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We investigate the development of the directed, v1, and elliptic flow, v2, in heavy ion collisions in mid-
central Au+Au reactions at E lab = 1.23A GeV. We demonstrate that the elliptic flow of hot and dense 
matter is initially positive (v2 > 0) due to the early pressure gradient. This positive v2 transfers its 
momentum to the spectators, which leads to the creation of the directed flow v1. In turn, the spectator 
shadowing of the in-plane expansion leads to a preferred decoupling of hadrons in the out-of-plane 
direction and results in a negative v2 for the observable final state hadrons. We propose a measurement 
of v1 − v2 flow correlations and of the elliptic flow of dileptons as methods to pin down this evolution 
pattern. The elliptic flow of the dileptons allows then to determine the early-state EoS more precisely, 
because it avoids the strong modifications of the momentum distribution due to shadowing seen in 
the protons. This opens the unique opportunity for the HADES and CBM collaborations to measure the 
Equation-of-State directly at 2-3 times nuclear saturation density.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

Heavy-ion collisions provide an excellent opportunity to study 
nuclear matter in a controlled laboratory setting allowing to recre-
ate conditions which were present in the early universe or are 
present in neutron stars. One of the main goals of nuclear re-
search is the precise extraction of the nuclear Equation-of-State 
(EoS) at large baryon densities which are found in the interior 
of neutron stars. The link between astrophysical observations on 
a scale of 1015 m and collisions of heavy atomic nuclei at nearly 
the speed of light on a scale of 10−15 m comes as a surprise. Re-
markable resemblance between binary neutron star mergers (BNS 
merger) and heavy ion collisions (HICs) has been found in Ref. [1]. 
Most intriguing is the fact that BNS mergers and HICs are subject 
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to the same microscopic interactions, namely Quantum-Chromo-
Dynamics (QCD). In order to better understand astrophysical ob-
jects, it is of utmost importance to pin down the nuclear Equation-
of-State with high precision, desirably in a neutron rich system.

HICs range from center of mass energies of 2 GeV at GSI’s 
SIS18 accelerator up to several hundred GeV at BNL-RHIC or CERN-
SPS or even to 13 TeV at CERN-LHC. However, the density range 
suited for BNS comparison will be probed in the upcoming FAIR 
facility which is currently constructed near Darmstadt, Germany. 
In this energy regime, the density in central heavy ion collisions 
reaches from 2-6 times nuclear saturation density [2]. Currently, 
the lower range of this regime can already be probed in the cur-
rently running HADES experiment at GSI. Here, information about 
the Equation-of-State can be extracted via measurements of har-
monic flow of hadrons [3–5], investigations of the speed of sound 
[6–8] or strangeness enhancement or flow [9–13] and many more. 
Especially the second flow coefficient v2 (called elliptic flow) is 
perfectly suited to investigate the EoS at large densities. It is well 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
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known from higher beam energies that the measured elliptic flow 
in the final state is directly connected to the pressure gradients ex-
erted by the EoS. A detailed comparison of flow measurements at 
BNL’s RHIC [14,15] with hydrodynamic simulations [16–19] lead to 
the renowned finding that the deconfined phase of QCD (a Quark-
Gluon-Plasma, QGP) resembles the most perfect liquid.

At low energies the situation is more challenging: here the in-
coming baryon currents cannot decouple quickly enough to allow 
free expansion driven solely by the pressure gradients. Instead, the 
residues of the incoming nuclei (the spectators) are blocking the 
emission of particles in-plane during the compression phase. This 
leads to the well known squeeze-out effect of nucleons. There-
fore, the final elliptic flow of protons is negative in the range √

sNN = 2 − 4 GeV, which is confirmed by measurements at FOPI 
[20,21], EOS/E895 [22,23], E877 [24], STAR-BES [25–27].

Even though the magnitude of the negative elliptic flow is still 
sensitive to the EoS [28], a detailed understanding of the dynamics 
which lead to this dependency and its connection to the directed 
flow is still missing.

In this article we aim to understand the precise expansion dy-
namics during the compression stage and how the initial positive 
elliptic flow is observed as negative elliptic flow in the final state. 
This will allow to extract information on the Equation-of-State in 
the most dense stage of the reaction. We analyze the flow of Au-
Au collisions at 1.23A GeV kinetic beam energy, in line with recent 
HADES measurements [29,30], and investigate the contributions to 
the final observable flow. Finally we propose two distinct measure-
ments (flow correlations and dilepton flow) to test our findings.

2. Model setup and flow extraction

For the present study we use the Ultra-relativistic Quantum 
Molecular Dynamics (UrQMD) model [31–33] in its most recent 
version (v3.5). UrQMD is a microscopic transport simulation based 
on the explicit propagation of hadrons in phase-space. The imag-
inary part of the interactions is modeled via binary elastic and 
inelastic collisions, leading to resonance excitations and decays or 
color flux-tube formation and their fragmentation. The real part 
of the interaction potential is implemented via different equations 
of state, where in the present work a realistic chiral mean field 
EoS is used, see [2]. In its current version, UrQMD includes a large 
body of baryonic and mesonic resonances up to masses of 4 GeV. 
The model is well established in the GSI energy regime. For recent 
studies of the bulk dynamics, we refer the reader to [34,35]. For 
the analysis of the integrated harmonic flows at SIS energies see 
[5,36–38].

The flow coefficients are identified with the Fourier coefficients 
in the series expansion of the azimuthal angle distribution which 
can be written as

dN

dφ
= 1 + 2

∞∑

n=1

vn cos(n(φ − �R P )), (1)

in which vn is n-th order flow coefficient, φ is the azimuthal angle 
and �R P is the angle of the reaction plane. The HADES experiment 
uses a forward wall to reconstruct the event plane from the spec-
tator nucleons [39]. In the simulation, the spectator event plane is 
fixed and �R P = 0 is used for the present analysis of the simula-
tion. The flow coefficients are then calculated as

vn = 〈cos(n(φ − �R P ))〉, (2)

where the average 〈·〉 is taken over all nucleons in a fixed rapidity 
or transverse momentum range in a given event.

The reader should be aware that this definition is different than 
the one usually used at the highest beam energies where the flow 
2

components are defined with respect to specific event planes. The 
methodical difference has its origin in the way that flow develops 
at low beam energies. Here, the initial squeeze out of nucleons 
leads to a large negative elliptic flow component with respect to 
the reaction plane defined by the spectators. The initial compres-
sion phase is decisive for the observed flow and therefore the 
scaling of the initial eccentricity with final state flow known from 
large collision energies [40] is not as straightforward. Recently, 
scaling could be established in Refs. [30,41], however with a neg-
ative sign. Thus, it can be expected that also the flow correlations 
will differ significantly from what was observed at high beam en-
ergies, which opens up new possibilities to study the equation of 
state responsible for the formation of flow.

3. Results

All results were obtained by simulating 20-30% peripheral 
Au+Au collisions at Ebeam = 1.23A GeV kinetic beam energy with 
the UrQMD (v3.5) model. We employ the model with the Chiral 
Mean Field (CMF) Equation-of-State as it was shown to yield the 
best description of available data (cf. Ref. [28]). We note that in 
this energy regime, the results of the CMS-EoS are very similar to 
the ones obtained by a hard EoS [36,37]. We focus our analysis on 
participating nucleons and also exclude nucleons that are bound in 
light clusters. It has been shown [37] that both effects need to be 
taken into account to reliably describe the measured data on nu-
cleon flow [29,30]. The centrality is selected via impact parameter 
cuts following previous Monte-Carlo Glauber simulations [42].

3.1. Flow development of the system

In contrast to ultra-relativistic energies probed at RHIC and 
LHC where the initial baryon-currents decouple quickly allowing 
the overlap region to propagate its spatial anisotropy to the fi-
nal state momentum space anisotropy [40], low energy heavy-ion 
collisions are very different. Here, the baryon-currents of the ini-
tial impinging nuclei are present over the whole course of the 
compression and expansion phase, which results in a space and 
time dependent interplay between pressure gradients, spectator 
blocking, compression and expansion phase and corrections due to 
transport coefficients such as shear viscosity [43] which influence 
the development of the finally observable flow.

It is thus convenient to start the investigation by discussing 
how flow develops over the course of the collision in the whole 
system before we later quantify the different contributions to 
the final observable flow at freeze-out. For this we simulate 
semi-peripheral (corresponding to 6.6 ≤ b ≤ 8.1 fm, cf. Ref. [42]) 
Au+Au collisions with UrQMD. In this section we integrate over all 
baryons present at a specified time t (the time is defined in the 
computational frame, i.e. the center-of-mass frame of the whole 
system) to extract the time development of the harmonic flow co-
efficients v∗

1 and v2. We show the flow coefficients v∗
1 in Fig. 1

and v2 in Fig. 2 calculated from all baryons which are present in 
the whole phase space at time t as a black solid line with full cir-
cles. In addition we also show the directed and elliptic flow only 
of nucleons being emitted at given time t + �t as a red solid line 
with full triangles. We show the rapidity weighted averaged di-
rected flow defined as v∗

1 ≡ 〈sign(y) · v1〉 where the average runs 
over all baryons and y and v1 correspond to the rapidity and di-
rected flow of each baryon.

First, we observe that the time dependence of the directed 
flow calculated from all participating baryons present in the sys-
tem (black line with circles) exerts a strong increase during the 
collision. During the initial compression stage the curve is consis-
tent with zero until ≈ 5 − 7 fm/c when the density reaches 2-3 
times saturation density and the CMF EoS becomes repulsive [2]. 
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Fig. 1. The directed flow coefficient v∗
1 ≡ 〈sign(y) · v1〉 calculated from all baryons 

(black circles) which are present in the whole phase space at time t and of the 
nucleons emitted at time t + �t (red triangles) from 20-30% peripheral Au+Au col-
lisions at a kinetic beam energy of 1.23A GeV from UrQMD.

Fig. 2. The elliptic flow coefficient v2 calculated from all baryons (black circles) 
which are present in the whole phase space at time t and of the nucleons emitted 
at time t (red triangles) from 20-30% peripheral Au+Au collisions at a kinetic beam 
energy of 1.23A GeV from UrQMD.

In Ref. [2], where the authors calculated the density and temper-
ature evolution in UrQMD with the CMF EoS, one can see that at 
≈ 5 fm maximum compression is reached saturating at 3ρ0 and 
maintained until ≈ 15 fm. At this time the development of the 
directed flow component begins due to a large pressure gradient 
in impact parameter direction. The pressure gradient pushes the 
nucleons in in-plane direction, which is reflected in a rapid devel-
opment of large v∗

1 over the course of the next 7 fm.
After 15 fm, the directed flow v∗

1 of all baryons present in the 
system reaches a plateau around v∗

1 ≈ 0.18 in line with measured 
data [29,30]. This tells that the bounce-off is generated in a rather 
short time frame and thus probes the system at maximal compres-
sion, i.e. ρB/ρ0 ≈ 2 − 3 [2,43].

The directed flow of the first nucleons that decouple kinetically 
from the system is strongly negative. This finding can be under-
stood, because the nucleons which propagate in-plane will scatter 
with the residue of the projectile nucleus still propagating forward 
and therefore the only direction free for decoupling has a negative 
v∗ at initial contact.
1

3

Turning to the elliptic flow v2 (shown in Fig. 2) supports this 
line of arguments. The elliptic flow of the whole system is zero 
until maximal compression is achieved at the time of full geo-
metric overlap at 7 fm. This means that the system’s momen-
tum space remains isotropic in the transverse plane in momentum 
space from initial contact until full overlap. At overlap time the 
compression is maximal with values around ρB/ρ0 = 2 − 3 [2,43]. 
Although measurements by the HADES collaboration [29] show in 
agreement with theoretical models [37,44] that the elliptic flow 
is negative in the final state (i.e. at kinetic freeze-out) at this en-
ergy, the elliptic flow of the whole system extracted at different 
times starts to become positive after full overlap is reached and 
only turns negative at even later stages of the evolution of the sys-
tem. This can be interpreted as follows: At the time of maximal 
compression the overlap zone resembles an almond shape which 
is known also from high energies. The spatial pressure gradient of 
this shape exerts a force over a large surface in in-plane direction 
(i.e. aligned with the impact parameter). The participating baryons 
in the center of the system thus try to expand in-plane with posi-
tive v2 but they cannot decouple because the spectators are still 
blocking1 expansion in this direction. The resulting momentum 
transfer to the (semi-)spectators next to the central collision zone 
then generates the observed v∗

1 (as discussed above). However, the 
observed hadrons are emitted out-of-plane, because only in this di-
rection the emission is not blocked and therefore the elliptic flow 
of the participating nucleons turns negative at a slightly later time 
around 15 fm which is exactly where the directed flow reaches its 
plateau.

Contrary to the v2 of all baryons in the system, the elliptic flow 
of the emitted nucleons is always strongly negative even though 
the full systems v2 is zero or positive over the first 15 fm. In other 
words even though more nucleons are flowing in in-plane direc-
tion than out-of-plane, those in-plane are blocked from emission 
by the spectators and can not be observed as free hadrons in the 
detector.

This underlines the importance of shadowing to understand 
flow at SIS energies: the pressure gradient generated by the 
Equation-of-State behaves similar to the highest beam energies 
and tries to generate expansion with positive v2. However, the mo-
mentum flow in x-direction gets absorbed by nucleons close to the 
central reaction zone and the bypassing spectators generating a 
strongly positive v∗

1 (the bounce-off, or rather a “push-away”) and 
leads to an isotropization of the momentum flow in x-direction. In 
contrast, the nucleons which can freeze-out dominantly only with 
momenta in y-direction create a negative v2. This also explains 
how a softening of the early EoS, causing less early expansion and 
smaller early v2, leads to a smaller final v∗

1.
The tight connection between v∗

1 and v2 should therefore be 
observable in their correlation. Following our previous study in 
Ref. [5] we define event classes by triggering on the integrated 
final state elliptic flow of nucleons 〈v2〉|y|≤0.5. As discussed, a 
smaller v2 leads to less momentum transfer to the (semi-)spec-
tators and thus the integrated final elliptic flow of protons should 
have a positive correlation with the mid-rapidity slope of the di-
rected flow. Fig. 3 shows the mid-rapidity slope of the directed 
flow of nucleons at kinetic freeze-out as a function of event-
class selected integrated v2 values at mid-rapidity from 20-30% 
peripheral Au+Au collisions at a kinetic beam energy of 1.23A
GeV. A clear positive correlation between v2 and dv1/dy|y=0 is 
found. This result supports the idea that the initial expansion in 
x-direction exerts a momentum transfer to the (semi-spectator) 

1 Here the phrase ‘blocking’ should not be understood as hard wall blocking, but 
as a deceleration or momentum transfer of the initially expanding system to the 
(semi-)spectator matter.
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Fig. 3. The mid-rapidity slope of the directed flow of nucleons at kinetic freeze-
out as a function of event-class selected integrated v2 values at mid-rapidity from 
20-30% peripheral Au+Au collisions at a kinetic beam energy of 1.23A GeV from 
UrQMD.

nucleons close to the central reaction zone and thus enforcing a 
strong correlation between the initial elliptic flow and the final di-
rected flow.

How can such a scenario be tested further? In the following 
section we suggest dileptons as a second observable to explore the 
early stage expansion pattern.

3.2. Time of decoupling and measurement via dileptons

In an experimental setup the time dependence of heavy-ion 
collisions cannot be accessed by hadronic observables. On the 
other hand, dilepton emission from the hot and dense phase of-
fers time integrated information of the whole evolution history 
[45–48]. Dileptons are perfect candidates because they only in-
teract electromagnetically and thus very weakly in comparison to 
the strong interaction [49]. Recent dilepton measurements by the 
HADES collaboration [50] have shown great potential for future 
high precision measurements of the properties of the matter pro-
duced [51].

To calculate the dilepton emission from our simulated collisions 
we will employ a well known coarse graining method [43,52–61]
where event averaged spatial distributions of the baryon and 
energy-momentum density are used to calculate the time depen-
dent in-medium dilepton emission using state-of-the-art vector 
meson spectral functions [62–64]. In particular we run UrQMD-
CMF events at a fixed impact parameter of b = 6.6 fm and apply 
the coarse graining method described in [51].

From the coarse grained simulation we can directly extract the 
time dependence of the dilepton emission rate, at mid-rapidity, 
and compare it to the time evolution and decoupling rate of the 
nucleons. In Fig. 4 the normalized freeze-out time distributions of 
the nucleons are shown as a dotted black line while the emission 
time distribution of the dileptons with invariant masses from 50-
1500 MeV is shown as a solid red line. One can clearly observe that 
the dilepton emission time distribution is much more narrow and 
centered at 10-12 fm. In contrast, the nucleon kinetic freeze-out 
time distribution is very broad, peaks at 18-20 fm and is strongly 
skewed towards later times. By comparison with the time develop-
ment of the directed and elliptic flow shown previously in Figs. 1
and 2 one can see that the dileptons are emitted exactly during the 
most hot and dense phase which is the time when v1∗ is just gen-
erated and v2 is positive. The nucleons, on the other hand, mainly 
4

Fig. 4. The time distribution of nucleons at kinetic freeze-out (dotted black line) and 
of emitted dileptons with invariant masses from 50-1500 MeV (solid red line) from 
20-30% peripheral Au+Au collisions at a kinetic beam energy of 1.23 AGeV from 
UrQMD.

Fig. 5. The transverse momentum dependence of the elliptic flow of π (brown tri-
angles), protons (dark blue circles), final state ρ(770) (orange stars) and dileptons 
at invariant masses of M = 0.15 GeV (red line) and M = 0.6 GeV (green line) in 
peripheral Au+Au collisions at a kinetic beam energy of 1.23A GeV from UrQMD.

decouple when the elliptic flow of the whole system has already 
turned negative due to immense shadowing and the directed flow 
has reached its plateau.

A similar idea has been put forward in Refs. [65–72] consid-
ering RHIC and LHC energies where the early v2 of the partonic 
phase can be accessed via measurement of the flow of direct pho-
tons e.g. at PHENIX [73] or at ALICE [74,75].

We can now compare the elliptic flow of the dileptons with 
the hadrons at kinetic freeze-out. In particular the proton, π and 
ρ(770) flows are of special interest. The pions probe the kinetic 
decoupling stage while the ρ either decays into a dilepton pair 
within the medium or into a ππ pair at kinetic freeze-out allow-
ing us to study the final state and early flow in a mass range not 
dominated by pions.

Fig. 5 displays the transverse momentum dependence of the 
elliptic flow v2 at mid-rapidity of the emitted dilepton radiation 
at invariant masses of M = 0.150 GeV (dash-dotted red line) and 
M = 0.600 GeV (green line) in comparison to the elliptic flow of 
protons (dark blue dashed line with circles), pions (brown dashed 
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line with triangles) and final state ρ mesons (dashed orange line 
with stars).

As expected the elliptic flow of protons, pions and the ρ
mesons is negative and decreasing with increasing transverse mo-
mentum. (The calculations are also in agreement with the recent 
HADES measurements for protons, deuterons, tritons and prelimi-
nary pions at mid-rapidity [30].) The dilepton v2 on the other hand 
shows the opposite behavior: It probes the system during the most 
hot and dense phase when the pressure gradients generate expan-
sion in in-plane direction and thence their elliptic flow is positive 
and increases with increasing transverse momentum. The dilepton 
flow at both invariant masses increases up to 3% at 1 GeV trans-
verse momentum which is in good alignment with the elliptic flow 
of the whole system (cf. Fig. 2). One can further observe hydrody-
namic flow scaling in the dileptons where larger masses are shifted 
to higher pT [76].

We conclude that the above discussed effect of a positive ellip-
tic flow experienced by all particles in the central collision zone 
exerted by the pressure gradients during the most dense phase 
can be seen in the flow of vector mesons decaying to dileptons 
throughout the time evolution. In contrast, stable hadrons and res-
onances that can be reconstructed in their hadronic decay chan-
nels are only sensitive to the last generation of particles at kinetic 
freeze-out and are therefore subject to a negative observable ellip-
tic flow value. This allows to measure the nuclear Equation-of-State 
directly at 2-3 times saturation density using dileptons in the ρ-
mass excess region.

4. Discussion

Before we conclude, we would like to address that similar time 
evolutions of the elliptic flow where presented in Refs. [77–79]
within a QMD model at much lower energies, confirming the gen-
eral expansion pattern of matter at such collision energies. How-
ever, the previous studies did not make any attempts to link the 
specific anisotropic expansion dynamics of the matter at the high-
est baryon densities to experimentally accessible observables. Here, 
we present for the first time two distinct observables that allow 
to pin down the expansion of the matter during the most dense 
stages, namely dilepton emission and flow correlations. Therefore, 
we suggest to scrutinize v1 − v2 correlations and the positive el-
liptic flow of dileptons in the region of the ρ mass as distinct 
signals for an initial expansion in positive x-direction, which is 
later turned by shadowing into a negative elliptic flow with an 
expansion predominantly along the y-direction.

5. Conclusion

We presented a detailed study of the time evolution of flow 
in Au-Au collisions at a beam energy of 1.23A GeV employing 
the Ultra-relativistic Quantum-Molecular-Dynamics model (UrQMD 
v3.5). The investigations revealed that, similar to known flow pat-
terns at ultra-relativistic beam energies, the initial overlap geom-
etry does lead to a positive elliptic flow during the early evolu-
tion of the system. This positive initial v2 acts as the source of 
the directed flow, v1. The negative v2, observed in the final state 
hadrons, is mainly due to shadowing effect. We suggest to use 
v1 − v2 correlations to probe the described connection between 
the different flow components and to confirm the predicted initial 
state expansion geometry. We further suggest to use dileptons as 
another independent probe to observe the early expansion of the 
matter in x-direction, which will be signaled by a positive v2 for 
dileptons in contrast to a negative v2 (already observed) for pro-
tons.

As the early flow is a direct reaction of the system to the ini-
tial pressure gradient, and thus the Equation-of-State at the highest 
5

densities, the measurement of the dilepton elliptic flow may pro-
vide direct access to the high density EoS of QCD matter in a 
clearer way than possible before.
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