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Abstract

One of most important goals in low temperature heavy-ion collisions is to understand the nuclear equation of
state. Being strongly dependent on the initial pressure, the collective flow 1s a very promising observable to study
the nuclear equation of state as well as the role of the formation of small nuclear clusters. The UrQMD model
including a hard and non-momentum dependent equation of state and deuteron formation via coalescence was used
to study the collective flow of protons and deuterons in semi-peripheral Au+Au collisions at F,;, = 1.23 A GeV
and to compare the results with the HADES collaboration. The simulations agree well with the experimental data.
A direct mass number scaling of the even flow harmonics is observable as function of transverse momentum.

Introduction

Heavy-1on collisions in accelerators have since now been a very succesful tool to understand the
physics of hot and dense matter how it was present in the early universe and 1s present in compact
stellar objects. At high densities and corresponding low temperatures the dynamics of the particles
are very sensitive to the nuclear equation of state. Anisotropic flow 1s very sensitive to the initial
pressure gradients and therefore a promising variable to study the equation of state [1, 2, 3]. The
collective flow 1s given as the Fourier-series of the the momentum distribution:
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So one calculates the v, as average over all particles in a given event, accepting all events 1n the fixed
centrality class:

vn(pT,Yy) = (cosng)). (2)

Here, W p denotes the reaction plane angle and ¢ 1s the azimuthal angle with respect to the reaction
plane.

The HADES experiment at GSI in Darmstadt has performed Au+Au collisions at a beam energy of
1.23 A GeV with a huge amount of data and therefore 1s able to measure higher order flow compo-
nents [4, 5]. At this energy range, one expects to find a high formation of small nuclear clusters like
deuterons allowing to study the scaling properties of their flow with the flow of free protons.

The UrQMD model with coalescence and equation of state

e For the simulation of the collective flow of free protons and deuterons, we applied the Ultra-
relativistic Quantum Molecular Dynamics (UrQMD) transport model [7, 8].

e It 1s based on a geometrical interpretation of the nuclear cross section. If possible, the cross section
1s taken from experimental data, otherwise theoretical models like the quark model are used.

e The model includes resonance and string dynamics, as well as strangeness exchange and scattering
processes.

e At low energies, an equation of state is of utmost importance to understand the dynamics of the
interacting particles and the evolution of collective flow. Therefore a hard, non-momentum depen-
dent Skyrme type equation of state 1s used. The Skyrme-potential 1s given by [2]:
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e By changing the parameters «, (3, and ~ the stiffness of the EoS is changed. The current set-up is
shown 1n ref. [1].

e Notice that also momentum-dependent equations of state are succesful to describe data at low en-
ergies. But we stay with the non-momentum dependent potential which was used to describe the
data at HADES energies in previous studies.

e For the deuteron formation, a phase-space coalescence approach 1s used. For all possible proton
and neutron pairs, the relative space and momentum distances of the kinetic freeze-out coordinates
are considered in the two-particle rest-frame. If the relative distance Ar < 3.575 fm and the rel-
ative momentum distance Ap < 0.385 GeV, then a deuteron is formed with the probability of 3/8
(statistical spin-1so-spin coupling factor).

Results

In the following, the results of elliptic and quardrangular flow for free protons and deuterons in
Au+Au collisions at 1.23 A GeV is presented. For the calculations only particles with n,,;; # 0 are
considered and an impact parameter of b = 6 — 9 is used (corresponding to 20-30% centrality).

e The calculations are 1in good agreement with the experimental data. Due to higher p, the deuteron
flow 1s more positive.

e A strong dependence on rapidity and transverse momentum is observable.

e A direct mass number scaling 1s observable which 1s a direct consequence of the coalescence ap-
proach.
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e The non vanishing v, with respect to the reaction-plane indicates an interplay of initial and expan-
sion stage of the system.
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Figure 1: Elliptic flow of protons(left) and deuterons (right) as function of transverse momentum for various rapidity bins
in Au+Au collisions at Ej,;, = 1.23 A GeV. The lines denote the simulations (b = 6 — 9 fm) and the symbols denote the
experimental data of the HADES collabroation (20-30% centrality) [4, 5].
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Figure 2: Elliptic flow (left) and quadrangular flow (right) of protons and deuterons as function of transverse momentum
scaled by the mass number A in Au+Au collisions at £, = 1.23 A GeV. The lines denote the simulations (b = 6 — 9 fm).

Conclusions

e UrQMD including a hard EoS and deuteron formation via coalescence successfully describes the
collective flow of deuterons and protons in midperipheral Au+Au collisions at 1.23 A GeV.

e A direct mass number scaling of the even flow harmonics i1s observable and a strong indicator of
coalescence.

e In the future the flow of tritons and helium will be observed and compared to the flow of protons
and deuterons.
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