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Abstract
We explore the directed, elliptic, triangular and quadrangular flow of deuter-
ons in Au+Au reactions at a beam energy of 1.23 AGeV within the UrQMD
approach. These investigations are of direct relevance for the HADES
experiment at GSI that has recently presented first data on the flow of light
clusters in Au+Au collisions at 1.23 AGeV. To address the deuteron flow,
UrQMD has been extended to include deuteron formation by coalescence. We
find that this ansatz provides a very good description of the measured deuteron
flow data, if a hard equation of state is used for the simulation. In addition we
show that light cluster formation has a sizable impact on the proton flow and
has to be taken into account to obtain reliable results in the forward /backward
region. Based on the observed scaling of the flow, which is a natural result of
coalescence, we conclude that deuteron production at GSI energies is a final
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state recombination effect. Finally, we also discuss the scaling relations of the
higher order flow components up to v4. We show that v3 ~ v;v, and vy ~ v as
function of transverse momentum and that the integrated v ~ 1, over the
investigated energy range from Ej,, = 0.1 AGeV to 40 AGeV.

Keywords: collective flow, deuterons, protons, HADES, kinetic freeze-out,
coalescence, equation of state

(Some figures may appear in colour only in the online journal)

1. Introduction

Collisions of heavy ions in today’s largest accelerators allow to explore the characteristics of
nuclear matter under extreme temperatures and densities. While at the high temperature
frontier, the goal is to explore the properties of the quark-gluon-plasma, at the high density
frontier the exploration of the nuclear equation of state (EoS) is in the center of interest.
Especially for the understanding of compact stellar objects, e.g. neutron stars, a detailed
knowledge of the EoS is of utmost importance. The density range under investigation at
corresponding temperatures is 3—4 times higher than the nuclear ground state density and
therefore of special interest as one expects a phase transition from nuclear/hadronic matter to
deconfined matter. One may even expect more exotic forms of matter as quarkyonic [1] or
color superconducting matter [2]. Information on the EoS can be rather directly obtained from
the study of the expansion of the fireball. In a simplified picture, the (explosive) expansion is
driven by the initial pressure and therefore links the pressure to the finally observable
transverse momentum spectra and its anisotropy in the observed hadrons [3—6]. During the
last 20 years the study of flow has been refined and the transverse expansion is now studied in
terms of a Fourier decomposition, see [7-12, 14, 13, 17, 15, 16] for an overview of the
experimental activities and see [18, 22, 24, 23, 25, 29, 27, 20, 30, 21, 28, 19, 26, 31, 32] for
the corresponding theoretical investigations. These flow components, called v,, are the
expansion coefficients of the Fourier-series of the transverse momentum distribution [18]:

cP_NleN(

o0
= — 142 ), COS - v , 1
T 27 praprdy > [n(p RP)]) (D

n=1

so one calculates the v, as average over all particles in a given event, accepting all events in
the fixed centrality class [18]:

Vu(pp, y) = (cos[np]). 2

Here, Wrp denotes the reaction plane angle and ¢ is the azimuthal angle with respect to the
reaction plane. For the present analysis we always set Wgp = 0 as given by the initial
geometry of the system in the simulation. Until recently, higher order flow components, e.g.
the triangular flow, have only been studied as a consequence of initial state fluctuations at
RHIC and LHC energies.

The HADES experiment at the SIS18 accelerator at GSI in Darmstadt has measured Au
+Au collisions at a fixed target beam energy of 1.23 AGeV, collecting a significant amount of
data, sufficient to determine not only v; and v,, but also higher flow components with the
charged projectile spectators event plane method [38—40, 42] which we approximate with the
theoretical reaction plane. While initial state fluctuations (that drive the odd flow components
at higher energies) are not connected to the participant reaction plane [33-37] one usually
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Table 1. Parameters used in the UrQMD Skyrme potential for a hard equation of
state [48].

Parameters Hard EoS

a (MeV) —124
3 (MeV) 71
~ 2.00

expected that triangular flow cannot be observed with a fixed participant plane. However, in a
recent study it was shown that this picture does not hold anymore for SIS beam energies [28].
In particular at the beam energy under investigation in this study, a significant contribution to
v3, correlated with the reaction plane, was observed. At this energy one expects a substantial
production of clusters allowing to explore their flow.

Just recently, new data on deuteron, triton and helium production at HADES energies
(Au+Au reactions at the fixed target beam energy of 1.23 AGeV) has been published [42]. In
this paper we present an analysis of this data for the directed, elliptic and triangular flow of
deuterons. The focus of the current work is on the rapidity and transverse momentum spectra,
and their scaling properties. For these studies, we use the UrQMD transport model with a hard
EoS [43, 44].

2. Simulation set-up

The ultra relativistic quantum molecular dynamics (UrQMD) transport model is applied to
investigate the flow of deuterons. It is based on binary elastic and inelastic scattering of
hadrons, resonance excitations and decays as well as string dynamics and strangeness
exchange reactions [43—45]. The model interprets scattering cross sections geometrically. If
possible, the cross sections are taken from experimental data [46]. For less known reactions
effective model calculations, the additive quark model and detailed balance are used. For high
beam energies >8 GeV, the mean particle production as well as collective flow in nuclear
collisions can be well described by the cascade version of the transport model [47, 23]. At
lower beam energies as explored here nuclear and electromagnetic interactions can have a
substantial effect on the dynamics and interactions of the particles. For the present invest-
igation we use the same potentials as in our previous studies [28].

We use a hadronic Skyrme-potential and the stiffness of the EoS (here a hard EoS) is
given by Vg [48]:

)
VSkza-[@]W-(@]. 3)
Po Po

By changing the parameters «, 3 and - one can change the stiffness of the nuclear EoS.
In the following we use the parametrization which gives us a rather ‘hard’ EoS because this
EoS led to a good description of the proton flows at the same energy [28]. The parameters
used for the hard EoS in the present simulation are shown in table 1.

We are aware that the inclusion of a momentum dependence in the nuclear potential
[50, 49, 51] may also allow to describe this data with a softer EoS. In addition one may
include iso-spin dependent forces which have been discussed in the literature [50, 51]. For
simplicity, we stay with our previous set-up to explore whether proton flow and spectra and
the collective flow of deuterons can be consistently described.
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Figure 1. Directed flow of free protons in Au+Au collisions as a function of rapidity
and for various transverse momentum regions at a fixed-target beam energy of
1.23 AGeV. The symbols denote the experimental data (20%—-30% centrality) [39, 40],
the lines indicate the UrQMD calculations (b = 6-9 fm).

For our investigation of the deuteron flows we supplement UrQMD with a coalescence
approach as described in detail in [52]. Here one considers all possible proton-neutron pairs after
their individual kinetic freeze-out (last scattering). The coalescence parameters in the two-particle
restframe at equal times are: the relative coordinate distance Ar = |r, — 1| < Al =
3.575 fm and the relative momentum distance Ap = |p, — p,| < Ap,,,,=0.285 GeV. This
coalescence prescription has been shown to successfully describe deuteron production and
spectra over a wide range of beam energies and system sizes, using only this single set of
parameters [52].

3. Results

In this section results on the directed flow vy, the elliptic flow v,, the triangular flow v; and the
quandrangular flow v4 of deuterons and free protons in mid-peripheral gold—gold collisions at
a fixed-target beam energy of 1.23 AGeV are presented. The value of the impact parameter in
the simulations is fixed to b = 6-9 fm, corresponding to a centrality of 20%—30%. The results
shown are calculated employing a hard EoS as discussed in the previous section. Spectator
protons and neutrons are identified by having only soft collisions with hadrons inside their
own nucleus and are removed from the analysis. Only deuterons made of two participating
nucleons are considered for this study. The acceptance of the HADES detector has been
implemented by using only hadrons with 18° < 6 1,, < 85° for the analysis.

3.1. The directed flow v,

Let us start by re-examining the directed flow of protons. In our previous studies, all protons
(whether bound in clusters or not) were included in the flow analysis. The present calculation
allows us to remove the protons in deuterons to obtain the ‘free’ protons to compare to the
HADES data.
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Figure 2. Directed flow of deuterons in Au+Au collisions as a function of rapidity and
for various transverse momentum regions at a fixed-target beam energy of 1.23 AGeV.
The symbols denote the experimental data (20%—30% centrality) [42], the lines
indicate the UrQMD calculations (b = 6-9 fm).

Figure 1 shows the directed flow of free protons as a function of rapidity for various
transverse momentum regions. The lines denote the model calculations and the symbols show
the preliminary HADES data [39, 40]. In comparison to the results shown in [28], we observe
an improved description of the low transverse momentum proton data if deuteron formation is
taken into account. The directed flow of the deuterons is shown in figure 2. As one can
observe, the directed flow of deuterons follows that of the free protons and shows a similar
dependence on the transverse momentum. As expected, v; is most pronounced at large
transverse momenta. As in the case of proton, the deuterons can be successfully described
with a hard EoS. We have checked (not shown) that a good description of the data cannot be
achieved by a soft momentum independent EoS. At very low transverse momenta the effect of
contributing ‘spectator’ deuterons becomes visible. This deviation from the data at very low
transverse momenta (pr < 0.45 GeV) and near the fragmentation region is due to the
unsatisfactory treatment of the nuclear break-up of the target/projectile remnants.

Next we explore the transverse momentum dependence in more detail. Figures 3 and 4
show the directed flow v, as a function of transverse momentum for various rapidity bins for
Au+Au collisions at a beam energy of 1.23 AGeV. The lines denote the UrQMD calculations
(b = 6-9 fm) and the symbols denote the preliminary experimental data (20%—-30% cen-
trality) [39, 40, 42]. For the midrapidity window the value of the directed flow is exactly zero
as expected due to momentum conservation for both deuterons and protons. In line with the
rapidity dependence, towards forward rapidities, the dependence on the transverse momentum
becomes stronger and the flow becomes more positive, towards the backward hemisphere the
flow becomes negative. Generally, the proton flow is in good agreement with the exper-
imental data. As expected from coalescence, the deuteron flow is more negative than the flow
of the protons for all windows. As already discussed for the rapidity dependence, the highest
rapidity bin at low transverse momentum is less well described due to the incomplete
treatment of the spectator region.
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Figure 3. Directed flow of free protons in Au+Au collisions as a function of transverse
momentum and for various rapidity regions at a fixed-target beam energy of 1.23 AGeV.
The symbols denote the experimental data (20%-30% centrality) [39, 40], the lines
indicate the UrQMD calculations (b = 6-9 fm).
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Figure 4. Directed flow of deuterons in Au+Au reactions as a function of transverse
momentum and for various rapidity regions at a fixed-target beam energy of 1.23 AGeV.
The lines indicate the UrQMD calculations (b = 6-9 fm) and the data points show the
preliminary HADES data (20%-30% centrality) [41, 42].

3.2. The elliptic flow v,

The elliptic flow, corresponding to the second Fourier component v,, is known as one of the
most sensitive observables to the EoS. At center-of-mass energies above 10 GeV v, is typi-
cally the result of the free expanding almond-shaped overlap region in the direction of the
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Figure 5. Elliptic flow of free protons in Au+Au collisions as a function of rapidity and
for various transverse momentum regions at a fixed-target beam energy of 1.23 AGeV.
The symbols denote the experimental data (20%-30% centrality) [39, 40], the lines
indicate the UrQMD calculations (b = 6-9 fm).

y-axis (out-of-plane axis). In the low energy regime under investigation in this work v, is a
consequence of the complex interplay of initial compression, a subsequent blocking of the in-
plane emission by the spectators (leading to squeeze-out) followed by a final stage of in-plane
expansion [58]. Depending on the EoS different time sections contribute with different
strength and different sign to the final elliptic flow. At the energy discussed here, the major
contribution stems from the intermediate phase. In this phase, the particles are mainly emitted
out-of-plane which leads to negative v, with respect to the reaction plane.

Figures 5 and 6 show the elliptic flow v, of protons and deuterons as a function of rapidity
for various transverse momentum regions at a fixed target beam energy of 1.23 AGeV. The lines
denote the model calculations and the data points the preliminary HADES data [39—42]. For both
protons and deuterons one observes a decrease of v, with increasing py indicating a stronger
absorption of high transverse momentum protons/deuterons, due to their earlier emission. The
deuteron elliptic flow is larger than the elliptic flow of protons at any given py. This can
be understood by the fact that deuterons are formed by coalescence which leads typically to
vzd( pTd ) =2v) %pTd ) We will explore this scaling further in figure 13.

Next, we explore the transverse momentum dependence of the elliptic flow in figures 7
and 8.

Figures 7 and 8 show the elliptic flow v, as a function of transverse momentum for
different rapidity bins for Au+Au collisions at a beam energy of 1.23 AGeV. The lines
denote the UrQMD calculations (b = 6-9 fm) and the symbols denote the preliminary
experimental data (20%-30% centrality) [39, 40, 42].

One can observe that for both particles (protons and deuterons) the flow strongly
increases with higher transverse momenta. For both investigated rapidity bins the calculations
of the protons are in line with the experimental data. In the case of deuterons, we also observe
a good agreement, except for the rapidity bin near the target region as discussed above.
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Figure 6. Elliptic flow of deuterons in Au+Au reactions as a function of rapidity and
for various transverse momentum regions at a fixed-target beam energy of 1.23 AGeV.
The lines indicate the UrQMD calculations (b = 6-9 fm) and the symbols the
preliminary HADES data (20%—30% centrality) [42].
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Figure 7. Elliptic flow of protons in Au+Au collisions as a function of transverse
momentum and for various rapidity regions at a fixed-target beam energy of 1.23 AGeV.
The symbols denote the experimental data (20%-30% centrality) [39, 40], the lines
indicate the UrQMD calculations (b = 6-9 fm).

3.3. The triangular flow vs

Triangular flow is extremely interesting at low energies. The reason is that triangular flow is
correlated to the event plane in the HADES energy region. This indicates an intricate interplay
between different emission times. This is in strong contrast to high energies, where v; is only
connected to initial state fluctuations and not correlated to the reaction plane. This correlation
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Figure 8. Elliptic flow of deuterons in Au+Au collisions as a function of transverse
momentum and for various rapidity regions at a fixed-target beam energy of 1.23 AGeV.
The lines indicate the UrQMD calculations (b = 6-9 fm) and the symbols denote the
preliminary HADES data (20%-30% centrality) [42].
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Figure 9. Triangular flow of protons and deuterons in Au+Au collisions as a function
of rapidity and for various transverse momentum regions at a fixed-target beam energy
of 1.23 AGeV. The lines indicate the UrQMD calculations (b = 6-9 fm).

of v3 with the event-plane was first predicted in [28] and confirmed by HADES data [42]. It
was pinned down to the time dependent interplay between the structure of the v, emission

coupled with a strong v; component.

Figures 9 and 10 show the triangular flow of protons and deuterons as a function of
rapidity for various transverse momentum regions in Au+Au collisions (b = 6-9 fm) at a
beam energy of 1.23 AGeV. The lines denote the UrQMD calculations. Both protons and
deuterons show an almost linear dependence on the rapidity for all transverse momentum
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Figure 10. Triangular flow of protons and deuterons in Au+Au collisions as a function
of rapidity and for various transverse momentum regions. The lines indicate the
UrQMD calculations (b = 6-9 fm).
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windows. One can observe a v3 = 0 with respect to the reaction plane which is very similar
for both particles and shows a strong rapidity dependence.

Figure 11 shows the triangular flow of protons and deuterons as a function of transverse
momentum for the backward-rapidity bin —0.45 <y < —0.35 in Au+Au collisions
(b = 6-9 fm) at a beam energy of 1.23 AGeV. The lines denote the UrQMD calculations.
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Figure 12. 4th flow of free protons and deuterons in Au+Au collisions as a function of
transverse momentum for the backward rapidity |y| < 0.1 at a fixed-target beam energy
of 1.23 AGeV. The lines indicate the UrQMD calculations (b = 6-9 fm).

Both protons and deuterons show a strong increase of v3 going to higher pr. Surprisingly, v3
at HADES energy is on the same order as at RHIC energies [59]. It is interesting to note that
protons and deuterons show the same magnitude of vs.

3.4. 4th order flow

For the fist time a prediction of the 4th order flow (quadrangular flow) with respect to the
reaction plane is given for Au+Au reactions at 1.23 AGeV. Figure 12 shows the 4th order
flow of protons and deuterons as a function of transverse momentum for midrapidity
—0.1 <y < 0.1 in Au+Au collisions (b = 6-9 fm) at a beam energy of 1.23 AGeV. The
lines denote the UrQMD calculations. Both protons and deuterons show a strong dependence
on transverse momentum.

4. Scaling and correlation analysis

4.1. Mass number scaling

The scaling of elliptic flow with the number of constituents has long been established with
quark recombination models at RHIC energies [60] and the quark constituent model [61]. For
the coalescence of nucleons into deuterons the same scaling is present in terms of the baryon
number. This results in the expectation that vzd ( pTd ) =2v/ (%pTd) Thus v,/A as function of

(pr/A), with A being the baryon number, should yield the same curves for protons and
deuterons, if deuterons are formed by coalescence. Taking the data of figure 7 and 8 we show
the scaled flow of protons and deuterons for Au+Au collisions (20%-30% centrality) at a
beam energy of 1.23 AGeV in figure 13. We observe that the simulation predicts perfect
scaling, as expected from the implemented coalescence mechanism. A confirmation of this
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Figure 13. Elliptic flow of protons (solid line) and deuterons (dashed line) in Au+Au
collisions as a function of transverse momentum and for |y| < 0.05 scaled with the
mass number A at a fixed-target beam energy of 1.23 AGeV. The lines indicate the
UrQMD calculations (b = 6-9 fm).
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Figure 14. v, of protons (solid line) and deuterons (dashed line) in Au+Au collisions as
a function of transverse momentum and for |y| < 0.1 scaled with the mass number A at
a fixed-target beam energy of 1.23 AGeV. The lines indicate the UrQMD calculations
(b = 6-9 fm).

mass number scaling would strongly support the idea of deuteron formation by coalescence
and would disfavor direct emission of deuterons from the (thermal) fireball.

In figure 14 we explore if such a scaling also translates to the quadrangular flow v,. Here
we scale with A%, Also in this case scaling between deuterons and protons is present, indi-
cating the tight connection between both particles.
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Figure 15. Flow of free protons in Au+Au collisions (b = 6-9 fm) as a function of
transverse momentum for |y| < 0.1 at a fixed-target beam energy of 1.23 AGeV. The
lines indicate the UrQMD calculations for a hard equation of state.
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Figure 16. Flow of deuterons in Au-+Au collisions (b = 6-9 fm) as a function of
transverse momentum for |y| < 0.1 at a fixed-target beam energy of 1.23 AGeV. The
lines indicate the UrQMD calculations for a hard equation of state.

4.2. Flow correlations

While constituent-number-scaling as discussed above provides insight into the formation of
composite objects, the correlations between higher order flow coefficients can yield infor-
mation on the underlying dynamics. A prime example in this respect has been the predicted

scaling of % as suggested in [62]. It was argued that for high transverse momenta
Vo \Pr
(T < <p;) a universal result of %% = % emerges in the case of an ideal fluid expansion. At
V2

RHIC energies however, the experimentally observed ratio was = ~ 1.4 [63].
V2
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Figure 17. Flow of protons (solid line) in Au+Au collisions (b = 6-9 fm) as a function
of the beam-energy Ej,,. The lines indicate the UrQMD calculations for a hard and soft
equation of state.
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Figure 18. Flow of free protons in Au+Au collisions (b = 6-9 fm) as a function of
transverse momentum for different rapidity windows at a fixed-target beam energy of
1.23 AGeV. The lines indicate the UrQMD calculations for a hard equation of state.

In figures 15, 16 we explore the scaling of % in Au+Au reactions at Ep,, = 1.23 AGeV.
V2

In figure 15 we present a comparison between the free proton 14 (p;) and %vzz (pr) as function
of transverse momentum. For the whole explored transverse momentum region up to
pr = 1.5GeV, we observe excellent scaling. In figure 16 we explore the same scaling for
deuterons and also observe consistent scaling of Vv—jz = % In the light of the discussion above,

the obtained results are in line with expectations from the expansion of an ideal fluid.
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Figure 19. Flow of deuterons in Au+Au collisions (b = 6-9 fm) as a function of
transverse momentum for different rapidity windows at a fixed-target beam energy of
1.23 AGeV. The lines indicate the UrQMD calculations for a hard equation of state.

A direct scaling is even present for the integrated v, and v values at midrapidity. This is
demonstrated in figure 17, where we show v, and v} of protons at midrapidity as function of
beam energy (Au+Au, Ep, = 0.1 AGeV —40 AGeV, b = 6-9 fm). While v, is always
positive, v, develops a negative sign due to the onset of squeeze-out. Nevertheless, even in
this geometry v, = v; for both integrated equations of state.

Finally, we investigate flow correlations between vy, v,, and v;. In figures 18 and 19 we
show the protons and deuterons triangular flow v; in comparison to %vl v, as function of
transverse momentum. )

One clearly observes the triangular flow of both protons and deuterons is intimately
connected to the directed and elliptic flow. This supports the suggestion that all three flow
components emerge from the same time dependent underlying geometry, but without cor-
relations to initial state fluctuations.

5. Summary

We presented a first transport model study of the first four flow harmonics of deuterons for Au
+Au collisions at a beam energy of 1.23 AGeV and a centrality of 20%—-30%. In addition we
have updated our predictions for the proton flow harmonics. The UrQMD model, with a hard
momentum independent EoS, gives a very good description to the preliminary experimental
data, as measured by the HADES collaboration. We have further analyzed the scaling of
deuteron and proton flow and found clear indications of constituent scaling, indicating that
deuterons are formed by coalescence. In addition we have explored flow correlations (i3 ~ v5
and v ~ v;v;) and found clear scaling behavior. Even more surprising the numerical value

A= % suggests an ideal fluid expansion of the system.
V2
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