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T 
Fig. 1. Schematic phase diagram of hadronic matter. PB is the 
density of baryonic number. Quarks are confined in phase I 
and unconfined in phase II. 

a hadron consists of a bag inside which quarks are con- 
fined. If many hadrons are present, space is divided in- 
to two regions: the "exterior" and the "interior". At 
low temperature the hadron density is low, and the 
"interior" is made up of disconnected islands (the 
hadrons) in a connected sea of "exterior". By increas- 
ing the temperature, the hadron density increases, and 
so does the portion of space belonging to the 
"interior". At high enough temperature we expect a 
transition to a new situation, where the "interior" has 
fused into a connected region, with isolated ponds and 
lakes of exterior. Again, in the high temperature state, 
quarks can move throughout space. We note that this 
picture of  the quark liberation is very close to that of 
the droplet model of  second order phase transitions 
[13]. 

We expect the same transition to be also present at 
low temperature but high pressure, for the same reason, 
i.e. we expect a phase diagram of the kind indicated in 
fig. 1. The true phase diagram may actually be substan- 

tially more complex, due to other kinds of transitions, 
such as, e.g. those considered by Omnes [14]. 

We note finally that, although the two alternatives 
(phase transition or limiting temperature) give rise to 
similar forms for the hadronic spectrum, the equation 
of state for high densities is radically different. In the 
first case we may expect the equation of state to be- 
come asymptotically similar to that of a free Fermi 
gas, while the limiting temperature case leads to an ex- 
tremely "soft" equation of state [15]. This difference 
has important astrophysical implications [ 16]. 
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• Learn about phase structure of QCD
• Explore strangeness, fluctuations, leptons, clusters, 

spectra,
flow, fluctuations, correlations,... 

• Unfortunately we do not have QCD in box à simulations
Marcus Bleicher, MAGIC 23, Kovalam
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A. Maire, CERN, 2015

Cabibbo, Parisi, PLB 1975
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Prof. Dr. Marcus Bleicher

Introduction

NIC 04/2021

Figure: Antonin Maire CERN

The big question: 
à Are the freeze-out points related to the phase transition line?

Data summarized in: Cleymans, Oeschler, Redlich and Wheaton. 
Phys. Rev. C 73, 034905 (2006)
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Time Evolution of Heavy Ion Collisions

1x 10-23 s 10 x 10-23 s 30 x 10-23 s 

At high energies hybrid approaches are very 
successful for the description of the dynamics

Nuclei at 99 % 
speed of light
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Ultra-relativistic Quantum 
Molecular Dynamics (UrQMD)

Hadron cascade (standard mode)

Marcus Bleicher, MAGIC 23, Kovalam

• Based on the propagation of hadrons
• Rescattering among hadrons is fully included
• String excitation/decay (LUND picture/PYTHIA) at higher 

energies
• Provides a solution of the relativistic n-body transport eq.:

The collision term C includes more than 100 hadrons
• “Standard Reference” for low and intermediate energy 

hadron and nucleus interactions

2

namic results depend strongly on the initial and final
state prescription that is applied in the specific calcula-
tion.

To get a more consistent picture of the whole dynam-
ics of heavy ion reactions various so called microscopic
plus macroscopic (micro+macro) hybrid approaches have
been launched during the last decade. Most notewor-
thy in this respect are the pioneering studies related to
a coupling between UrQMD (Ultra-relativistic Quantum
Molecular Dynamics) and hydrodynamics (a detailed sys-
tematic investigation of this coupling procedure can be
found in the following references [25, 29, 30, 31, 32, 33,
34, 35]).

Other approaches in the same spirit are, e.g., the NEX-
SpheRIO approach that uses initial conditions calculated
in a non-equilibrium model (NEXUS) followed by an
ideal hydrodynamic evolution [36, 37, 38, 39, 40, 41, 42]
or a hybrid approach by Toneev et al. which uses QGSM
initial conditions followed by a three-dimensional hy-
drodynamic evolution [43]. In this way event-by-event
fluctuations are taken into account and the calculation
mimics more realistically the experimental case. For the
freeze-out NEXspheRIO employs a continuous emission
scenario or a standard Cooper-Frye calculation. Other
groups, e.g., Teaney et al. [44], Hirano et al. [45, 46],
Bass/Nonaka [25], are using smooth Glauber or Color
Glass Condensate initial conditions followed by a full two-
or three-dimensional hydrodynamic evolution and calcu-
late the freeze-out by a subsequent hadronic cascade.
The separation of chemical and kinetic freeze-out and
final state interactions like resonance decays and rescat-
terings are taken into account. There are two major con-
clusions from these previous studies: The treatment of
the initial state fluctuations and the final decoupling is
of major importance for a sound interpretation of the
experimental data.

Unfortunately, all presently existing micro+macro ap-
proaches rely on a complete separation of the three main
ingredients (initial conditions, hydrodynamic evolution,
transport calculation). Thus, it is impossible to com-
pare the evolution of the system between hydrodynamics
and transport simulation directly and from the same ini-
tial conditions. This may provide essential new insights
into the role of viscosity and local equilibration. In addi-
tion, the usual separation of the program code does not
allow for a dynamical coupling between hydrodynamics
and transport calculation, which would be desirable to
consistently solve the freeze-out puzzle [47, 48, 49, 50].

To overcome these restrictions, we go forward and
build a transport approach with an embedded three-
dimensional ideal relativistic one fluid evolution for the
hot and dense stage of the reaction. This allows to re-
duce the parameters for the initial conditions and the
freeze-out prescription. The aim is to compare calcula-
tions with different EoS within the same framework. It
will be possible to extract the effect of changes in the
EoS, e.g., a phase transition from hadronic matter to the
QGP, on observables.

In this paper we describe the specific micro+macro
hybrid approach that embeds a hydrodynamic phase in
the UrQMD approach. First we explain the initial con-
ditions, then introduce the basics of the hydrodynamic
evolution including the hadron gas EoS and the transport
calculation and illustrate how the freeze-out is treated.
In the second part, the sensitivity of the results on the pa-
rameters are tested and the time evolution of the baryon
density and the particle numbers are compared. Results
on particle multiplicities and rapidity as well as trans-
verse mass spectra are presented in the third part.

At present we have calculated results imposing a
hadron gas EoS to provide a baseline calculation to
disentangle the effects of the different assumptions for
the underlying dynamics in a transport vs. hydrody-
namic calculation. The purely hadronic calculations can
be compared in the broad energy regime from Elab =
2−160A GeV where a vast amount of experimental data
from BNL-AGS and CERN-SPS exists and which will
be explored in more detailed energy scans by the FAIR
project near GSI and the critRHIC program. Studies
employing different EoS are delayed to future work to
concentrate on effects of the underlying dynamics first.

II. GENERAL ASPECTS

The modelling of the dynamical evolution of heavy ion
reactions is essential to gain further insights about the
properties of the newly produced hot and dense QCD
matter. Transport theory aims at the description of all
stages of the collision on the basis of an effective solution
of the relativistic Boltzmann equation [51]

pµ · ∂µfi(x
ν , pν) = Ci . (1)

This equation describes the time evolution of the dis-
tribution functions for particle species i and includes the
full collision term on the right hand side. The interaction
with external potentials leads to an additional term on
the left hand side. The influence of potentials gets small
at higher energies compared to the energy that is trans-
ferred by collisions. Therefore, they are dropped in Eqn.
1 and are not further discussed here. Usually, the colli-
sion kernel is truncated on the level of binary collisions
and 2 → n processes to keep the calculation numerically
tractable. This microscopic approach has the advantage
that it is applicable to non-equilibrium situations and the
full phase space information is available at all stages of
the heavy ion reaction. The restriction to binary colli-
sions assumes large mean free paths of the particles. Be-
tween interactions the particle trajectories are given by
straight line trajectories and particles are assumed to be
in asymptotic states between the collisions (no “memory
effect”).

This assumption might not be justified in the hot and
very dense stage of heavy ion collisions anymore. In this

M. Bleicher et al, J.Phys. G25 (1999) 1859-1896
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• At energies above 100 GeV (CM-energy) the early 
intermediate state should not be modeled by 
strings and particles alone

• To take the local equilibration and the phase 
transition to a QGP into account, a hydrodynamic 
phase is introduced

• This is known as hybrid model 
(Boltzmann+hydrodynamics), hybrid models have 
become the standard at RHIC and LHC energies

Ultra-relativistic Quantum 
Molecular Dynamics (UrQMD)

Hybrid mode calculations (RHIC and LHC energies)

Marcus Bleicher, MAGIC 23, Kovalam

Petersen, Steinheimer, Burau, Bleicher et al, 
Phys.Rev. C78 (2008) 044901
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Option: Hybrid model

Marcus Bleicher, MAGIC 23, Kovalam

• Initial State: 

o Initialization of two nuclei
o Non-equilibrium hadron-string dynamics
o Initial state fluctuations are included naturally

• 3+1d Hydro +EoS:

o SHASTA ideal relativistic fluid dynamics
o Net baryon density is explicitly propagated
o Equation of state at finit µB

• Final State: 

o Hypersurface at constant energy density
o Hadronic rescattering and resonance decays

within UrQMD

H.Petersen, M. Bleicher et al, PRC78 (2008) 044901
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Marcus Bleicher, MAGIC 23, Kovalam

Initial State
• Contracted nuclei have 

passed through each other

o Energy is deposited
o Baryon currents have 

separated 
• Energy-, momentum- and 

baryon number densities are 
mapped onto the hydro grid

• Event-by-event fluctuations
are taken into account

• Spectators are propagated
separately in the cascade
(J.Steinheimer et al., PRC 77,034901,2008)

(nucl-th/0607018, nucl-th/0511021)

Elab=40 AGeV 
b=0 fm



Marcus Bleicher, MAGIC 23, Kovalam

Equations of State
Ideal relativistic one fluid dynamics:  

and
o HG: Hadron gas including the same degrees of freedom as in 

UrQMD (all hadrons with masses up to 2.2 GeV)
o CH: Chiral EoS from quark-meson model with first order transition

and critical endpoint
o BM: Bag Model EoS with a strong first order phase transition

between QGP and hadronic phase
D. Rischke et al., 
NPA 595, 346, 1995,

D. Zschiesche et al., 
PLB 547, 7, 2002

Papazoglou et al., 
PRC 59, 411, 1999

J. Steinheimer, et al., 
J. Phys. G38 (2011) 
035001



Hadronization, Particlization, Decoupling
Experiments observe finite number of hadrons in detectors

Hadronization controlled by the equation of state

Sampling of particles according to Cooper-Frye equation:
-Respect conservation laws, maybe even locally?
-Introduces fluctuations on its own

Sophisticated 3D hypersurface finder to resolve interesting structures in event-by-event simulations
Petersen, Huovinen, arXiv:1206.3371 

Marcus Bleicher, MAGIC 23, Kovalam

à Yields 4-momenta, 4-positions of
hadrons on the hypersurface

à Final propagation
Relativistic transport equation ( ) collIfp =¶µ

µ

9



List of included 
particles

nucleon � ⇥ ⌅ ⇤ ⇧
N938 �1232 ⇥1116 ⌅1192 ⇤1317 ⇧1672

N1440 �1600 ⇥1405 ⌅1385 ⇤1530

N1520 �1620 ⇥1520 ⌅1660 ⇤1690

N1535 �1700 ⇥1600 ⌅1670 ⇤1820

N1650 �1900 ⇥1670 ⌅1775 ⇤1950

N1675 �1905 ⇥1690 ⌅1790 ⇤2025

N1680 �1910 ⇥1800 ⌅1915

N1700 �1920 ⇥1810 ⌅1940

N1710 �1930 ⇥1820 ⌅2030

N1720 �1950 ⇥1830

N1900 ⇥1890

N1990 ⇥2100

N2080 ⇥2110

N2190

N2200

N2250

The model - UrQMD

• Binary interactions 
between all 
implemented particles 
are treated

• Cross sections are taken 
from data or models

• Resonances are 
implemented in 
Breit-Wigner form

• No in-medium 
modifications

Marcus Bleicher, MAGIC 23, Kovalam

0�+ 1�� 0++ 1++

⇥ ⇤ a0 a1

K K⇥ K⇥
0 K⇥

1

� ⇧ f0 f1

�⇤ ⌅ f⇥0 f ⇤1
1+� 2++ (1��)⇥ (1��)⇥⇥

b1 a2 ⇤1450 ⇤1700

K1 K⇥
2 K⇥

1410 K⇥
1680

h1 f2 ⇧1420 ⇧1662

h⇤1 f ⇤2 ⌅1680 ⌅1900

The model - UrQMD

10



Baryon-baryon 
scattering cross section

Marcus Bleicher, MAGIC 23, Kovalam

• Phase space x matrix 
element:

• Matrix element is fitted 
to data for groups of 
resonance channels

• Detailed balance is 
fulfilled for the inverse 
reaction:

saturation. In addition, Yukawa and Coulomb potentials are implemented in the model.
The potentials allow to calculate the equation of state of the interacting many body system,
as long as it is dominated by nucleons. Note that these potential interactions are only used
in the model for baryons/nucleons with relative momenta ∆p of less than 2 GeV/c. For the
hadronic collisions discussed here, the potential interactions are omitted. Further details of
the application of the UrQMD model to heavy-ion reactions may be found in [5].

This framework allows to bridge with one concise model the entire available range of
energies from the SIS energy region (

√
s ≈ 2 GeV) to the RHIC energy (

√
s = 200 GeV).

At the highest energies, a huge number of different particle species can be produced. The
model should allow for subsequent rescatterings. The collision term in the UrQMD model
includes more than fifty baryon species and five meson nonetts (45 mesons). The baryons
and baryon resonances included in the UrQMD are listed in Table I. In addition, their an-
tiparticles have been implemented using charge-conjugation to assure full baryon-antibaryon
symmetry. Figures 1 and 2 depict the implemented meson multiplets: pseudo-scalar, vector,
scalar, pseudo-vector and (not shown in the Figs.) the tensor mesons as well as the heavy
vector meson resonances ρ(1450), ρ(1700), ω(1420), and ω(1600). Extremely heavy meson
resonances (m > 2 GeV) are not explicitly implemented, however they may be important
when investigating, e.g. the dynamics of ΦΦ correlations in future experiments.

All particles can be produced in hadron-hadron collisions and can interact further with
each other. The different decay channels all nucleon-, ∆- and hyperon-resonances up to
2.25 GeV/c2 mass as well as the meson (e.g. K∗) decays etc. are implemented. At higher
energies we take advantage of the hadron universality and use a string model for the decay of
intermediate states. The cross-sections of various hadronic processes as well as the formation
and fragmentation of the strings are discussed in the subsequent chapters.

III. CROSS-SECTIONS

A basic input into the microscopic transport models are the particle species and -energy
dependent cross-sections of hadron-hadron interactions. The total cross-sections are inter-

preted geometrically. A collision between two hadrons will occur if d <
√

σtot/π, where d and
σtot are the impact parameter of the hadrons and the total cross-section of the two hadrons,
respectively. In the UrQMD model the total cross-section σtot depends on the isospins of
colliding particles, their flavor and the c.m. energy. However, partial cross-sections are
then used to calculate the relative weights for the different channels. Only a small frac-
tion of all possible hadronic cross-sections has been measured. In the following sections, we
compare the UrQMD cross-sections with experimental data. If no data are available, the
additive quark model and detailed balance arguments are used to extrapolate such unknown
observables.

A. Baryon-Baryon Cross-Sections

The total BB cross-section of the reaction A + C → D + E has the general form

σBB
tot (
√

s) ∝ (2SD + 1)(2SE + 1)
〈pD,E〉
〈pA,C〉

1

s
|M|2 , (3)

5

particles with respect to the axes of the incoming momenta in the CMS system. However,
a fitting of the angular distributions to experimental data may conflict with the basic as-
sumption of transport theories that the multiple scattering processes can be considered to
be of Markovian type, i.e. after each scattering process or resonance formation the outgoing
particles completely forget about their entrance channels. In the case of a spin 0 resonance
there is no preferred direction for the emission of the final particles, while for spin 1 (and
other) the different magnetic quantum numbers are statistically occupied, so that also in
these cases there is no preferred angle of emission1.

All produced particles are able to rescatter within the nuclear medium, therefore the
excitation of resonances by the annihilation of mesons on baryons included as depicted in
Fig. 7 for the reaction π+ + p→ ∆++(∗).

Also the π− + p channel (Fig. 8) shows a rich structure of baryon resonances. The total
meson-baryon cross section is given by formula 4. There, the total and partial decay widths
also define the inverse reaction, i.e. the different decay-channels of the respective resonance.
Thus, the principle of detailed balance is applied. Based on this principle we calculate
all resonance formation cross sections from the measured decay properties of the possible
resonances up to c.m. energies of 2.25 GeV/c2 for baryon resonance and 1.7 GeV/c2 in the
case of MM and MB reactions. Above this energy collisions are modeled by the formation
of s-channel string or, at higher energies (beginning at

√
s = 3 GeV), by one/two t-channel

strings. In the strangeness channel elastic collisions are possible for those meson-baryon
combinations which are not able to form a resonance, while the creation of t-channel strings
is always possible at sufficiently large energies (c.f. Fig. 9 for the formation of hyperon
resonances and Fig. 10 for the non-resonant channel). At high collision energies both cross
section become equal due to quark counting rules.

In more general terms, the principle of detailed balance can be derived by assuming time-
reversal invariance of the interaction Hamiltonian and can be formulated in the following
way:

σ(y → x) p2
y gy = σ(x→ y) p2

x gx , (25)

with #p denoting the c.m.-momenta of the particles and g being the spin-isospin degeneracy
factors. Thus, if the cross section of the reaction x→ y is known, the back reaction y → x
can be easily obtained. This principle is in UrQMD widely applied for the calculation of
baryon-resonance absorption cross sections, such as ∆(1232) + N → N + N . For a detailed
discussion of the application of the principle of detailed balance to resonance absorption and√

s-dependent decay widths we refer to [5].
As was mentioned above, not only baryon-baryon and meson-baryon collisions have to be

included in the proposed scheme. At high energies and in massive AA systems meson-meson
collisions may dominate the multiple production of secondaries. Unfortunately, there are
only few channels for which the experimental information exists, like the process of π+π−

scattering (Fig. 11), which is fairly described by the UrQMD model.

1For a detailed discussion of the influence of non-markovian processes in the transport theory of
heavy ion collisions we refer the reader to Refs. [33,34].
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Meson-baryon scattering 
cross section (resonances)

Marcus Bleicher, MAGIC 23, Kovalam

baryon annihilates an antiquark from the incoming meson. Below 2.2 GeV c.m. energy
intermediate resonance states get excited. The total cross-section of these reactions are
given by the expression:

σMB
tot (
√

s) =
∑

R=∆,N∗

〈jB, mB, jM , mM‖JR, MR〉
2SR + 1

(2SB + 1)(2SM + 1)

×
π

p2
cm

ΓR→MBΓtot

(MR −
√

s)2 + Γ2
tot/4

, (4)

which depends on the total decay width Γtot, on the partial decay width ΓR→MB and on
the c.m. energy

√
s. At higher energies the quark-antiquark annihilation processes become

less important. There, t-channel excitations of the hadrons dominate, where the exchange
of mesons and Pomeron exchange determines the total cross-section of the MB interaction
[17].

Figures 7 and 8 show the cross-section of pion-proton reactions at different energies.
In Fig. 7 (π+ + p) one probes predominantly the creation of the ∆++ (∆∗++) resonance.
Note that the low energy s-wave πp scattering is not included into the UrQMD fit. The
resonance peak at p = 1.5 GeV/c is from the ∆(1900 − 1950) resonances. In comparison
Fig. 8 (π− + p) depicts many strong uncharged non-strange baryon resonances, e.g. the
∆0(1232), ∆0∗(1620), . . . , N∗(1535), etc. The total cross-section in the intermediate energy
regime is therefore the sum of the individual excitation modes of baryon resonances, the
s-wave at lower energies is left out.

Let us now investigate collisions of strange mesons with baryons. For q̄s mesons strange
s-channel resonances can be formed on non-strange baryons due to the annihilation of the
q̄-quark. A comparison of these processes from UrQMD with the experimental data is shown
in Fig. 9. The formation of hyperon resonances is clearly visible at lower energies, while
the universal t-channel reaction dominates the high energy tail. Fig. 10 shows the cross-
section of K+-mesons (us̄) on protons. In this case, the formation of resonances is forbidden,
since the s̄-quark cannot be annihilated by non-strange baryons (For strange baryons the
formation of resonances is still possible). Here we use only the elastic channel and the t-
channel excitation of both particles. The cross section at very high energies is given by the
CERN-HERA parametrization as shown in Table II.

C. Meson-Meson Cross Sections

Due to the fact that the experimental preparation of meson beams and targets is re-
stricted to π’s and K’s, only very little is known about MM collisions in general. For the
description of heavy ion collisions the importance of this channel increases with energy: at
1 A GeV beam energy we find that the production of new hadrons (mostly pions) is only
a ten percent effect. At AGS energies (10 A GeV) the amount of mesons roughly equals
the number of incoming nucleons. Going on to the SPS (160 A GeV) the picture changes
drastically: The produced particles dominate the reactions, while the incoming nucleons
have dropped to a 15% admixture in particle density and multiplicity [18].

To describe the total meson-meson reaction cross-sections, we make use of the additive
quark model (see below) and the principle of detailed balance, which assumes the reversibility
of the particle interactions.

7

resonance mass width Nγ Nπ Nη Nω N% Nππ ∆1232π N∗

1440π ΛK

N∗

1440 1.440 200 0.70 0.05 0.25

N∗

1520 1.520 125 0.60 0.15 0.25

N∗

1535 1.535 150 0.001 0.55 0.35 0.05 0.05

N∗

1650 1.650 150 0.65 0.05 0.05 0.10 0.05 0.10

N∗

1675 1.675 140 0.45 0.55

N∗

1680 1.680 120 0.65 0.20 0.15

N∗

1700 1.700 100 0.10 0.05 0.05 0.45 0.35

N∗

1710 1.710 110 0.15 0.20 0.05 0.20 0.20 0.10 0.10

N∗

1720 1.720 150 0.15 0.25 0.45 0.10 0.05

N∗

1900 1.870 500 0.35 0.55 0.05 0.05

N∗

1990 1.990 550 0.05 0.15 0.25 0.30 0.15 0.10

N∗

2080 2.040 250 0.60 0.05 0.25 0.05 0.05

N∗

2190 2.190 550 0.35 0.30 0.15 0.15 0.05

N∗

2220 2.220 550 0.35 0.25 0.20 0.20

N∗

2250 2.250 470 0.30 0.25 0.20 0.20 0.05

∆1232 1.232 115. 0.01 1.00

∆∗

1600 1.700 200 0.15 0.55 0.30

∆∗

1620 1.675 180 0.25 0.60 0.15

∆∗

1700 1.750 300 0.20 0.10 0.55 0.15

∆∗

1900 1.850 240 0.30 0.15 0.30 0.25

∆∗

1905 1.880 280 0.20 0.60 0.10 0.10

∆∗

1910 1.900 250 0.35 0.40 0.15 0.10

∆∗

1920 1.920 150 0.15 0.30 0.30 0.25

∆∗

1930 1.930 250 0.20 0.25 0.25 0.30

∆∗

1950 1.950 250 0.01 0.45 0.15 0.20 0.20

Table 3.4: Masses, widths and branching ratios for non-strange baryon-resonances in UrQMD. Masses
are given in GeV and the widths in MeV. All parameters are within the range given by the Review of
Particle Properties [125] and have been tuned to exclusive particle production channels.

Figure 3.6 shows the total and partial decay-widths of the N∗1535 resonance as a function of its mass.
This resonance is particularly interesting since it dominates the production of the η meson at SIS-energies.
The grey-shaded area represents the experimental uncertainty of the full width at the resonance pole
[125]. The opening of the Nη decay-channel at its threshold energy is clearly visible. Figure 3.7 shows
the respective probabilities for the different decay channels. Here, the grey-shaded area depicts the Breit-
Wigner mass-distribution of the N∗1535 resonance. Obviously the resonance can also be easily populated
below the η production threshold – due to limited phase-space in a heavy-ion reaction the integrated
decay-probability of a N∗1535 into a nucleon and an η meson may lie well below the free branching ratio
given in the Review of Particle Properties [125].

Unfortunately, equation (3.38) cannot be easily extended to include three- or four-body decay channels.
In order to treat all decay channels on an equal footing in UrQMD, the outgoing particles of a three- or
four-body decay are combined into two “effective” particles which are used to compute the respective
partial decay-widths. N -body phase-space, however, is treated explicitly.

All resonances decay isotropically in their rest frame. For a two-particle exit channel the momenta are
given by equation (3.30). If a resonance is among the outgoing particles, its mass must first be determined
according to a Breit-Wigner mass-distribution. If the exit channel contains three or four particles, then
the respective N-body phase-space must be taken into account for their momenta [128].
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Final State Interactions (after Hydro)



Using flow to learn about 
the initial stage

High energy
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Marcus Bleicher, ZAPF 2010

Idea: Angular 
correlation
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Where do they come from?

From Masashi Kaneta
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How are they connected to the initial state?

From Masashi Kaneta

17



Hannah Petersen NeD/TURIC, 06/27/2012 8

• Energy-, momentum- and baryon number densities are 
mapped onto the hydro grid using for each particle

 
• Changing " leads to different granularities, but also 

changes in the overall profile

• How does changing the starting time affect the picture?

Initial State at RHIC
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From H. Elfner

Learning about the initial state at RHIC and LHC 
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Marcus Bleicher, MAGIC 23, Kovalam 18



Sources of Fluctuations

• Granularity is driven by
• position of nucleons
• distribution of collisions
• type of interaction
• degree of thermalization

• How to quantify the fluctuating shape of the initial state?
à Fourier-expansion in position space

UrQMD @ 
200 AGeV

+ + + +
⋯

=ε2 ε5ε4ε3

19
Marcus Bleicher, MAGIC 23, Kovalam

From H. Elfner



Anisotropic Flow – Higher order Fourier coefficients 
in momentum space

Simplified picture:

Position-space anisotropy 
à Momentum-space anisotropy

Use the vn coefficients to learn about the initial state

Real picture:
Complicated state, 
mean free paths,…

by MADAI.us

20Marcus Bleicher, MAGIC 23, Kovalam

From H. Elfner



Constraining initial state granularity

Hannah Petersen NeD/TURIC, 06/27/2012

Constraining Granularity

• Triangular flow is very sensitive to 
amount of initial state fluctuations

• It is important to have final state particle 
distributions to apply same analysis as in 
experiment

• Single-event initial condition provides 
best agreement with PHENIX data

• Does that imply that the initial state is 
well-described by binary nucleon 
interactions +PYTHIA? 

• Lower bound for fluctuations!
18

H.P. et al, J.Phys.G G39 (2012) 055102

21Marcus Bleicher, MAGIC 23, Kovalam

From H. Elfner



Using flow to learn about 
the intermediate stage

Low energy

Marcus Bleicher, MAGIC 23, Kovalam 22



• Cascade calculation can be supplemented by 
hadronic potentials – standard: hard/soft Skyrme type

• Other potentials 
mimicking a 
phase transition 
are also possible.

Ultra-relativistic Quantum 
Molecular Dynamics (UrQMD)

Potential mode calculations (RHIC-BES energies):

Marcus Bleicher, MAGIC 23, Kovalam

Remember talk by Jan Steinheimer

23

Steinheimer, Motornenko, Sorensen
Nara, Koch, Bleicher, Stöcker, 
Eur.Phys.J.C 82 (2022) 911



Elliptic flow versus energy

24

• Elliptic flow is negative
from 𝑠𝑁𝑁 = 2 − 4 GeV
• Positive at higher 

energies
• Out-of-plane emission: 

Shadowing
• In-plane emission: 

Pressure gradient, 
transverse expansion

HADES, arXiv:2208.02740
Marcus Bleicher, MAGIC 23, Kovalam



Elliptic flow scaling with eccentricity

25

• LHC & RHIC: initial 𝜀# à −∇𝑃à final 𝑣#
• GSI/FAIR: Negative scaling observed by HADES

HADES, arXiv:2208.02740

T. Reichert et al., J.Phys.G 50 (2023) 2, 025104

Negative(!) v2 scaling is observed
For protons and deuterons

Marcus Bleicher, MAGIC 23, Kovalam



Elliptic flow scaling with eccentricity

26

• LHC & RHIC: initial 𝜀# à −∇𝑃à final 𝑣#
• GSI/FAIR: Negative scaling observed by HADES

HADES, arXiv:2208.02740

T. Reichert et al., J.Phys.G 50 (2023) 2, 025104

Negative(!) v2 scaling is observed
For protons and deuterons

Marcus Bleicher, MAGIC 23, Kovalam



Flow scaling: 𝑝𝑇

27

• 𝑣2 scaling with 𝜀2 is 
negative
• 𝑝𝑇 dependence also 

scales
• Au+Au collisions and 

Ag+Ag collisions 
behave similarly
• Similar shadowing 

strength at equal 
eccentricity

à Probe hot and dense 
phase
Marcus Bleicher, MAGIC 23, Kovalam

T. Reichert et al., J.Phys.G 50 (2023) 2, 025104



Is v2 always negative?
Time development of 𝑣2

28

Full system:
• Zero until 7 fm
• Positive from 7 to 15 fm

due to pressure 
gradient
• Momentum transfer to 

(semi-) spectators
• Turns negative
Emitted:
• First highly negative
• Increasing towards final 

value
T. Reichert et al., e-Print: 2302.13919Marcus Bleicher, MAGIC 23, Kovalam

https://arxiv.org/abs/2302.13919
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Time development of 𝑣1 and 𝑣2

Marcus Bleicher, MAGIC 23, Kovalam

• Flow is sensitive to the EoS (build-up during most dense phase)
• Tight connection between 𝑣1 and 𝑣2

T. Reichert et al., e-Print: 2302.13919

https://arxiv.org/abs/2302.13919


Time evolution

30

• Positive v2 from 7 to 15 fm due to pressure gradient 
and larger surface in x-direction
• During that time span Momentum transfer to spectators

• Emitted hadrons always negative v2 due to shadowing

Au+Au, Elab=1.23 AGeV

Marcus Bleicher, MAGIC 23, Kovalam T. Reichert et al., e-Print: 2302.13919

https://arxiv.org/abs/2302.13919


Messenger from the hot
and dense state

Testing the expansion scenario by
Dileptons

31Marcus Bleicher, MAGIC 23, Kovalam



Dileptons via coarse graining

•
• Spectral and thermal information

• UrQMD + coarse-graining
• Evaluate 𝑇&' and 𝑗(

& in 
each cell and obtain T, 𝜇(

• Calculate dileptons using 
Rapp spectral functions

• Shining method (collisional 
broadening included)

32

S. Endres et al. Phys.Rev.C 91 (2015) 5, 054911

C. Gale et al. Nucl. Phys. B357 (1991) 65

Marcus Bleicher, MAGIC 23, Kovalam



Decoupling time distribution

33

• Dileptons:
• Decouple mainly from 5 to 

15 fm
• Narrow distribution
• Time span when elliptic 

flow is positive

• Nucleons: 
• Decouple from 10 to 35 fm

when v2<0

Marcus Bleicher, MAGIC 23, Kovalam T. Reichert et al., e-Print: 2302.13919

https://arxiv.org/abs/2302.13919


Emission time vs. flow

34Marcus Bleicher, MAGIC 23, Kovalam

• Dileptons probe positive 𝑣2 in hot and dense phase
• Hadrons probe negative 𝑣2 at kinetic decoupling

T. Reichert et al., e-Print: 2302.13919

https://arxiv.org/abs/2302.13919


Elliptic flow: 𝑝𝑇 dependence

35

• Hadrons show negative 𝑣2
• Simulation in line with 

HADES data
• Dileptons have positive 𝑣2
• Dileptons show hydro-

mass scaling
• Direct measurement of 

EoS at highest density!

Marcus Bleicher, MAGIC 23, Kovalam

T. Reichert et al., e-Print: 2302.13919

https://arxiv.org/abs/2302.13919


Messenger from the hot
and dense state

Testing the expansion scenario by
Flow correlations

36Marcus Bleicher, MAGIC 23, Kovalam



Elliptic flow fluctuation

37

• Final 𝑣2 fluctuates from -0.2 
to 0.1

• Average 𝑣2 ≈ −0.05
consistent with HADES data

• Where does the fluctuation 
come from?

• Connection to eccentricity?

à Investigate how flow 
develops during time 
evolution
T. Reichert et al, Eur. Phys. J. C 82, no.6, 510 (2022)

Marcus Bleicher, MAGIC 23, Kovalam



Flow scaling with v2 trigger

38

• We understand
flow development
• Thus scaling can

be explained
• Initial 𝜀# fluctuation

drives built-up of
𝑣) and 𝑣#
• Pressure gradient

creates
correlation:
𝑣* ∝ 𝑣) / 𝑣#

Marcus Bleicher, MAGIC 23, Kovalam

T. Reichert, Eur. Phys. J. C 82, no.6, 510 (2022)



v2 defines v1 !

• Selecting a specific 
v2 directly translates 
into a final state v1

• This demonstrates
again that the initial
v2 is the source of the
momentum transfer
to the spectators

Marcus Bleicher, MAGIC 23, Kovalam 39

T. Reichert et al., e-Print: 2302.13919

https://arxiv.org/abs/2302.13919
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Summary
• Transport models are excellent tools to describe 

and explore the dynamics of matter in heavy ion 
collisions

• Directed, elliptic, triangular and higher order flows 
allow to probe the initial and intermediate stages of 
heavy ion reactions

• The flows are sensitive to different equations of state 
and allow to pin down the density dependence 
precisely

Marcus Bleicher, MAGIC 23, Kovalam 40


