity
c2
s = dP/dǫ, while the mean free path λ is assumed to be vanishing. In the parton cascade

approach the EoS is fixed to be the one of a free gas c2
s = 1/3 = P/ǫ, while the mean free path

λ = 1/ρσ is finite. In the first stage of RHIC the two different approaches were able to account
for the large v2 observed; in particular the parton cascade with large scattering cross section
predicted the saturation of v2 vs pT [31]. Anyway once viscosity is finite both a finite λ and
the EoS are important for the generation of the momentum anisotropies and this is naturally
present in the Boltzmann-Vlasov transport approach.
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The basic equation of transport for the (anti-) quark phase-space distribution function f±

for the case of mean field interaction that generate massive quasi particles can be written as:

pµ∂µf±(x, p) + M(x)∂µM(x)∂µ
p f±(x, p) = C(x, p) (6)

where the first term is related to the free streaming, the second term represents the effect of a
scalar field modifying the ǫ = 3P relation (giving a finite interaction measure) and the last term
is the effect of the collisions directly associated to a finite λ and therefore to a finite η/s. The
collisions term if only two body collisions are considered can be written as:

C(x, p)=

∫

2

∫

1′

∫

2′

(f1′f2′ − f1f2)|M1′2′→12|2δ4(p1 + p2 − p′1 − p′2) (7)

where
∫

j =
∫

j d3pj/
[

(2π)3 2Ej
]

, M denotes the transition matrix for the elastic processes and
fj are the particle distribution functions.

The relevance of the transport equation for quasiparticles with a space-time dependent mass
resides in the success of quasi particles in describing correctly the behavior of energy density
and pressure of the QGP as computed in the lQCD approach.

3.1. Quasiparticle model

A successful way to account for non-perturbative dynamics is a quasi-particle approach, in which
the interaction is encoded in the quasi-particle masses.

The model is usually completed by introducing a finite bag pressure that can account for
further non-perturbative effects and could be directly linked to the gluon condensate at least in
the pure gauge case [32]. It is already well known that, in order to be able to describe the main
features of lattice QCD thermodynamics, a temperature-dependent mass has to be considered.
This also implies that the bag constant has to be temperature-dependent, in order to ensure
thermodynamic consistency.

The temperature-dependent effective mass for quarks and gluons can be evaluated in a
perturbative approach that suggests the following relations [33]:

m2
g =

1

6
g2

(

Nc +
1

2
nf

)

T 2 m2
u,d =

N2
c − 1

8Nc
g2 T 2 (8)

where nf is the number of flavors considered, Nc is the number of colors, mu,d is the mass of
the light quarks.

The coupling g is generally temperature-dependent. However, as mentioned in the
introduction, the calculation of such a T -dependence by means of perturbation theory does
not allow to have a good description of lattice QCD thermodynamics. Therefore, usually g(T )
is left as a function to be determined through the fit to lattice QCD data.

The pressure of the system can then be written as the sum of independent contributions
coming from the different constituents, which have a T -dependent effective mass, plus a bag
constant:

Pqp(mu,md, ..., T ) =
∑

i=u,d,g

di

∫

d3p

(2π)3
~p2

3Ei(p)
fi(p) − B(T ) , (9)

where fi(p) = [1 ∓ exp (βEi(p)]−1 are the Bose and Fermi distribution functions, with Ei(p) =
√

~p 2 + m2
i ; di = 2 × 2 × NC for quarks and di = 2 × (N2

C − 1) for gluons.
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Figure 3. (Color online) Left panel : Lattice data [34] for the pressure and trace anomaly as
functions of the temperature, together with the quasi-particle model curves. Right panel: quark
and gluon quasi-particle masses as functions of T/Tc [34, 35].

In order to have thermodynamic consistency, the following relationship has to be satisfied:

(

∂Pqp

∂mi

)

T,µ
= 0 , i = u, d, . . . , (10)

which gives rise to a set of equations of the form

∂B

∂mi
+ di

∫

d3p

(2π)3
mi

Ei
fi(Ei) = 0 . (11)

Only one of the above equations is independent, since the masses of the constituents all
depend on the coupling g through relationships of the form: mi(T, µ = 0) = αig(T )T ,
where αi are constants depending on Nc and Nf according to Eqs. (8). The energy density
of the system is then obtained from the pressure through the thermodynamic relationship
ǫ(T ) = TdP (T )/dT − P (T ) and will have the form

ǫqp(T ) =
∑

i

di

∫

d3p

(2π)3
Eifi(Ei) + B(mi(T )) =

∑

i

ǫi
kin(mi, T ) + B(mi(T )). (12)

In the model there are therefore two unknown functions, g(T ) and B(T ), but they are
not independent, they are related through the thermodynamic consistency relationship (10).
Therefore, only one function needs to be determined, which we do by imposing the condition:

ǫqp(T ) = ǫlattice(T ). (13)

We performed our fit to the lattice data for the energy density [34]; in figure 3 we show the
good agreement between our curves and lattice results for other quantities like pressure and
trace anomaly.

We notice that, at sufficiently high temperature, m ∼ T , as we can expect because T remains
the only scale of the problem. When we are approaching the phase transition, there is instead
a tendency to increase the correlation length of the interaction: the quasiparticle model tells us
that this can be described as a plasma of particles with larger masses. This essentially determines
the fall and rise behavior of m(T ) seen in all quasiparticle model fits to lattice data in SU(N)
gauge theories including the SU(3) case for QCD. We notice a quite smoother behavior of the
masses when the Wuppertal-Budapest lQCD are considered respect to older data of the HotQCD
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collaboration [35], indicating that the strength of such correlation is significantly reduced when
lattice simulations are performed at the physical quark masses and the continuum limit is taken.

The main point for our purposes here is the direct application of such a simple quasiparticle
model in the transport theory supplies the possibility to include the correct equation of state of
the QGP as computed in lattice QCD.

3.2. Transport at fixed shear viscosity

Our aim is to exploit the transport approach fixing the value of the η/s in order to make
possible a direct comparison to viscous hydrodinamic approach and more generally to have a
tool to directly estimate the viscosity of the plasma. To this end we do not calculate the cross
section from a microscopic model (which could very well be an impossible task) but determine
the local cross section σ in order to have the wanted local viscosity. Here we illustrate the
procedure for the simplest case of a massless gas for simplicity, the extension to the finite mass
case is easily achieved [36], In kinetic theory under ultra-relativistic conditions the shear viscosity
can be expressed as [10]: η = 4

15ρ〈p〉λ, with ρ the parton density, λ the mean free path and 〈p〉
the average momentum. Therefore considering that the entropy density for a massless gas is
s = ρ(4 − µ/T ), µ being the chemical potential or fugacity, we get:

η/s =
4

15

〈p〉
σtrρ(4 − µ/T )

(14)

where σtr is the transport cross section, i.e. the sin
2θ weighted cross section.

From Eq. (14) we see that assuming locally the thermal equilibrium this can be obtained
evaluating in each α cell the cross section according to:

σtr, α =
4

15

〈p〉α
ρα(4 − µα/T )

1

η/s
(15)

with 4πη/s set in the range 1−4. This approach is equivalent to have a total cross section of the
form σTot = K(ρ, T )σpQCD > σpQCD where K takes into account the non perturbative effects
responsible for that value of viscosity. This approach have been shown to recover the viscous
hydrodynamics evolution of the bulk system [26].

We notice that a guideline on the temperature and time dependence of the cross section

can be obtained considering the simple case of a free massless gas for which s = g 2π2

45 T 3, and
therefore neglecting µ in Eq. (15) one gets σtr ∼ T−2 for 4πη/s = 1. Furthermore a simple
Bjorken expansion which means T ∼ τ−1/3 gives σtr ∝ τ2/3 which is the approximate prescription
adopted in [21].In figure 4 it is shown σtr(τ) evaluated locally in space in a cylinder of radius 3
fm as a function of time for Au + Au at

√
s = 200 AGeV, we see on the left the approximate

τ2/3 and on the right the agreement with the estimated T−2 behavior.

4. First preliminary results

In our calculation the initial condition are longitudinal boost invariant with the initial parton
density dN/dη(b = 0) = 1250 at RHIC and dN/dη(b = 0) = 2250 at LHC. The partons are
initially distributed in coordinate space according to the Glauber model while in the momentum
space at RHIC (LHC) the partons with pT ≤ p0 = 2 GeV (pT ≤ p0 = 4 GeV) are distributed
according to a thermalized spectrum with a maximum temperature in the center of the fireball
of 2Tc (3.5Tc), while for pT > p0 we take the spectrum of non-quenched minijets according to
standard NLO-pQCD calculations. We also start our simulation at the time t0 = 0.6fm/c at
RHIC and t0 = 0.3fm/c at LHC.

In order to study the effect of the kinetic freezeout on the generation of the elliptic flow
we have performed two calculations one with a constant 4πη/s = 1 during all the evolution
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Figure 4. (Color online) Left: Time dependence of the cross section in a central region of
rapidity (|y| < 0.2) and transverse radius r < 3 fm. Right: Temperature dependence of the
cross section in the central region compared with the T−2 dependence.
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Figure 5. (Color online) Different temperature dependent parametrizations for η/s. The orange
area take into account the quasi-particle model predictions for η/s [35]. Right: Differential
elliptic flow v2(pT ) at mid rapidity for 20%−30% collision centrality. The red dashed line is the
calculation with 4πη/s = 1 during all the evolution of the fireball and without the freeze out
condition, while the black blue and green lines are calculations with the inclusion of the kinetic
freeze out and with 4πη/s = 1, 4πη/s ∝ T and 4πη/s ∝ T 2 in the QGP phase respectively as
shown in the left panel.

of the system (red dashed line of figure 5) the other (shown by black solid line in figure 5)
with 4πη/s = 1 in the QGP phase and an increasing η/s in the cross over region towards the
estimated value for hadronic matter 4πη/s ∼ 8. Such an increase allows for a smooth realistic
realization of the kinetic freeze-out. In figure 5 (right) it is shown the elliptic flow v2(pT ) at mid
rapidity for 20% − 30% centrality for both RHIC Au+Au at

√
s = 200 GeV and LHC Pb+Pb

at
√

s = 2.76 TeV. As we can see at RHIC energies, left panel of figure 5, the v2 is sensitive to
the hadronic phase and the effect of the freeze out is to reduce the v2 of about of 20%, from red
dashed line to black solid line in left panel of figure 5 (see also figure 6. For the pT range shown
we get a good agreement with the experimental data for a minimal viscosity η/s ≈ 1/(4π) once
the f.o. condition is included. At LHC energies, right panel of figure 5, the scenario is different,
we have that the v2 is less sensitive to the increase of η/s at low temperature in the hadronic
phase. The effect of large η/s in the hadronic phase is to reduce the v2 by less than 5% as
shown by the solid line for LHC in figure 6 while the RHIC case is shown by red dashed line and
compared to the case at 4πη/s = 2 but without the f.o. dynamics. This different behaviour of
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Figure 6. (Color online) The ratio between the elliptic flow v2(pT ) developed when the increase
of η/s in the hadronic phase is included realizing a kinetic freeze-out (f.o.), see figure 5 and the
maximal v2(pT ) obtained discarding the freeze-out. Results are shown for Au+Au at

√
s = 200

AGeV (RHIC) and Pb + Pb at
√

s = 2.75 ATeV (LHC) in minimum bias centrality.

v2 between RHIC and LHC energies can be explained looking at the life time of the fireball. In
fact at RHIC energies the life time of the fireball is smaller than that at LHC energies, 5fm/c
at RHIC against the about 10fm/c at LHC. Therefore at RHIC the elliptic flow has not enough
time to fully develop in the QGP phase. While at LHC we have that the v2 can develop almost
completely in the QGP phase.

Due to this large life time of the fireball at LHC and the larger initial temperature is
interesting to study the effect of a temperature dependence in η/s. In the QGP phase η/s
is expected to have a minimum of η/s ≈ (4π)−1 close to TC as suggested by lQCD calculation.
While at high temperature quasi-particle models (see previous Section) seems to suggest a
temperature dependence of the form η/s ∼ Tα with α ≈ 1 − 1.5 [35]. To analyze these possible
scenarios for η/s in the QGP phase we have considered two different situation one with a linear
dependence 4πη/s = T/T0 = (ǫ/ǫ0)

1/4 (blue line) and the other one with a quadratic dependence
4πη/s = (T/T0)

2 = (ǫ/ǫ0)
1/2 (green line) where ǫ0 = 1.7 GeV/fm3 is the energy density at the

beginning of the cross over regions where the η/s has its minimum, see figure 5.
At RHIC energies the v2 is essentially not sensitive to the dependence of η/s on temperature

in the QGP phase, see the blu and green lines in the left panel of figure 5. However the effect
on average is to decrease the value of v2 but at low pT < 1.5 GeV the v2(pT ) appears to be
insensitive to η/s(T ) while a quite mild dependence appears at higher pT where however the
transport approach tends always to overpredicted the elliptic flow observed experimentally. In
any case still a strong temperature dependence in η/s has a small effect on the generation of
v2 we found that with a constant or at most linearly dependent η/s(T ) the transport approach
can describe the data at both RHIC and LHC at least up to pT ∼ 2 GeV. It is quite likely that
a more detailed analisis of all the anisotropic harmonics measurable up to v5 = 〈cos(5φp〉 will
allow to better constraint the η/s(T ) as anticipated for the v4/v

2
2 in Ref. [37].

5. Perspectives and conclusions

We have reviewed some of the main results of the QGP at high temperature created in
ultrarelativisti heavy-ion collisions (HIC) at both RHIC and LHC energies. We are developing a
transport approach to study the properties of the QGP and have the possibility of interpreting
the rich fenomenology coming from ultrarelativisitc HIC. We have shown that a Boltzmann-
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Vlasov transport approach has the potential to properly include the dynamics associated to
an EoS as evaluated in the lattice QCD and the viscosity dissipation mechanisms. First results
indicate that without any parameter tuning the approach is able to correctly predict the behavior
of the elliptic flow going from the Au + Au collisions at

√
sNN = 200 GeV to the Pb + Pb at√

sNN = 2.75 TeV showing its validity. A first important result is that at LHC a key observables
like the elliptic flow is much less contaminated by the hadronic phase allowing a better study of
the QGP properties.

In the next future the capability to naturally extend transport theory to self-consistenty
include the developments in the quark-gluon quasiparticle models, the possibility extend the
study of the collective flows to higher harmonics up to v5 = 〈cos(5φ)〉 and the extension of
the transport approach to heavy quarks dynamics and the long-standing issue of the J/Ψ
suppression-regeneration will potentially allow to obtain a deeper insight into the QGP properties
and their microscopic origin.
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