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The principal problems of the matter evolution in hydrodynamic pic-
ture of A+A collisions are considered. They concern the process of freeze-
out, possible duality in the hydrodynamic and kinetic descriptions, and
formation of the initial conditions at pre-thermal partonic stage, in par-
ticular, developing of initial transverse velocities and angular momentum.
Also time evolution of the momentum spectra, Bose–Einstein correlation
functions and averaged phase-space densities (APSD) are analyzed within
hydrodynamic and kinetic models. The results shed light on the behavior
of the observables, in particular, the interferometry volumes and APSD in
A+A collisions at different energies and for different nuclei. The new class
of freeze-out parameterizations, accounting for continuous in time particle
emission, is considered and their hydrodynamical realization is discussed.

PACS numbers: 24.10.Nz, 24.10.Pa, 25.75.–q, 25.75.Gz

1. Introduction

This is a review of recent results [3–6] as well as new one [7] that connect
peculiarities of hadronic observables, related to “soft physics” of relatively
small momenta, with the time evolution of the corresponding physical quan-
tities and initial conditions in hydrodynamic and transport models of heavy
ion collisions. It is known that the bulk of hadronic observables are formed at
the very last period of the matter evolution, so called kinetic freeze-out when
the hadronic system decays. We argue that the slope of particle transverse
momentum spectra, interferometry volumes and averaged phase-space densi-
ties (APSD), if measured at any time of the expansion of hadron-resonance
gas, are approximately conserved upon isoentropic and chemically frozen
evolution. This result allows us to study the hadronic matter at the early
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stages of the evolution, in particular, near the hadronization point. We dis-
cuss the treatment of experimental data for pions that accounts for such a
behavior of the above quantities. Our analysis sheds also some light on the
RHIC HBT puzzle. We illustrate the general results by the concrete realis-
tic hydrodynamic calculations that well describe the experimental data and
allow us to make some conclusions for the initial conditions of the hydro-
dynamic expansion, which are formed at pre-thermal partonic stage. We
discuss a problem of validity of the hydrodynamic approach to multiparticle
production. We start the lectures from the final stage of matter evolution
— analysis of the freeze-out process — and finish by the problem of initial
conditions.

2. Sudden freeze-out vs continuous emission:

the duality in hydro-kinetic approach

In the middle of XX century the three main features of high energy nu-
cleon and nuclear collisions, namely, strong interactions, multi-particle pro-
duction and exponential cut of transverse momentum spectra, put an idea
into Heisenberg, Watagin and Fermi minds [1] that the systems created in
those collisions could be considered as thermal. Then the hydrodynamic ap-
proach for multi-hadron production proposed by Landau [2] in 1953 appears
as a natural development of that idea allowing one to provide a detailed
space-time description of hadronic and nuclear collisions basing on the local
energy-momentum conservation laws for thermal systems. According to the
Landau criterion of freeze-out, the hydro-evolution stops and particles be-
come free when fluid elements reach the temperature that is near the mass
of the lightest hadron (pion): Tf.o. = mπ. The descriptions of very wide class
of high energy collisions: from p + p(p) to heavy ion A + A (see, e.g., [8])
within this naive picture of ideal hydro-expansion with an extremely simple
freeze-out criterion was unexpectedly very successful. One can call such a
success even mysterious, and corresponding puzzles are known. As for A+A
collisions they are: first, too short, less than 1 fm/c, for a loss of coherence
and thermalization of the colliding partonic system, and second, obviously
oversimplified treatment of the freeze-out. For A + A collisions the problem
of short thermalization time arises from an analysis of elliptic flows within
ideal hydrodynamics [9]; the problem of freeze-out becomes clear from the
results of many studies of A+A collisions based on cascade (transport) mod-
els. Such results contradict the idea of a sudden freeze-out at some fixed
temperature. In fact, the particles escape from the system during the whole
period of its evolution (see, e.g., [10]), at first mostly from the surface layer,
and do not demonstrate the local equilibration at the late stages.
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2.1. Observables in terms of distribution and emission functions

In the papers [11, 12] we propose the way of treating the problem. To
clarify it let us analyze spectrum formation by using two different objects:
the distribution function (in quantum case Wigner functions) f and emis-
sion functions S. The inclusive spectra can be describe by the distribution
function at asymptotically large time tout as follows:

p0 dN

dp
= 〈a+

p ap〉 , p0
1p

0
2

dN

dp1dp2

= 〈a+
p1

a+
p2

ap1
ap2

〉, (1)

where the irreducible averages of the creation and annihilation operators
in (1) are,

〈a+
p1

ap2
〉 =

∫

σout

dσµpµ exp (iqx)f(x, p) . (2)

Here p = (p1 + p2)/2 , q = p1 − p2 and the hypersurface σout just generalizes
tout .

In simple cases evolution of distribution function can be described by
Boltzmann equation that in absence of external forces has the form:

pµ

p0

∂f(x, p)

∂xµ
= F gain(x, p) − F loss(x, p). (3)

The term F gain and F loss are associated with the number of particles which
respectively came to the point (x, p) and leave this point because of collisions.
The term F loss(x, p) = R(x, p)f(x, p) can easily be expressed in terms of the
rate of collisions of the particle with momentum p. The term F gain has more
complicated integral structure and depends on the differential cross-section.

Let us introduce the escape function fesc(x, p), describing the portion
of the particles that will never interact after the time t. According to the
probability definition

fesc(x, p) = P (x, p)f(x, p) , (4)

where the escape probability P (x, p), or probability for any given particle
at x with momentum p not to interact any more, propagating freely, can be
expressed explicitly, in terms of the rate of collisions along the world line
x′ ≡ (t′,x + (p/p0)(t

′ − t)) of the free particle with momentum p, through
the opacity integral

P (x, p) = exp



−
∞
∫

t

dt′R(x′, p)



 (5)
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Since fesc(x, p) is associated with the particles suffering last collisions at the
space-time point x, it is formed by the term PF gain, or emission function S,
and described by the following equation [11]

pµ ∂

∂xµ
fesc(x, p) = p0P (x, p)F gain(x, p) ≡ S(x, p) . (6)

For initially finite system with a short-range interaction among particles,
the system becomes free, in fact, at large enough times tout, so P (x, p) → 1
and fesc(x, p) → f(x, p) in this limit. Therefore, to describe the inclu-
sive spectra of particles the asymptotic equality fesc(x, p) = f(x, p) can
be used, replacing the total distribution function f in all the irreducible
averages in (2) by fesc. Applying the Gauss theorem and recalling that
∂µ[pµ exp (iqx)] = 0 for particles on mass shell, one obtains, using respec-
tively general equations (2), (6) and (3) and supposing their analytical con-
tinuation off mass shell,

〈a+
p1

ap2
〉 = pµ

∫

σ0

dσµfesc(x0, p)eiqx +

σout
∫

σ0

d4xS(x, p)eiqx , (7)

〈a+
p1

ap2
〉 = pµ

∫

σ0

dσµf(x0, p)eiqx + p0

σout
∫

σ0

d4x(F gain(x, p)

−F loss(x, p))eiqx , (8)

where S(x, p) is defined through the product PF gain by Eq. (6), fesc(x0, p)
corresponds to the portion of the particles, which is already free at initial
time t0, or, more generally, at the initial hypersurface σ0, and f(x0, p) is the
distribution function at σ0.

Eqs. (2) and (7) describe the observables either in terms of asymptotic
distribution function or 4-volume emission function S = p0PF gain together
with direct emission fesc(x0, p) from an initial 3D hypersurface σ0. As one
can see the expression of the emission function through distribution (and
cross section) is quite complicated.

The Landau criterion of freeze-out and corresponding Cooper-Frye pre-
scription, defined by Eq. (2) with substitutions σout → σf.o. and f → fl.eq.,
treat particle spectra as a result of a rapid conversion of a locally equili-
brated (l.eq.) hadron system into a gas of free particles at some hyper-
surface σf.o.. Formally, it corresponds to taking the cross-section tending
to infinity at t < tσf.o.

(to keep system in l.eq. state) and zero beyond
tσf.o.

. Then P (t,x, p) = θ(t − tσf.o.
(x)) (and so fesc = 0 at t < tσf.o.

), and
S = p0PF gain = p0δ(t − tσf.o.

(x))fl.eq. in Eq. (7).
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It is worth to note that the proportionality between the S and fl.eq., like
S(x, p) = ρ(τ)fl.eq.(x, p) is used in many papers devoted to a description
of the data in a hydrodynamically motivated way (see review [13]). One
should understand, however, that in the realistic case of no sudden freeze-
out the emission function S(x, p) looses completely its proportionality to the
distribution function f(x, p): they are just two different mathematical (and
physical, of course) objects! This may be easily demonstrated by the direct
calculations, as in Ref. [11] and is also clear from Eqs. (4), (6): the escape
probabilities P (x, p) in finite systems are very sensitive to the asymmetry
of positions x as for the effective system boundary and, thereby, the S(x, p)
becomes anisotropic in momentum p in the rest frame of a fluid element
unlike to the hydrodynamic distribution function fl.eq.(x, p).

2.2. The duality of the hydro and kinetic approaches

As it was advocated in Ref. [14] the perfect hydrodynamics is a good
approximation for the earlier stage of the matter evolution because of the
big cross-section of the interaction among color and white quasi-hadronic
states in QGP. As for the matter evolution at the post hadronization stage
in A + A collisions the approximate equivalence between chemically frozen
hydrodynamics of hadron gas was found and its evolution within the cas-
cade approach in the temperature region above 0.12 GeV was discussed in
Ref. [15]. Below this region the formation of spectra is continuous in time
with fairly long “tails” of the emission. The detailed analysis of the process
of particle emission was made in Ref. [11]. It was shown that the process
of particle liberation, described by the emission function, is, indeed, contin-
uous in time, and cannot be approximated by a delta function, as it was
discussed in the previous subsection. However, despite a very complicated
structure of the emission function S(x, p) the observed momentum spec-
tra and Bose–Einstein correlation functions can be expressed by means of
the Landau/Cooper-Frye prescription (1), (2) for the thermal distribution
function fl.eq.(x, p) in the fireball before it starts to decay. (This initial
moment, or more exactly — the initial hypersurface where the decaying
process in the expanding fireball starts, one can consider as the last stage
of hydro-evolution, more precisely, as the final hypersurface that borders
with a region of applicability of hydrodynamics and where the mean free
paths become already congruous with hydrodynamic lengths). It seriously
simplifies the problem.

Such an example was considered also numerically within Universal Ki-
netic Model (UKM-R), a Monte Carlo event generator, realized as a nu-
merical code written in object oriented C++ language [5]. As it is shown
in Fig. 1 neither momentum spectra nor interferometry radii of expanding
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fireball depend on the evolution time, preserving their initial values until
complete decay, despite a huge number of collisions, if the initial state of
a gas corresponds to Maxwell–Boltzmann thermal function with a spacially
spherical symmetric Gaussian distribution. The evolution of such a fireball
was considered analytically in Refs. [16].
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Fig. 1. Distributions of the x-components of particle three-momentum (a) and

three-coordinate (b), particle momentum (c) and the corresponding CF’s as func-

tions of qinv (d) obtained in the UKM-R simulation of the kinetic evolution of

N = 400 heavy spin-0 bosons of mass m = 0.938 GeV/c2 at the evolution time

t = 0, 50 and 100 fm/c. The elastic cross section σel = 400 mb, the initial Gaussian

radius R0 = 7 fm and the initial temperature T0 = 0.130 GeV. Shown results of

Gaussian fits of the momentum distributions and the CF’s agree with the input

initial values σ = (mT0)
1/2 = 0.3492 GeV/c and λ = 1, R0 = 7 fm, respectively.

The explanation is based on the duality of equations (7) and (8). In
the former one the spectra are expressed through the emission function (and
corrected by initially free particles). The latter one describes spectra through
the distribution functions at the initial time (and corrected by the term
that is responsible for dissipation [11]). While the emission function, that is
proportional to F gain, can have a significant non-zero value in wide space-
time region, the integral of the difference F gain−F loss over this region could
be either zero, as in the example of expanding fireball discussed in Ref. [11],
or small. Then the momentum spectra and BE correlations coincide, at least
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approximately, with what the system had at the initial moment. The latter
is typical when the system expands in a spherically symmetric way. The
analysis of different hydrodynamic solutions demonstrates that the velocity
field of expanding systems tends typically to a spherically symmetric one at
the late stage of evolution, at least, in the central region where the low pT

spectrum forms. Also, it was found in UKM-R simulation [5] for non-thermal
and non-symmetric initial conditions that with the increasing elastic cross
section the system more and more recovers spherical symmetry and thermal
momentum distribution.

As for the high pT spectrum formation, one can expect that correspond-
ing particles are radiated mainly from the periphery of the system at the
earlier times, because of large hydrodynamic velocities and fast transition
to free streaming there as it was argued in Refs. [11] and [17]. Thereby,
in a rough approximation, one can apply the generalized Cooper-Frye pre-
scriptions (8) putting there σ0 = σf.o. and taking into account the possible
p-dependence of hypersurface σf.o.(p) at high pT ≥ 0.8–1 GeV.

There is some kind of duality in a description of the spectra and the in-
terferometry data based either on (thermal) distribution functions fl.eq.(x, p)
(2) which characterize the system just before decay begins or on the emis-
sion function S(t,x, p) (7) that describes the process of continuous particle
liberation during the decay of system.

In fact, any kind of hydrodynamic, ideal or viscous, looses its applica-
bility when the particle mean free paths become compatible with lengths
of homogeneity in the system. Accounting for the pion component that
is dominating in hadronic systems, the relative universality of the Landau
freeze-out temperature T ' mπ could be, at least partially, explained by
exponential growth of the pion mean free path, 1/σn(T (x)) ∼ exp(βmπ)
with β = 1/T (x) when the temperature falls down below mπ as it follows
from the analytic representation of the thermal density n(T ). Thus the tem-
perature T ' mπ is just the lower boundary of the region of applicability
of hydrodynamics in wide class of nucleon and nuclear collisions. It does
not mean that the hadrons stop to interact in the post hydrodynamic stage,
but one can expect that the momentum spectra do not change significantly,
especially, if the above discussed conditions (small value of F gain, symme-
try of expansion at the late stage, etc.) are satisfied and so the integral of
F gain − F loss in Eq. (8) is small at that “post-freeze-out” stage.

Replacing the complicated emission process by the simple Landau [2]
criterion of a sudden freeze-out at T ≈ 0.12–0.15 GeV is, of course, a rather
rough approximation. Nevertheless, as it was discussed in Refs. [3, 11], the
momentum-energy conservation laws, peculiarities of almost isoentropic and
chemically frozen evolution as well as some symmetry features of the late
stage of hydro evolution could minimize the corresponding uncertainties.
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Note, that the duality does not mean and even excludes the parametrization
of emission function in the form S ∼ fl.eq. except for the case of real sudden
freeze-out which is, probably, very non-realistic.

The discussed approximation is, unfortunately, not well controlled in
practical utilization and we hope to develop an approximate method for
spectra calculations within the hydro-kinetic approach [11] based on the
escape probabilities and generalized relaxation time approximation. The
method will combine the advantages of hydrodynamic approximation and
microscopic (kinetic) approach. The former allows one to incorporate the
complicated evolution of the system at the possible phase transitions en-
coded in the corresponding equation of state; the latter makes it possible
to evaluate the observable spectra taking into account the non-equilibrated
character of their formation. The developing of the method and correspond-
ing numerical code is presently in progress.

3. Evolution of observables in hydrodynamic and kinetic models

For locally equilibrated weekly interacting gas of (quasi)particles the
Wigner functions are just the local Bose–Einstein or Fermi–Dirac distri-
bution functions if the Compton length of quanta in the gas is much less
than the typical homogeneity length in expanding system, otherwise they
are modified [18]. Supposing such distributions or, if it is possible, the
Boltzmann approximation to them, we analyze temporal behavior of the
“observables” in the hydrodynamic and transport models.

Many of features of the evolution originate from physical principles which
are quite general for different classes of models. Qualitatively these features
and physics behind them can be explained using non-relativistic analogy
with simple rules providing a correspondence with the relativistic situation.
To this end we use the exact Bjorken-like non-relativistic solution [19] of the
ideal hydrodynamics. It has longitudinal (L) velocity vL = xL/t, initially
zero transverse (T) velocity vT = 0 and the Gaussian transverse density
profile (with radii R). It results in the following evolution of the locally
equilibrated phase-space density [3]:

f l.eq.(t, r,p) =

(

1

2πmT

)3/2

n exp
(

− m

2T
(v − u)2

)

,

n(t, r) = n0

R2
0t0

R2(t)t
exp

(

− r2
x

2R2
−

r2
y

2R2

)

,

v =
p

m
, u(t, r) =

(

Ṙ

R
rx,

Ṙ

R
ry,

1

t
rz

)

, (9)
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where the initial particle density in the central part of system, rx = ry = 0,

is n0 = N/(2π)3/2R2
0t0 and

T = T0

(

R2
0t0

R2(t)t

)2/3

, RR̈ =
T

m
. (10)

At each moment t the longitudinal spectrum, similarly to the relativistic
boost-invariant model (here and below such a correspondence is marked by
an arrow), is m dN

dpL
= dN

dvL
= const. → dN

dy = const., and the momentum

spectrum is1

d3N

d3p
=

n0R
2
0t0

m2Teff(t)
exp

(

− p2
T

2mTeff(t)

)

→ f(τ, T,mT) exp

(

−mT

Teff

)

, (11)

where mT ≡
√

m2 + p2
T, n0 is the initial particle density at xT = 0, R0 is

the initial Gaussian radius of the fireball and the effective temperature, Teff ,
is

Teff = mṘ2(t) + T (t) → T + mI2 . (12)

The equation connects the slope of the transverse mass spectra with the
intensity of transverse flows

I =
RT

(v′T)−1
=

transverse radius

hydrodynamical length
. (13)

For our exact solutions

effective transv. radius R = RT,

transv. velocity gradient v′

T =
Ṙ

RT

,

intensity of transv. flow I = v′

TRT,

average squared of transv. velocity m
〈v2

T〉
2

= I2 . (14)

Qualitatively Eqs. (14) are rather general (for not very large pT) and we
apply them also in what follows to clarify the experimental situation. The
value of Teff(t) does not change much since a decrease of temperature T (t)
during the system expansion is accompanied by an increase in time of the
transverse flows described by Ṙ(t). The typical behaviors of the temperature
and effective temperature in this model are presented in the left panel of
Fig. 2.

1 Note, that the presented relativistic analogies are valid under conditions (I is defined
below): m � T, mT − m �

T

I2 (m

T
I2 + 1)2 [8]; otherwise (at mT → ∞) one obtains

ultrarelativistic blue shift factor in spectra [20].



3352 Yu.M. Sinyukov

Fig. 2. Left: Evolution of the pion effective temperature Teff (solid line) versus the

temperature of the system T (dashed line) in the non-relativistic one-component

Bjorken-like model with transverse expansion. The plots correspond to initial con-

ditions: T0 = 0.1 GeV, time t0 = 5 fm/c, transverse radius R0 = 5 fm and the initial

transverse flow Ṙ(t0) = 0.3. Middle and right: The pion APSD 〈f(τ, p)〉 (middle)

and the pion densities n(r) (right) taken at typical proper times: at hadronization,

τ = 7.24 fm/c, (solid line) and at kinetic freeze-out τ = 8.9 fm/c (dashed line). The

dot-dashed line corresponds to the “asymptotic” time τ = 15 fm/c of hydrodynamic

evolution. The initial conditions of hydrodynamic expansion of hadron-resonance

gas are taken from Ref. [19].

The interferometry radii, out-, side- and long- take the forms (in this
model RO = RS)

R2
S =

T (t)

Teff (t)
R2(t) → R

2

T

1

1 + mTI2/T
; R2

L = t2
T (t)

m
→ τ2 T

mT

. (15)

The last formulas are related to midrapidity and time of expansion is sub-

stituted by Bjorken proper time and t → τ =
√

t2 − x2
L. The expression for

the interferometry volume easily follows from dynamical equations (10)

Vint ≡ RORSRL =
R2

0t0(T0)
3/2

Teff(t)
√

m
(16)

and it does not change significantly since it depends on almost constant
function Teff only. The average momentum phase-space density [22] in this
model is

〈f(t,p)〉 =

∫ (

f l.eq.(t, r,p)
)2

d3r
∫

f l.eq.(t, r, p)d3r
=

d3N

d3p

/

(8π3/2Vint) . (17)

This quantity also depends on effective temperature Teff(t) only and so does
not change much. It is interesting and important to note that the phase-
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space density totally averaged over space and over momenta except the lon-
gitudinal one is completely conserved, it is integral of motion (VintTeff =
const.):

〈f〉 =

∫ (

f l.eq.(t, r,p)
)2

d3rd2pT
∫

f l.eq.(t, r, p)d3rd2pT

∼ dN

dvL

/

(

VintTeffm2
)

= const . (18)

In the middle panel of Fig. 2 we demonstrate that the similar result holds
for the evolution of the averaged pion phase-space density 〈f(t,p)〉 within
much more complicated realistic (semi)relativistic model of Pb+Pb collisions
at CERN energies 158 AGeV [19]. The model describes hydrodynamically
the evolution of the chemically frozen hadron-resonance gas (with particle
mass spectra limited by 2 GeV) from the hadronization point to thermal, or
kinetic, freeze-out. As one can see, the values of 〈f(t,p)〉 are changed by
less than 10% during the evolution and can be even higher at the final than
at initial time at small transverse momenta. Contrary to this the particle
densities of the thermal pions drop rather quickly in the central part of the
system as is shown in the right panel of Fig. 2. Note, when densities become
sufficiently small the hydrodynamic picture fails, nevertheless, formally cal-
culated for this asymptotic regime the slope parameters, interferometry radii
and other observables do not depend on time [11,21] in complete accordance
with analogous (and obvious) results for a free streaming.

The study of the evolution of non-relativistic gas by UKM-R solver of
Boltzmann equation [5] for wide class of initial conditions show that the mo-
mentum dispersion and the interferometry volume is practically conserved
during the evolution. The approximate conservation effect takes place also
in the evolution of the system of ultra-relativistic particles, except for some
increase (∼ 30% at 400 mb) of the final interferometry volume. However,
since the mean mass of hadron-resonance gas is fairly large, m̄ = 0.662 [3,19],
as compared with typical temperatures, 100–170 MeV, one can expect the
interferometry volume should not change noticeably during the evolution.
Thus UKM-R studies support similar results obtained in hydrodynamic ap-
proximation.

4. Analysis and treatment of experimental data:

from AGS to RHIC

We apply now the ideas developed in previous sections to a general anal-
ysis of the relativistic evolution of a perfect and chemically frozen fluid. It
has been shown (Ref. [3]) that the totally averaged (at fixed particle rapid-
ity, e.g., y = 0) phase-space density, or APSD, of thermal pions has the
same properties as in a specific model — see Eq. (18) — it is, in general,
an integral of motion. Note that this property is also preserved for free



3354 Yu.M. Sinyukov

streaming. This conserved value can be expressed through the spectra and
interferometry radii in the form [3]

(2π)3 〈f〉y=0 =

∫

d3pf
2

eq
∫

d3pfeq

= κ

2π5/2
∫

(

1
RORSRL

(

d2N
2πmTdmTdy

)2
)

dmT

dN/dy
.

(19)
Here f eq ≡ (exp(β(p0 − µ) − 1)−1, and β and µ coincide with the inverse of
the temperature and chemical potential which are supposed to be uniform on
freeze-out hypersurface. The κ = 1 if one ignores resonance decays. Using
the same approximation of the uniform freeze-out temperature and density
we get the following expression for specific entropy s in mid-rapidity:

s =
dS/dy

dN/dy
=

∫

d3p
[

−feq ln feq + (1 + f eq) ln(1 + f eq)
]

∫

d3pfeq

. (20)

The above ratio depends only on two parameters: temperature and chem-
ical potential at freeze-out. The temperature can be obtained from the fit
of the transverse spectra for different particle species and we will use the
value T = 120 MeV as a typical “average value” for SPS and RHIC exper-
iments. Another parameter, the chemical potential, can be extracted from
an analysis of the APSD following to (19).

4.1. Possible signatures of new states of matter

The conservation of the APSD allows one to study the hadronization
stage of the matter evolution based on Eq. (19). To some extend it concerns
also specific entropy of thermal pions [4]. The results for the APSD at mid-
rapidity for all negative pions (κ = 1) at the AGS, SPS, RHIC energies have
been obtained in [4] and are presented in Fig. 3, left panel. One can see that
the APSD grows significantly with energy at the AGS energies, then has the
plateau starting from the lowest SPS energy, 20 AGeV, till 80 AGeV and then
begins to grow again, apparently very slowly at RHIC as one can conclude
from the not quite compatible experimental data of the STAR and PHENIX
Collaborations, especially at

√
s=130 GeV. Since the conserved APSD values

of thermal pions are almost proportional to the presented total values (with
coefficients κ(

√
s) ≈ 0.6–0.7 in (19) accounting for decays of long- and short-

lived resonances [3]) they follow the same tendencies which are presented
in Fig. 3. Then a plateau at low SPS energies indicates, apparently, a
transformation of an excess of the initial energy to non-hadronic forms of
matter: the pure hadronic stage with densities smaller than the initial ones
appears later (after some expansion) at the hadronization temperature Tc
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defining the APSD of thermal pions2. A saturation of the APSD at RHIC
energies can be treated as an existence of the limiting Hagedorn temperature
of hadronic matter, or maximal temperature of deconfinement.
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Fig. 3. Left: The average phase-space density of all negative pions at mid-rapidity,

(2π)3 〈f(y)〉, as function of c.m. energy per nucleon in heavy ion central collisions.

Middle and right: The rapidity densities of negative pions, dNπ−

/dy, and their

entropy, dSπ−

th /dy, as function of c.m. energy per nucleon in heavy ion central

collisions [4].

The APSD of negative thermal pions (κ = 0.65 for SPS and κ = 0.7 for
RHIC energies respectively) are used then to extract the chemical poten-
tials µ of them at thermal freeze-out at different SPS and RHIC energies,

and after that to calculate the specific entropies, s = dS/dy
dN/dy (20), and the

entropies, dS
dy = s ∗ dN

dy , of negative thermal pions. The entropies dS/dy of

negative thermal pions are shown in Fig. 3, where the values at the RHIC
energies are mean values of STAR and PHENIX data. Also we present
there the rapidity densities of all negative pions at mid-rapidity in central
nucleus–nucleus collisions for the AGS, SPS and RHIC energies. The lines
in the middle panel of Fig. 3 represent the logarithmic law of energy depen-
dence for negative pion multiplicities: a log10(

√
sNN/b), where a = 160 (230),

b = 1.91 (3) GeV for solid (dashed) lines respectively. A behavior of the en-
tropy of thermal pions and measured pion multiplicities in central rapidity
region vs energy demonstrates an anomalously high slope of an increase of
the pion entropy/multiplicities at SPS energies compared to what takes place

2 Note that a relatively steep rise of the pion APSDs at AGS energies is caused, prob-
ably, by transition from the nucleon to pion dominated matter within that energy
range accompanied by decrease of Vint with beam energy [23]. However this effect
cannot explain the plateau since the conservation of the pion APSD should lead to a
rise of its value with energy density if the latter forms just hadronic matter. In ad-
dition, there is the another phenomenon, the so called “horn” in the ratios of strange
particles to pions production at small SPS energies [24], that also cannot be only
explained by the transition to pion dominant matter.
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at the AGS and RHIC energies. This additional growth could be, probably,
a manifestation of the QCD critical end point (CEP) between the highest
SPS energy and high RHIC energies. The observed phenomenon can be
caused by the dissipative effects that usually accompany phase transitions,
such as an increase of the bulk viscosity [25], and also by peculiarities of pi-
onic decays of σ mesons and other resonances with masses that are reduced,
as compared to its vacuum values, in vicinity of the QCD CEP [26]. At
the RHIC energies there is no anomalous rise of pion entropy/multiplicities,
apparently, because the crossover transition takes place far from the CEP
and no additional degrees of freedom appear at that scale of energies: quarks
and gluons were developed at the previous energy scale.

4.2. Femtoscopy picture in hydrodynamic approach, RHIC HBT puzzle

The first results of the femtoscopy analysis of RHIC experiments [27] (as
first announced by the STAR Collaboration) have revealed very unexpected
results — the so-called HBT puzzle (see e.g. [28]). The puzzle implies first
that the absolute values of the interferometry radii/volume do not change
essentially at RHIC as compared to the SPS energies despite much higher
multiplicities. It was in contrast with, expected at that time, possibility of
the proportionality law between the interferometry volumes and multiplic-
ities. At the same time there is an approximate proportionality between
interferometry volume and different initial “volumes” which can be associ-
ated, e.g., with number of participants (nucleons of nuclei) in the collision
process [29] and, thus, with the multiplicity. Secondly, the ratio of outward
to sideward transverse radii is opposite to that expected in standard hydro-
dynamic and hadronic cascade pictures. The ratio measured by STAR and
PHENIX collaborations at RHIC BNL is close to unity in a wide momentum
region. At the first sight these observations are in a contradiction with an
existence of quark–gluon plasma and mixed phase as it implies a long time
pion radiation [30] which usually results in the large ratio of outward to
sideward transversal radii. As a result, now the phenomenological param-
eterizations, like the “blast wave model” just ignore the emission from the
surface of expanding system despite the fact that it should last at least about
the extracted life-time of the fireball: 10–12 fm/c. In addition, the correla-
tion data on non-central A + A collisions demonstrate that the transverse
freeze-out geometry is extended out of the reaction plane [31] signaling a too
rapid hydrodynamic system evolution to freeze-out which is in disagreement
with the detailed transport calculations [32].
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Let us use our results to clarify the situation at least qualitatively. We
start from an approximate proportionality between “initial size” and inter-
ferometry one that is observed in non-central A + A collisions and central
ones for different nuclei [29]. One can estimate the integral in (19) using
the phenomenological approximation that can be used for transverse spec-
tra fit at least in some pT region: dN

mTdmTdy ∝ exp (−mT/Teff) (c.f. with

the result (11)). Then, estimating the APSD, 〈f〉, and assuming that the
integral C over dimensionless variable mT/Teff depends on energies of colli-
sions fairly smoothly, one can write, similarly to Eq. (18) that corresponds
to nonrelativistic limit m � T , that

Vint ' C
dN/dy

〈f〉T 3
eff

. (21)

It is easy to see then that at any fixed energy
√

sNN the Vint is nearly con-
stant in time since the values dN/dy, APSD 〈f〉 and effective temperature
Teff in r.h.s. of Eq. (21), as it was discussed in Sec. 3, are approximately con-
served for the thermal pions during the chemically frozen hydro-evolution.
As a result, the HBT microscope at diverse energies “measures” the radii
that are similar to the sizes of colliding nuclei. It explain the experimental
observations.

As we mentioned above the experiments show clearly that in central
collisions for the same colliding nuclei there is no proportionality law between
Vint and dNπ−

/dy: the latter value grows with energy significantly faster
than Vint. This fact is the main component of the HBT puzzle. To see the
energy evolution we appeal again to Eq. (21). One can see a proportionality
between Vint and the particle numbers dN/dy may be destroyed by a factor
〈f〉T 3

eff . So, if the APSD and Vint only slightly grow with energy, mostly
an increase of T 3

eff could compensate a growth of dN/dy in Eq. (21). One
can see that it is indeed the case: for example, the ratio of cube of effective
temperatures of negative pions at

√
sNN = 200 GeV (RHIC) to one at 40

AGeV (CERN SPS) gives approximately 2, while the ratio of correspondent
mid-rapidity densities is approximately equal to 3. It can be only in the case
of an increase of the pion transverse flows in A + A collisions with energy,
if freeze-out temperature is approximately constant, T = Tf.o.(

√
s) ≈ const.

If the intensity I = v′TRT (13) of flows grows, it leads to a reduction of the
transverse interferometry radii, see (15). This effect can almost compensate
a contribution to observed transverse radii, if the gradient of transverse
velocity I = v′T is not small, v′TRT > 1 and does not decrease with energy:
v′T(

√
s) ≥ const. It was found in Ref. [8] that the gradient of transverse

velocity at SPS energies can be estimated as: v ′

T ≈ 0.07(fm/c)−1. It is
enough to give an explanation of a constancy of the transverse sizes with
energy, which is in agreement with observations also at RHIC.
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The question which then arise is: why does the intensity of flow grow? It
is clear that an increase of collision energy

√
s results in a rise of (maximal)

initial energy density ε and hence of (maximal) initial pressure pmax. At the
same time the initial transverse acceleration a = grad(p)/ε ∝ pmax/ε does
not change, if EoS of the primary thermalized matter is the same. Then,
as it is easy to check, the variations of initial energy density in the same
initial volume do not change the space-time distribution of hydrodynamic
velocities, only re-scale the energy. Thus, an increase of intensive flow with
a growth of the energy in initially the same space-time region is possible
only due to three factors.

(i) The first one is obvious: an increase of the time of hydro-evolution that
the system needs to reach the same (or less) freeze-out energy density
or temperature at higher initial density. Then the intensity of flow
(13) I = v′TRT grows due to a growth of transverse area RT occupied
by decaying fireball (this area is defined by the conditions of freeze-
out) and an increase of the average transverse velocity gradient. All
that is confirmed by numerical hydrodynamic calculations presented
in Fig. 4. According to the approximate formula (15) it should result
in an increase of the RL interferometry radii with energy. However,
apparently, relativistic hydrodynamic picture with fixed equation of
state overestimates the increase of the longitudinal interferometry radii
as compared to the experimental data.
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(ii) Secondly, a transition from initially soft equation of state (EoS) to
the hard one can also give increase of I. Indeed, let us suppose the
thermal system that initially has longitudinal flow (say, Bjorken-like
in mid-rapidity) always passes through a “mixed phase” stage where
there is the softness point in EoS. First, it is clear that at the same
initial energy density for initially soft EoS it takes more time to reach
the fixed “final” temperature than from initial state with hard EoS. In
the former case a smaller portion of initial energy of particles/partons
will transform into transverse kinetic energy than in the latter one.
Then, if a transition to higher collision energies is accompanied by a
transition from initially soft EoS to initially hard one, the existence of a
region with the soft equation of state in the thermodynamic trajectory
of the system is now not so important for total expansion time as in
the previous case of initially soft EoS. The evolving system meets this
“soft stage” with well developed transverse flow that allows it to reach
the hadronic phase in relatively short time, not sacrificing thereby the
transverse energy in favor of the longitudinal one. In this scenario
one can hope to moderate the serious increase of RL between SPS and
RHIC typically expected for the fixed EoS.

(iii) One more factor that can play role in this drama is the initial trans-
verse velocity which may develop at the pre-thermal partonic stage
and obviously has an influence on the time of evolution and intensity
of transverse flow at freeze-out. Moreover, what is essentially impor-
tant, this factor has the direct connection to the second component
of HBT puzzle: the unexpectedly small ratio of outward to sideward
interferometry radii. We will consider the influence of this factor in
the following sections where we will analyze the experimental data
quantitatively.

5. The new class of freeze-out parameterizations and its

dynamical realization

Now we will realize some ideas discussed previously. In Sec. 2 we stressed
that real process of particle liberation, or freeze-out, is quite complicated
because the particles escape from the system during the whole period of
its evolution. We do not consider now the whole complexity of the freeze-
out process within hydro-kinetic picture (such work is in progress now) but
use instead the idea of approximate duality (see Subsec. 2.2) and apply
generalized Landau/Cooper-Frye prescription. The hypersurface of constant
temperature (an isotherm) or a constant energy density for the finite system
expanding into vacuum should be enclosed in Minkowski space (together
with initial hypersurface where the initial conditions are settled). Such an
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enclosed hypersurface contains, typically ( see, e.g., Fig. 4), space-like sectors
of the volume emission and non-space-like ones (with space-like normal) of
the surface emission. The contribution to the particle spectra from the
surface emission is not small, especially at fairly large pT as was discussed in
Subsec. 2.2. Note, in addition, that at each moment of time the periphery
of an expanding system is more dilute, the matter there is in the hadronic
phase and hadrons can easily escape from this layer into the surrounding
vacuum despite the relatively high (hadronization) temperature; this was
argued in detail in Ref. [34].

It is well known that protracted surface emission may lead to the ratio of
the outward to sideward interferometry radii, Rout/Rside, much bigger than
unity for typical scenarios of phase transition in heavy ion collisions [30]. As
we mentioned already, these expectations are in contradiction with current
experimental data from RHIC where Rout/Rside ' 1 and this discrepancy is
a component of the so-called “HBT puzzle”.

Naively, one might conclude from that observation that the duration of
emission is very short. However, the Rout/Rside ratio is also quite sensitive
to the shape of freeze-out hypersurface because, unlike Rside, Rout is a mix-
ture of the out- width, time spread of emission, and the rout − t correlations.
Indeed, in the Gaussian approximation for the correlation function the in-
terferometry radii can be expressed in terms of the space-time variances:

R2
i (p) = 〈(4ri − vi4t)2〉p = 〈4r2

i 〉p + v2
i 〈4t2〉p − 2vi〈4ri4t〉p, (22)

where vi = pi/p0, pi, ri (i =out, side, long) are the Cartesian components
of the vectors v, p, and r, respectively, and pµ = (p0, pout, 0, plong) is the
mean 4-momentum of the two registered particles. Here 4ri = ri − 〈ri〉p,
4t = t−〈t〉p, and 〈...〉p denotes the averaged (over the distribution function)
value taken at some momentum p. Note that in the Bertsch–Pratt frame [35]
pside = 0 and therefore pout = pT, where pT is the absolute value of the
transverse component of the vector p. It is easy to see from Eq. (22) that
positive rout–t correlations, 〈4rout4t〉p > 0, give a negative contribution to
Rout reducing thereby the Rout/Rside ratio.3 Therefore one can conclude that
relatively small Rout/Rside ' 1 ratio in a case of a prolonged surface emission
can take place if there are positive rout–t correlations in the corresponding
sector of the freeze-out hypersurface.

Such type of a parametrization is used in Ref. [6] to analyze RHIC data.
The only fit with positive rout − t correlations, as it is presented in Fig. 5,
results in good description of the spectra pions, kaons and protons and pion
interferometry data, including Rside and Rout, see Fig. 6. All details are

3 This mechanism of reduction of the Rout/Rside ratio is realized in a multiphase trans-
port (AMPT) model [36].
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presented in Ref. [6]. In this model hadron emission can be separated in two
parts. First one corresponds to “volume” radiation at τ = 10 fm/c and is
similar to “blast wave” parametrization [33] but needs smaller transverse flow
to describe the data because there is another source of emission4. The second
one is the “surface” radiation from non space-like sectors of the enclosed
freeze-out hypersurface which is fairly long: 9 fm/c and has the temperature
T = 150 MeV close to hadronization temperature. This protracted surface
emission is compensated in outward interferometry radii by positive rout–t
correlations that are the result of an intensive transverse expansion. It is
noteworthy, that the best fit is achieved when the system already at τi =
1 fm/c expands in the transverse direction with a non-zero collective velocity.
It may indicate that a noticeable contribution into buildup of transverse
flow at RHIC energies is given at very small times, possibly at partonic pre-
thermal stage of the Glasma [39] evolution. Note that the hydrodynamic
simulations [40] of heavy ion collisions at RHIC energies also indicate the
necessity of an initial (pre-hydrodynamic) transverse flow to better account
for slopes of the observed spectra.

What is very important in this picture that the positive rout–t correlation
at freeze-out can be realized only if the hydrodynamic system has developed
flows at initial moment τ = 1 fm/c. The very typical situation in relativistic
hydrodynamics is presented at the right panels of Fig. 4 and Fig. 5. While
the former case with negative rout–t correlations at freeze-out corresponds
to Bjorken-like expansion without initial transverse flow, in the latter case
(Fig. 5) the system has quite developed initial flows. The exact analytical
solution which illustrates the possibility of the dynamical realization of the
parametrization Fig. 5 (right panel) is slightly deviated from Bjorken-type
and belong to the new class of exact solutions of relativistic hydrodynamics
with constant or negligible pressure. This class was found in Ref. [38]. The
enthalpy in that particular solution has the form:

ε + p =
cεε
(

1 + d
cosh η

)2

τ
(

τ + a
cosh η

)2
exp






− b2

1 − λ2r2
⊥

(

cosh η
τ cosh η+T

)2






. (23)

Here a, b, λ, cε are constants, η is fluid longitudinal rapidity. The similar
expression with cε → cn takes place for particle number density n(t, x).

4 In blast wave parametrization the surface radiation is ignored and just because it
gives no contribution to Rout. The use instead of this just smearing (proper) time
factor for l.eq. distribution function to wash out the sharp freeze-out, first, contra-
dict to strong r–t correlation of particle radiation at earlier times of evolution, and,
second, is incorrect since the emission function cannot be proportional to the thermal
distribution function as was discussed in Subsec. 2.1.



Matter Evolution and Soft Physics in A + A Collisions 3363

It is also clear from numerical hydrodynamic calculations that dynam-
ical realization of prolonged surface emission with positive r–t correlations
is possible if the system has initially developed collective transverse flow.
Therefore, this factor is important to explain the RHIC HBT puzzle, at
least, Rout to Rside ratio within the realistic picture of particle freeze-out.

6. Initial conditions for hydrodynamic expansion

in A + A collisions

A problem of formation of the initial transverse velocity at pre-thermal
partonic stage leads inevitably to the complex matter of the initial stage in
ultrarelativistic A +A collisions and the problem of thermalization. Within
the lecture it is impossible to review a huge number of studies devoted to
this topic. Without all the details, we will keep in mind very naive picture
and apply it phenomenologically.

Let us imagine a box (with size L) that have the ideally reflecting walls
and contains the standing (electromagnetic) waves inside. Then collide two
such boxes with the energy that allows to crush them completely. Standing
waves then will be destroyed due to a stochastisation that is accompanied
by the crashing processes [41]. In other words, strong correlations between
phases of traveling “backward” and “forward” waves, with discrete momenta,
say, 2π/L and −2π/L, caused by ideal reflections from the opposite walls,
will vanish and instead the random phases exp(αpi

) will appear:

sin
2πx

L
=

1

2

(

exp
i2πxT

L
− exp

−i2πxT

L

)

⇒
∑

ρpi
exp(αpi

) exp(ipixT).

In the case of a very week field we will see then, say, two incoherent photons
traveling, for instance, in transversal plane in opposite directions.

It is easy to make analogy now with high energy nucleus–nucleus colli-
sions by imaging them as the collisions of the two “boxes” containing many
“small boxes” — nucleons. Due to the non-commutativity of the gluon num-
ber operator with the operator of Lorentz boost, there is a huge number
of coherent partons in the fast moving box — this state probably can be
represented within the Color Glass Condensate (CGC) approach [43]. Cor-
respondingly, after collision there will be not just two gluons but the classi-
cal color field (because of large occupation number) expanding into vacuum.
When occupation number reduces, one can see the picture of expanding sys-
tem of incoherent partons. It looks like a “partonic explosion” when many
hidden degrees of freedom, associated with incoherent partons and carried
significant transverse momentum, are liberated almost suddenly. An esti-
mate of the thermalization time for this gas is a rather complicated problem
and we do no touch it here. It seems that partons interact weakly enough and



3364 Yu.M. Sinyukov

instability mechanism [42] works not so fast, as necessary to reach very small
time of momentum symmetrization (thermalization?), less than 1 fm/c, re-
quired by hydrodynamics models to describe elliptic flows.

Let us simplify the problem again and consider the development of trans-
verse velocity at pre-thermal partonic stage in an approximation of free
streaming for these weekly interacting particles.

We start from the non-relativistic example. Let us put the initial mo-
mentum distribution of particles with mass m to be spherically symmetric
Gaussian with the width corresponding to thermal Boltzmann distribution
with uniform temperature T0, no flows: u(t = 0, r) = 0, and also spheri-
cally symmetric Gaussian profile (with radius R0) for particle density. Let
the particles just be a free stream. Then according to [19] the collective
velocities, which can be defined at any time t according to Eckart:

ui =

∫

d3p

m4
pif(t,x; p)

are

u(t, r) = r
tT0

mR2
0 + T0t2

.

As one can see the collective velocities at free streaming grow with decrease of
particle mass, grow with initial parameter T0 for m 6= 0, and are independent
of the initial “temperature” at m = 0. Qualitatively, the same happens for
relativistic partonic gas.

Let us consider the initial momentum distribution in relativistic partonic
gas at Bjorken proper time τ= 1 fm/c that corresponds to “transverse mo-
mentum” Fourier components in the color field in the CGC picture found
in Ref. [44]. Suppose that after collision the similar transverse spectrum
will appear for incoherent partons. As for the longitudinal ones we will use
also quasi-thermal distribution as it was proposed in Ref. [45] based on the
Schwinger/Hawking mechanism of the partonic production. Let us use the
boost-invariant approximation in mid-rapidity and the Woods–Saxon initial
profile for energy density in transverse plane. Then the partonic distribution
function at the initial proper time τ = τ0 is:

f0 =
1

exp mT

T cosh θ − 1

1

exp 1
δ (rT − R) + 1

, (24)

where θ is the difference between particle and fluid rapidities. The main
parameters of the distribution is agreed with Refs. [44, 45]: T = 0.465Λs,
δ = 0.67 fm, Λs = 1.3 GeV; τ0 = 1 fm, R = 7.3 fm, partonic mass is taken
to be equal to m = m0 = 0.0385Λs. The evolution of this function is defined
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by the equation for free streaming

pµ ∂f

∂xµ
= 0 . (25)

The solution of this equation describes the distribution function at any hy-
persurface τ = const. by the use of the following substitution in the argu-
ments of the function f0 related to the initial proper time τ0=1 fm/c:

rT → rT − pT

mT

(

τ cosh θ −
√

τ2
0 + τ2 sinh2 θ

)

, (26)

θ → arcsinh

(

τ

τ0

sinh θ

)

. (27)

The development of transverse velocities in such a system is presented
in Fig. 7. Unlike the non-relativistic case discussed above, where the initial
isotropy in local rest frames of the distribution function is preserved during
further evolution, this ultrarelativistic evolution is not locally equilibrated,
the distribution function and energy-momentum tensor are anisotropic in
the local rest frames, and thus the developing of the transverse velocities is
not associated with hydrodynamics of ultrarelativistic gas.
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conditions as for partonic system. The velocity is good approximated by such

a hydro-evolution with extra-hard EoS P = 0.45ε. Dashed curve corresponds to

a weakly interacting partonic system at τ=3 fm/c and 5 fm/c, solid line — to

hydro-evolution at corresponding proper times. [7].
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As we demonstrate in Fig. 7, right panel, such development of transverse
velocities can be, nevertheless, approximated by the hydrodynamic expan-
sion with abnormal hard EoS: P = 0.45ε (“normal” upper limit P = ε/3 has
the ultrarelativistic gas). It means that the effect of formation of the initial
transverse velocity at pre-thermal stage is non-trivial and should be taken
into account in a description of the experimental date.

The first important conclusion is that the short thermalization time is
not necessary for developing of observed radial flows. They can be developed,
and even more productive, at the pre-thermal or quasi-thermal stage. The
natural objection against such a scenario might me the problem of not radial
but the elliptic flows. They need earlier thermalization in order that the
initial geometrical asymmetry in transverse plane transforms more effectively
into momentum asymmetry. The pre-thermal transverse flows can smear
out the asymmetry in momenta obtained due to the asymmetry in pressure
gradients.

The solution of the problem could be an account for the residual — after
the exclusion of non-participants — a transversely directed angular momen-
tum which the system of participants has just after the collision due to a
shift of the center of masses of colliding nuclei in reaction plane, that is as-
sociated with non-zero impact parameter. Then, as it is shown in Ref. [46],
the corresponding tilt in the major axis of longitudinal expansion gives posi-
tive contribution to the asymmetry of the particle momenta in transverse to
beam plane, or in v2 coefficient. The account for an interplay between the
initial pre-thermal transverse velocity and the angular momentum which the
system of participants obtains in non-central collisions can open the new way
of understanding the problem of matter evolution in nucleus–nucleus colli-
sions.

7. Conclusion

1. There is the rough duality between hydrodynamics and kinetic ap-
proaches. The hydrodynamics with Landau/Cooper-Frye prescription
on freeze-out hypersurface σ, generalized in the way that σ(x) →
σ(x, p), can be applied despite the particle liberation process in fact
happens in 4D volume and cannot be approximated by the sudden
freeze-out. Typically, the corresponding hypersurface σ is bordered
with a region of applicability of hydrodynamics. The next improve-
ment can be reached in the hydrokinetic approach [6, 11].

2. In ultrarelativistic A + A collisions the effective temperature of the
transverse spectra does not change much during the system evolution
since heat energy transforms into collective flows of expansion [3, 5].
The interferometry volumes, if measured at any time of the expan-
sion of hadron-resonance gas, also do not grow significantly during the
system evolution even if initial conditions are quite asymmetric [4, 5].
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3. The average phase-space density APSD is an approximate integral of
motion upon a chemically frozen evolution [3]. Therefore its value is as-
sociated directly with hadronization/chemical freeze-out stage. Then
the plateau in APSD

√
s-behavior can be associated with deconfine-

ment phase transition at low SPS energies; a saturation of this quantity
at RHIC energies indicates, apparently, the limiting Hagedorn temper-
ature for hadronic matter [4].

4. Also, an experimental behavior of the interferometry volumes at dif-
ferent energies (RHIC HBT puzzle) and for different nuclei can be
explained based on points 2, 3 [4].

5. In realistic hydro-inspired parametrization the freeze-out hypersurface
should be enclosed, and to be successful, e.g. to describe Rout to Rside

ratio, it should have a positive r − t correlation between radial r co-
ordinates and time t for emitting particles, and also include initial
transverse flows [6]. On the other hand, typically the r − t correlation
at the freeze-out hypersurface, according to equations of relativistic
hydrodynamics, can be predominantly positive only if the system has
at initial moment a developed transverse flow.

6. Intensive transverse flows can be developed at the very early pre-
thermal stage just after the “partonic explosion” when many hidden
degrees of freedom, associated with incoherent partons and carried sig-
nificant transverse momentum, are liberated. The interplay of those
flows and angular momenta which the system get in non-central col-
lisions could lead to new scenario of the matter evolution and help to
describe the experimental data in central and non-central collisions.
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