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Time Evolution of Heavy Ion Collisions
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Learn about the length of the hadronic 
rescattering stage using resonances

Nuclei at 99 % 
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Resonance reconstruction
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Ultra-relativistic Quantum 
Molecular Dynamics (UrQMD)

Hadron cascade (standard mode)
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• Based on the propagation of hadrons
• Rescattering among hadrons is fully included
• String excitation/decay at higher energies
• Provides a solution of the relativistic n-body 

transport eq.:

• “Standard Reference” for low and intermediate 
energy hadron and nucleus interactions
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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
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Energy and centrality dependence
K* Multiplicities K* mean pT

Lisa Engel, STRONG 2023 Workshop 5

Yield increases with energy
and centrality

pT increases with centrality
No energy dependence for central reactions
à absorption of low pT daughters more relevant

STAR. Phys.Rev.C 107 (2023) 3, 034907



Ratio to ground state
Centrality dependence in 

terms of Npart

Centrality dependence in 
terms of Nch
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• Strong K* daughter absorption in central collisions observed at all energies
Absorption seems stronger at lower energies than at LHC

• Low energies pp is not equal to peripheral AA (threshold!)
STAR. Phys.Rev.C 107 (2023) 3, 034907



Comparison to 𝜙 meson
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• No suppression of 𝜙 meson due to long live time
• Extraction of duration of hadronic stage possible

K*/K ratio 𝜙/K ratio

STAR. Phys.Rev.C 107 (2023) 3, 034907



Lifetime of hadronic 
rescattering phase
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• Extraction of duration of hadronic stage possible
à Lifetime in the order of 2 𝑓𝑚

• Assumption: $!∗

! "#$
≈ $!∗

! %%
not valid below 𝑠 ≈ 20 𝐺𝑒𝑉

STAR. Phys.Rev.C 107 (2023) 3, 034907



Energy dependence
Comparison Extraction of duration of 

hadron stage
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• Strong K* suppression present at all energies
• K*/K might have a local maximum around 𝑠&& =100-200 GeV

à compensation between strangeness production and daughter rescattering?
• Lifetime of hadronic stage might show local minimum at this energy? 

STAR. Phys.Rev.C 107 (2023) 3, 034907

STAR. PRC92 (2015) 1,014904
PHENIX. NPA931 (2014) 1082-
1087
ALICE. PoS WPCF (2011) 003
HADES. EPJA56 (2020) 5, 140
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Summary
• Transport models are excellent tools to describe and 

explore the dynamics of matter in heavy ion collisions

• Hadronic rescattering phase suppresses K* /K (short-lived 
resonances) ratio, while 𝜙/K remains centrality-
independent (long-lived resonance)

• Lifetime extraction hints at local minimum of hadronic 
phase around 𝑠!! =100-200 GeV (while HBT data 
suggests a local maximum)

• Lifetime extraction breaks below 𝑠 ≈ 20 𝐺𝑒𝑉


