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Abstract. We introduce a novel approach based on elastic and inelastic scattering rates to extract the hyper-surface of the chemical freeze-out from a hadronic
transport simulation. We use the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model to extract the chemical freeze-out hyper-surface of pions
√
and kaons in the energy range from Elab = 1.23A GeV to sNN = 7.7 GeV. By
employing a coarse-graining procedure, we can extract the local temperature T
and baryo-chemical potential µB on the chemical freeze-out surface and compare them to results from statistical model analysis. We find good agreement
between the pion chemical freeze-out line extracted from the simulation and the
freeze-out line from the statistical model extracted from data. In addition the
simulations also hint towards the existence of a flavor hierarchy similar to the
one observed in recent lattice QCD calculations.

1 Introduction
There is an ongoing debate about whether the phase transition line is connected to the chemical freeze-out line, i.e. the stage at which flavor changing reactions cease and the chemical
yields of the hadrons are fixed. On the one hand there is the thermal model utilizing a relativistic hadron gas described by a volume (V), a temperature (T ) and the chemical potentials
(µi ) which successfully describes final state hadron yields over a broad range energies [1].
This finding is usually interpreted as thermal/chemical equilibrium being formed via statistical hadronization from the Quark-Gluon-Plasma (QGP). On the other hand there are ab initio
lattice calculations investigating the temperature dependence of susceptibility ratios pointing
towards a separation in the chemical decoupling temperatures of light and strange quarks
[2–4].
In this article, we aim to contribute to the discussion of the “flavor hierarchy” question
ν
by extracting the microscopic chemical freeze-out hyper-surface Σcfo
µ (x ) from a dynamical
hadronic transport simulation without the need to fit measured particle yield. Extending
our previous calculations for pions (as the dominant light hadron species) [5], this article
addresses in addition the chemical freeze-out of strangeness via K mesons. As originally
pointed out by Pomeranchuk, the chemical or kinetic freeze-out of a system is determined
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by the competition between the scattering rate τscat and the expansion rate τexp [6]. We thus
aim to trace every final state hadron back to the space-time point of its first creation. Finally,
we employ a coarse-graining procedure to infer the local temperature and baryo-chemical
potential.

2 Modeling chemical freeze-out in UrQMD
The present study employs the Ultra-relativistic Quantum Molecular Dynamics (UrQMD
v3.4) [7, 8] transport model in cascade mode. UrQMD is a hadron cascade model that simulates the dynamical evolution of heavy ion collisions by propagating 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.
Our procedure is based on the fact that during the hadronic phase (pseudo-elastic) reactions like ∆ ↔ πN or N ∗ ↔ KΛ effectively do not change the π or K yield over the lifetime of
the intermediating resonance. Through investigation of the full time evolution of the UrQMD
output, we can find every final state hadron and trace it back to the space-time point of its first
creation. This defines the chemical freeze-out hyper-surface. For the details of the procedure
we refer the reader to Ref. [5], where the chemical freeze-out hyper-surface of pions has been
determined with UrQMD.
To relate thermodynamic quantities to the hyper-surface Σcfo
µ , we coarse-grain the UrQMD
simulations [9–11]. For the present calculation, a large ensemble of events is placed on a 4dimensional grid of resolution ∆t = 0.25 fm/c and ∆x, y, z = 1 fm. In each cell, the average
energy-momentum tensor T µν and the average net-baryon current jµB is calculated. After a
Lorentz-boost, their time-components represent the local energy density and the local netbaryon density in the Local Rest Frame (LRF). Finally, the energy and net-baryon density
can be used to extract the local T and µB via interpolation of a Hadron Resonance Gas EoS
[12].

3 Results
The results are obtained by analyzing central Au+Au collisions from Elab = 1.23A GeV to
√
sNN = 7.7 GeV calculated with the UrQMD model. The simulations are used as input
to extract the chemical freeze-out coordinates and calculate the fields (T (t,r), µB (t,r)) with
the aforementioned coarse-graining procedure. Central events are selected via an impact
parameter cut of bmax = 3.4 fm at all investigated energies. We focus on the chemical freezeout of π and K which finally decouple in the volume with |zkin | ≤ 5 fm.
3.1 Freeze-out of pions versus kaons

Let us start with the distributions of the chemical freeze-out times (left), temperatures (middle) and baryo-chemical potential (right) shown in Fig. 1 for kaons (solid lines) and pions
√
(dotted lines) in central Au+Au collisions from Elab = 1.23A GeV to sNN = 7.7 GeV
calculated with the UrQMD model. In general, the freeze-out time, temperature and µB distributions of pions and of kaons are all peaked indicating that chemical decoupling indeed
happens at a rather specific stage of the system evolution, hence the extraction of the chemical freeze-out hyper-surface is reasonable. At very low energies the chemical freeze-out times
of the pions and kaons are both peaked but separated by 2 fm/c, however with increasing energy the shift between the distributions vanishes. This observation is expected a) due to the
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Figure 1. [Color online] Distributions of the chemical freeze-out times (left), of the chemical freeze-out
temperatures (middle) and the chemical freeze-out baryo-chemical potentials (right) for kaons (solid)
√
and pions (dotted) in central Au+Au collisions from Elab = 1.23A GeV to sNN = 7.7 GeV calculated
with the UrQMD model.

fact that at low energies (low temperatures) strangeness production is canonically suppressed
(also in transport simulations [13]) and furthermore b) due to the small K absorption cross
section on nuclear matter. This (low energy) separation in the average decoupling time is
reflected in the extracted temperatures: pions decouple during a broader time span, thus at
temperatures ranging from 40 MeV to 100 MeV while kaons, to the contrary, decouple in a
narrow temperature slice around 80-90 MeV. This separation again vanishes with increasing
energy. The average T  moreover approaches 150 MeV independently of the hadron species
at the largest collision energy lining up with statistical model fits to measured hadron yields.
The average baryo-chemical potential of both the pions and the kaons decreases with increasing energy due to the production of anti-baryons at higher energies. Here, the separation
between π and K becomes small.
3.2 Thermodynamics on the hyper-surface

We are now in the position to visualize our results in the QCD phase diagram. A meaningful
T , µB tuple is obtained by averaging the distributions shown in the previous section. Fig. 2
shows the T , µB combinations extracted from the chemical freeze-out of pions (black triangles
up) and of kaons (red circles) and compares them to well established statistical models fits
to experimental hadron yields (blue crosses) [1, 14–18]. In addition we also show results
from Ref. [19] in which different ensembles of experimental hadron yields are fitted with
the GCE as orange symbols and results from [20] (green symbols) in which the authors used
strangeness susceptibilities to calculate flavor hierarchy at chemical freeze-out.
We observe that our results using pions are in very good agreement with the known statistical model fits to the available experimental data [14–18, 21]. Our results on the chemical
freeze-out hyper-surface of kaons show generally a larger temperature speaking for an earlier
freeze-out. As already discussed, in our simulation (driven by scattering rates) the separation
in chemical freeze-out temperature between light and strange flavors ∆T ≡ T K −T π decreases
with increasing energy from 20 MeV at HADES to 10 MeV at medium RHIC energies, different from the results in [4, 19, 20].

4 Summary
We employed a novel method to extract the microscopic chemical freeze-out hyper-surface
from a dynamical hadronic transport simulation to investigate the flavor hierarchy. For this,
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Figure 2. [Color online] The chemical freeze-out line (T, µB ) of pions (black) and kaons (red) in
√
central Au+Au collisions from Elab = 1.23A GeV to sNN = 7.7 GeV calculated with the UrQMD
model. Also shown are fits to experimental hadron yields from AGS [14, 21] and SIS [15–18] as well
as chemical freeze-out estimates using kaon fluctuations from [20] (green symbols) and using different
hadron ensembles in thermal fits from [19] (orange symbols).

we used the Ultra-relativistic Quantum Molecular Dynamics (UrQMD) model in version 3.4
to calculate the chemical freeze-out hyper-surface of pions and of kaons from central Au+Au
√
collisions in the energy range from Elab = 1.23A GeV to sNN = 7.7 GeV. The local temperature and baryo-chemical potential on this hyper-surface were extracted by coarse-graining
the UrQMD output. Our calculations reveal that the statistical model data as well as flavor
hierarchy in the chemical decoupling of pions and kaons can be well described by hadronic
transport calculations. In contrast to previous results in the literature which investigated this
phenomenon at very high energies (LHC, top RHIC), we observed that flavor separation increases with increasing energy at low collision energies (GSI, low RHIC).
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