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We use the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model to extract the micro-
scopic chemical freeze-out hyper-surface from a dynamical hadronic transport simulation. By
coarse-graining the output, the distribution of the temperature and the baryo-chemical potential
can be extracted on this hyper-surface. The energy dependence of the average chemical freeze-
out temperature and the average baryo-chemical potential follows the trend seen in the statistical
model and also captures the data points of the chemical freeze-out curve very well. We finally
check the established chemical freeze-out criteria with our method and indeed we can confirm
the constant energy per particle criterion at all investigated energies, while the entropy density
criterion and the baryon density criterion are fulfilled at larger collision energies.
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1. Introduction

Heavy-ion collisions can be seen as a controlled recreation of the big bang in the laboratory,
although the scales in this so called little bang are vastly different. At large collision energies the
energy and baryon densities reached during such a collision are high enough that the nuclear matter
switches from hadronic to quark and gluon degrees of freedom forming a Quark-Gluon Plasma
(QGP). With further elapsing time the system expands into the vacuum thus cooling down and
thinning out turning back to hadrons which further interact and scatter until the system decouples
and the particles propagate into the detectors. At some point after initial contact and prior to
measurement flavor changing reactions cease fixing the total particle abundances which is called
the chemical freeze-out and subsequently also momentum changing reactions cease fixing the final
state particle spectra which is called the kinetic freeze-out.

While the definition and interpretation of the kinetic decoupling is clear, i.e. the point of a
particle’s last interaction, the definition and meaning of the chemical decoupling are still a matter
of debate. At very high energies the chemical decoupling is most often argued to be connected
to the phase transition from the QGP to hadronic matter. Tremendous effort has been put into the
systematic study of hadron abundances over a broad range of energies and experiments, especially
at CERN/SPS [1, 2, 3, 4], BNL/AGS [5, 6, 7] and GSI/SIS [8, 9], to extract the temperature and
baryo-chemical potential at chemical freeze-out with a thermal model analysis [10, 11, 12].

Following our previous studies on the chemical freeze-out [13], in this article we employ a
dynamical hadronic transport approach without phase transition to extract the chemical freeze-
out hyper-surface and determine the distribution of the temperature and the baryo-chemical via
a coarse-graining method. We finally check established chemical freeze-out criteria, namely the
constant energy per particle criterion proposed in [14], the entropy density criterion proposed in
[15] and the total baryon density criterion proposed in [16] in the simulation.

2. Model setup

The present study uses the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) [17, 18]
transport model in cascade mode. UrQMD is used to compute both the bulk evolution of the
system and to determine the space-time coordinates of the chemical freeze-out of the hadrons. We
recall that UrQMD is a hadron cascade model that simulates the dynamical evolution of heavy ion
collision events by following the propagation of the individual hadrons, modeling their interactions
via the excitation of color flux-tubes (strings) and by further elastic and inelastic scatterings. A
transition to a deconfined stage is not explicitly included in the cascade mode employed here.

The UrQMD coarse-graining approach [19, 20, 21, 22, 23, 24, 25] consists in computing the
temperature and the baryon chemical potential from the average energy-momentum tensor and net
baryon current of the hadrons formed in a large set of heavy ion collision events with the same
collision energy and centrality. The computation is done in the cells of a fixed spatial grid at
constant intervals of time. In the present study, the cells are four-cubes with spatial sides of length
∆x = ∆y = ∆z = 1 fm and ∆t = 0.25 fm length in time direction. First, we evaluate the net-baryon
four current jµ

B and the energy momentum tensor T µν in each cell. We adopt the Eckart’s frame
definition [26] to obtain the fluid four velocity uµ by normalizing jµ

B . Via a Lorentz transformation
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of the net-baryon current and of the energy momentum tensor into the Local Rest Frame (LRF) of
the fluid, we compute the baryon density ρB = j0

B,LRF and the energy density ε = T 00
LRF.

Often the chemical freeze-out occurs in cells with an anisotropy between the pressure in the
parallel (P‖) and in the transverse direction (P⊥), with respect to the beam axis. To take into account
this condition, we employ the anisotropic correction from Florkowski and Ryblewski [27, 28].

The final step in the coarse graining procedure consists in associating to each cell of the coarse
grained grid the temperature T (εcorr,ρB) and the baryon chemical potential µB(εcorr,ρB) through
the interpolation of a tabulated Hadron Resonance Gas EoS [29].

2.1 Chemical freeze-out in the UrQMD model

To test this novel way of tracking down the chemical freeze-out coordinates in a full transport
simulation we focus on pions. The reason for this is twofold: a) pions are very abundant hadrons in
the investigated energy regime and b) pions are stable particles under strong interactions, both facts
simplify the reconstruction of the chemical freeze-out coordinates with high accuracy. One should
note that it is discussed in the literature whether there is a separation in the chemical freeze-out (or
phase transition) temperature between light flavors and strangeness [30, 31, 32, 33, 34]. However,
we aim to focus on the bulk of the system which is effectively modeled by pions and postpone
the investigation of flavor hierarchy. When does a π freeze-out chemically? Typically, pions are
either produced directly in a string decay (dominant at higher energies) or via N +N → N +∆,
and subsequently ∆→ N +π reactions. Of course the ∆ can be replaced by other resonances. In
addition cascades like ∆→ N +ρ , and subsequently ρ → ππ are possible. Not all pions produced
initially make it to the final state due to absorption processes, e.g. π +N → N∗ → K +Λ. To
extract the space-time point of the production of a finally observed π , we follow all observed pions
backwards through the evolution until we reach their point of production. This defines the chemical
freeze-out coordinates (t,~r) for each individual pion.

3. Results

All results are obtained by simulating central (b≤ 3.4 fm) Au+Au collisions with the UrQMD
model [17, 18] in cascade mode. We only consider pions that finally decouple in the central volume
with |z| ≤ 5 fm.

Let us start with the investigation of the distribution of the temperature and the baryo-chemical
potential obtained on the chemical freeze-out hyper-surface. Fig. 1 shows the respective normal-
ized distributions (see legend for color identification). The first observation is that all distributions
show a peaked structure indicating that indeed the definition and extraction of the chemical freeze-
out from a dynamical transport simulation is valid. We further observe that the average temperature
seems to saturate around 150 MeV with FWHM of 50 MeV while the average baryo-chemical po-
tential further decreases with increasing energy which is expected.

To better investigate the energy dependence we average the inspected distributions and show
the results in Fig. 2. Also shown is an established statistical hadronization model parametrization
of the freeze-out curve [12]. An overall great agreement between the established trend and our
simulation results can be observed for both the temperature and the baryo-chemical potential.
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Figure 1: [Color online] Distribution of the temperature (left) and baryo-chemical potential (right) extracted
on the chemical freeze-out hyper-surface from central Au+Au collisions from UrQMD.
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Figure 2: [Color online] Energy dependence of the average chemical decoupling temperature (left) and the
baryo-chemical potential (right) from central Au+Au collisions from UrQMD.

Finally, we are in the position to relate our calculations to the data forming the freeze-out curve
in the phase diagram of strongly interacting matter. In Fig. 3 we show the average temperature and
average baryo-chemical potential evaluated on the chemical freeze-out hyper-surface as well as the
established data [1, 2, 3, 4, 5, 6, 7, 8, 9] in the phase-diagram. The calculations capture the trend
of the data points with unexpected high accuracy although UrQMD neither involves explicit quark
and gluon degrees of freedom nor a phase transition.

Lastly, we can check the established chemical freeze-out criteria. In Fig. 4 we show as
functions of the collision energy the average energy per particle (left) which is proposed to be
1 GeV/particle [14], the entropy per temperature cubed (middle) which is proposed to be 7 [15]
and the total baryon and anti-baryon density (right) which is proposed to be 0.12 fm−3 [16]. We can
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Figure 3: [Color online] Average temperature and average baryo-chemical potential evaluated on the
chemical freeze-out hyper-surface from central Au+Au collisions from UrQMD. Also shown are statisti-
cal hadronization model fits to data from CERN/SPS [1, 2, 3, 4], BNL/AGS [5, 6, 7] and GSI/SIS [8, 9].

confirm that indeed the average energy per particle is roughly constant ranging from 1 - 1.2 over
all investigated energies. The other two criteria are also confirmed, however starting at

√
sNN = 7.7

and 20 GeV for the entropy and baryon density criterion, respectively.
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Figure 4: [Color online] The different chemical freeze-out criteria evaluated on the chemical freeze-out
hyper-surface from central Au+Au collision from UrQMD. The energy-per-particle criterion [14] is shown
on the left, the entropy density criterion [15] is shown in the middle and the baryon density criterion [16] is
shown on the right.
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4. Summary

In this article we have used the Ultra-relativistic Quantum Molecular Dynamics (UrQMD)
model to extract the exact microscopic chemical freeze-out hyper-surface from a dynamical hadronic
transport simulation. By coarse-graining the output we extracted the distribution of the tempera-
ture and the baryo-chemical potential on this hyper-surface. The distributions were strongly peaked
indicating that one can indeed define an approximate chemical freeze-out surface in transport mod-
els. The energy dependence of the average chemical freeze-out temperature and the average baryo-
chemical potential follows the trend seen in the statistical model and also captures the data points of
the freeze-out curve very well. We finally checked the established chemical freeze-out criteria with
our method and indeed we can confirm the constant energy per particle criterion at all investigated
energies. In our simulation the entropy density criterion is fulfilled above

√
sNN = 7.7 GeV and the

baryon density criterion is fulfilled above
√

sNN = 20 GeV.
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