Chinese Physics C Vol. 42, No. 2 (2018) 024001
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Abstract: We perform a systematic study of elliptic flow (v2) in Au+Au collisions at /sy =5 GeV by using a

microscopic transport model, JAM. The centrality, pseudorapidity, transverse momentum and beam energy depen-

dence of vz for charged as well as identified hadrons are studied. We investigate the effects of both the hadronic

mean-field and the softening of equation of state (EoS) on elliptic flow. The softening of the EoS is realized by

imposing attractive orbits in two body scattering, which can reduce the pressure of the system. We found that the

softening of the EoS leads to the enhancement of vz, while the hadronic mean-field suppresses ve relative to the

cascade mode. It indicates that elliptic flow at high baryon density regions is highly sensitive to the EoS and the

enhancement of v2 may probe the signature of a first-order phase transition in heavy-ion collisions at beam energies

of a strong baryon stopping region.
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1 Introduction

Exploring the QCD phase transition is one of the
main interests in current heavy-ion physics. Calcula-
tions from lattice QCD have shown that the transition
from hadronic matter to quark-gluon plasma (QGP) is
a crossover [1, 2] at vanishing baryon chemical potential
(1p=0), while a first-order phase transition is expected
for finite baryon chemical potentials [3-5]. The first-
order phase transition of QCD matter is related to the
existence of a “softest point” in the equation of state
(EoS), where the “softest point” in the EoS represents
a local minimum of the ratio of the pressure to the en-
ergy density p/e as a function of energy density € [6, 7].
Collective flows have frequently been used to explore the
properties of hot and dense matter [8, 9], since it can re-
flect the properties of the matter created in early stages
of heavy-ion collisions and is expected to be sensitive to
the EoS. Hydrodynamical calculations show a minimum
in the excitation function of the directed flow around the
softest point of the EoS, and this collapse of the directed
flow is proposed as a possible signal of a first-order phase
transition [10, 11].
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Elliptic flow is also one of the most important ob-
servables which measures the momentum anisotropy of
produced particles. In relativistic heavy-ion collisions at
finite impact parameters, the particle momentum distri-
bution measured with respect to the reaction plane is not
isotropic and it is usually expanded in a Fourier series
[12, 13]:
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where ¢ is the emission azimuthal angle of the particles
and 9 is the reaction plane angle. The flow coefficients
v, = {cosn(¢p—1))) are a quantitative characterization of
the event anisotropy, where the symbol ( ) indicates an
average over all particles and all events. The elliptic flow
parameter is defined as the second Fourier coefficient v,
of the particle momentum distributions and it can be
expressed as
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where p, and p, are the x (impact parameter direction
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on the reaction plane) and y (direction perpendicular to
the reaction plane) components of the particle momenta,
respectively. Elliptic flow is expected to arise out of
the pressure gradient and subsequent interactions among
the constituents in non-zero impact parameter collisions.
Thus it provides plenty of information about the early-
time thermalization and is a good tool to study the sys-
tem formed in the early stages of high-energy nuclear col-
lisions [14-17]. The elliptic flow is one of the most exten-
sively studied observables in relativistic nucleus-nucleus
collisions (for a review see Ref. [13]). The elliptic flow
as a function of transverse momentum (pr), pseudora-
pidity (n), and centrality has been widely measured at
different experiments in the last couple of decades [18-
27]. Transport theoretical models are used to analyze
the experimental data [28-34].

Although the characteristics of v, at high incident
energies have been extensively investigated where one
expects the creation of almost baryon free QGP, it is
also of great interest to perform a corresponding research
for high baryon density regions, and new experiments
are planned such as BES II at RHIC [35], FAIR [36],
J-PARC [37], and NICA [38]. In this work, we use a
microscopic transport model, JAM [39-41], to system-
atically study the centrality, transverse momentum and
pseudo-rapidity dependence of v, in Au+Au collisions at
V/snn=> GeV, which is the top center-of-mass energy of
the Compressed Baryonic Matter (CBM) at SIS100 [42]
heavy-ion collision experiment at FAIR. In the following,
we shall investigate the effects of the mean field potential
and the softening of EoS on the elliptic flow by employing
the JAM transport model.

This paper is organized as follows. We provide a brief
description of the JAM model on which our studies are
based in Section 2. In Section 3, we show the transverse
mass spectra of negative pions, nucleons and charged
particles in /sy =5 GeV Au+Au collisions. We also
present our results on the centrality, transverse momen-
tum, pseudorapidity, and beam energy dependence of el-
liptic flow for charged hadrons as well as protons, pions,
kaons and their corresponding anti-particles. Finally, a
summary of our work is given in Section 4.

2 The JAM model

Several microscopic transport models, such as RQMD
[43], UrQMD [44, 45], AMPT [46], PHSD [47], and
JAM [39], have frequently been used to explore (ultra-
) relativistic heavy-ion collisions. JAM (Jet AA Mi-
croscopic Transport Model) has been developed based
on resonance and string degrees of freedom [39], simi-
lar to the RQMD and UrQMD models, in order to sim-
ulate (ultra-)relativistic nuclear collisions from the ini-
tial stages of the reaction to final state interactions in

the hadronic gas stage. In JAM, particles are produced
via the resonance or string formations followed by their
decays. Hadrons and their excited states are explicitly
propagated in space-time by the cascade method [48].

We study the effect of hadronic mean-field potentials
on elliptic flow by employing the JAM mean-field mode,
in which hadronic mean-field potentials are implemented
based on the framework of the simplified version of Rela-
tivistic Quantum Molecular dynamics (RQMD/S) [28].
The Skyrme type density dependent and Lorentzian-
type momentum dependent mean-field potentials [49] for
baryons are adopted in the RQMD/S approach, and the
single-particle potential U has the form

oo -o(£2) (22
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where f(r,p) is the phase space distribution function and
p(r) is the baryon density. The parameters «, 3, 7, po,
Cy, Cy, 11, po are taken from Ref. [40].

We also study the effect of the softening of EoS on
elliptic flow by the method of choosing an attractive or-
bit in two-body scattering [41]. It is well known from
the virial theorem [50] that attractive orbits in each two-
body hadron-hadron scattering reduce the pressure of
the system. We impose attractive orbits for all two-body
scatterings, thus there is no free parameter in terms of
the implementation of attractive orbit mode in JAM.
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Fig. 1. (color online) Time evolution of pressure

and energy density in mid-central Au+Au colli-
sions at \/snn =5 GeV from JAM cascade (cir-
cles), attractive orbit (crosses), and mean-field
mode (squares). Pressure and energy density are
averaged over collision points in a cylindrical vol-
ume of transverse radius 3 fm and a longitudinal
distance of 2 fm centered at the origin.

Figure 1 displays the time evolution of the local
pressure and energy density extracted from the energy-
momentum tensor for mid-central Au+Au collisions at
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Vsnun =5 GeV to see the difference of EoS in the three
different modes in JAM. We observe that mean-field
mode in JAM shows a harder EoS, while attractive orbit
mode significantly lowers the pressure of the matter. We
showed in Ref. [41] that attractive orbit simulation yields
an amount of softening of the EoS compatible with the
EOS-Q [51] first-order phase transition. It is also seen
that highest maximum energy density is achieved in the
attractive orbit mode in JAM due to soft compression
of the matter, while mean-field mode yields the lowest
energy density due to repulsive potential effects.

3 Results

In Fig. 2, rapidity distributions of protons and neg-
ative pions in mid-central collisions (4.6 < b < 9.4 fm)
are shown. Those spectra are calculated by using three
different modes in JAM, including the standard cascade,
mean-field, and attractive orbit. There is no significant
difference among the three modes except for a suppres-
sion of pion yield (5%) by the mean-field, which is well-
known. As expected from the time evolutions of the EoS,
attractive orbit mode in JAM slightly enhances the yields
of both protons (8%) and pions (2%) at mid-rapidity,
while at y>+1, the yields are less than the cascade mode,
and integrated yield over rapidity remains the same.
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Fig. 2. (color online) Rapidity distributions of pro-

tons (top) and negative pion (bottom) in mid-
central /snn = 5 GeV Au+Au collisions from
JAM with three different modes.

In Fig. 3, we show the transverse mass spectra,
L__dN_ at mid-rapidity |y|<0.12, for negative pions,

2tmp dmody

nucleons and charged particles. By comparing with the
standard JAM cascade, we find that both the mean-field
and the attractive orbit modes enhance the transverse
radial flow. Such enhancement of slope comes from dif-
ferent dynamical origins. The enhancement in the mean-
field mode is due to the repulsive potential interactions,
while in the case of attractive orbit mode, it is due to
the creation of more compressed matter and soft expan-
sion, which results in the longer lifetime of the system.
Namely, with matter compressed and softer expansion,
there are more interactions which create stronger radial
flow. Note that the radial flow can be generated all the
way from the early to late stages of collisions, unlike
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Fig. 3. (color online) Transverse mass spectra

of negative pions (top), nucleons (middle) and
charged particles (bottom) in mid-central /snn=
5 GeV Au+Au collisions from JAM with three
different modes.
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anisotropic flows, which are more sensitive to the early
pressure. In addition, radial flow is proportional to the
pdV work in the hydrodynamic approximation, thus is
essentially proportional to the system size. On the other
hand, early and late pressures contribute with opposite
signs to the elliptic flow [14], as we will address below.
We note that the enhancement of proton collective ra-
dial transverse flow by a first-order phase transition is
also seen in the hydrodynamical simulations [52, 53] as
consistent with our attractive orbit simulation in JAM.

Various methods are proposed to extract the Fourier
coefficients of the particle momentum distributions, since
the reaction plane is not known in heavy ion experi-
ments. Before studying the systematics of elliptic flow,
we compared two methods: the event plane [12] and the
two-particle cumulant method [22, 54]. These methods
were already applied to the JAM simulations [55] and
it was found that they agree with each other. Here we
also check these methods for attractive orbit mode in
JAM. As seen in Fig. 4, both event plane elliptic flow
v,{EP} and the cumulant elliptic flow v,{2} are in good
agreement with the reaction plane elliptic flow v,. This
is consistent with the observation by the STAR collab-
oration at the BES energy region [25], in which ellip-
tic flow from the four-particle cumulants method agrees
with the values extracted from both two-particle cumu-
lants and event plane methods for mid-central collisions
at \/snn<11.5 GeV. Since we do not see any significant
differences among different methods in our beam energy
range, we consider the reaction plane elliptic flow below.
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Fig. 4. (color online) Elliptic flow of charged

hadrons from reaction plane w2, event plane
v2{EP}, and cumulant method wv2{2} at mid-
rapidity (|n|<0.2) in mid-central (4.6<b<9.4fm)
VSNN=5 GeV Au+Au collisions from JAM with
three different modes.

We now present the JAM results for the centrality,
transverse momentum and pseudorapidity dependence of
vy in Au+Au collisions at /syv=5 GeV. All results are
computed directly from Eq. (2), taking the true reaction

plane from the JAM model. The collision centrality is
defined by the charged particle multiplicity within |n|<1.

Figure 5 shows the centrality dependence of charged
hadron v, at mid-rapidity (|n| < 0.2) in Au+Au colli-
sions at \/syn= 5 GeV. As we can see, the magnitude of
the elliptic flow v, in semi-central collisions (20%-30%)
is the largest for all three modes, these being the cas-
cade, mean-field and attractive orbit mode, respectively.
The general trend of v, versus centrality for the mean-
field and attractive orbit mode is similar to the cascade
mode predictions. We observe that the mean-field re-
duces the values of charged hadron v, compared to the
cascade mode in a way consistent with previous studies
by transport models [8, 28], while the attractive orbits
enhance the elliptic flow of charged hadrons. In the case
of the mean-field mode, higher pressures are generated
in the system due to the repulsive interactions which ac-
celerate the expansion of the participant matter. As a
result, spectator matter squeezes participant matter out-
of-plane more than the cascade mode, which leads to the
suppression of vy [8, 14]. We note that a different mech-
anism for the generation of negative v, has recently been
proposed at lower beam energies around Ey;,~1 AGeV
within the QMD approach [56].
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Fig. 5. (color online) The 7 (|n| < 0.2) integrated

ve of charged hadrons as a function of collision
centrality in Au+Au collisions at \/sxy=5 GeV
from the standard JAM cascade (circles), JAM
with mean-field (squares), and JAM with attrac-
tive orbit (crosses).

However, the pressure is significantly reduced in the
case of attractive orbit mode. Consequently, participant
matter may expand much more slowly, which reduces the
interactions with the spectator matter that results in the
strong in-plane emission. This might be the reason we
see the enhancement of v, in attractive orbit mode.

To gain more information about the effects of mean
field and the softening of EoS on the elliptic flow, we
study the elliptic flow of identified hadrons (p, ", Kt)
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and their anti-particles in Au+4-Au collisions at /syn=>5
GeV. Since the yield of anti-protons produced at this
beam energy in JAM is very small, the measurement of
v, for antiproton has large statistical errors and we do
not show the anti-proton v, in our results.

In Fig. 6, we show the centrality dependence of v,
for particles (p, mt, Kt =, K7) in Au+Au collisions at
V38w =5 GeV from the JAM model in the three different
modes. We observe that v, calculated from the attrac-
tive orbit mode shows larger values for pions and kaons
compared to the cascade mode, but proton v, is similar
to the cascade mode. However, we find that the mag-
nitude of v, from the mean-field mode is smaller than
the results from the cascade mode for all particles in the
mid-central region. Thus, the enhancement of charged
hadron v, in the attractive orbit mode observed in Fig. 5
comes mainly from the changes of pion and kaon flows.
We note that the JAM mean-field result for v, seems to
be in good agreement with the experimental data from
the top AGS energy /sxn=4.7 GeV [18].
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Fig. 6. (color online) The n (|| <0.2) integrated v

as a function of collision centrality in Au+Au col-
lisions at y/snn=5 GeV from JAM cascade model
(circles), JAM cascade with mean-field (squares),
and JAM cascade with attractive orbit (crosses).
The left and right panels show the results for iden-
tified particles (p, 7", KT) and corresponding an-
tiparticles (7t~ , K™), respectively.

Experimentally, the measured antiparticle v, is lower
than the corresponding particle v, and the difference in
v, between particles and their antiparticles should in-
crease with decreasing beam energy [26]. However, JAM
predicts that the values of v, for particles are similar to
the results for their antiparticles. The similarity of the
values of v, between particles and their anti-particles in

JAM is due to the scalar type baryonic mean-field po-
tentials implemented for all baryons, and no mean-field
for pions and kaons. The Skyrme type density depen-
dent potentials have been tested for a long time using
the QMD and BUU microscopic transport models, and
it is a reasonable approximation at the beam energies
under consideration from the point of view of the tiny
number of anti-baryons produced in the collision. In
Ref. [31, 32], it is found that the different mean-field
potentials among particles and their anti-particles in the
hadronic as well as partonic phases improve the descrip-
tion of the data on the difference of v, between particles
and their anti-particles observed in the STAR Beam En-
ergy Scan (BES) program.

004f CRdC I JAMAuAuSGeV ]
H‘}gg ng} 20- 40% central
0.02fF%q" Hool ]
[]8 Uo O Cascade
O Meanfield
0 T & Attractive 1
00sf ]
229 i22s
L ow (e} o
0.02f, %007 900% Fof0a T 00% ]
N o0 oo o0 oo
> o0 0%1%o o©
oD olo =
0.04} 1« i 1
K %égg K ;}z“ﬁ’
0
0 O egfpo
0.02} % 5. 1 SHFIE ]
8 S 20 i
ok3 Blel Lol
5 ¢
-2 -1 0 1 2-2 -1 0 1 2
n
Fig. 7. (color online) vy as a function of n in 20%—

40% mid-central Au+Au collisions at /sNn =5
GeV from JAM cascade model (circles), JAM
cascade with mean-field (squares), and JAM cas-
cade with attractive orbit (crosses). The left and
right panels show the results for identified parti-
cles (p, m*, K*) and corresponding antiparticles
(m~, K7), respectively.

We have also studied the pseudo-rapidity and trans-
verse momentum dependence of vy in mid-central (20%—
40%) Au+Au collisions. In Fig 7, the n dependence of v,
for the particles (p, ", K*) and corresponding antipar-
ticles (m~, K™) are presented. The results of the JAM
model for particles and antiparticles show a similar de-
creasing trend of v, with increasing |n|. We observe that
the values of v, for pions and kaons from the attractive
orbit mode are larger than those from the cascade mode,
while v, for protons is similar to the cascade mode pre-
diction at mid-pseudorapidity. At the same time, from
our results it is clear that v, from mean-field mode is
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always smaller than the results from the cascade and at-
tractive orbit modes for all the particles.

In Fig. 8, we show v, for identified particles as a
function of the transverse momentum pr for |n| < 0.2
in 20%-40% mid-central AutAu collisions at /syn= 5
GeV. The results from three different modes show a sim-
ilar transverse momentum dependence in vy (pr). It is
also observed that the proton vy (pr) from JAM standard
cascade and JAM with attractive orbit modes are similar
for the low pr range. The results of vy(pr) from the cas-
cade and attractive orbit mode are larger than the result
from JAM with the mean-field mode for pions. Although
the statistical error on the kaon and antikaon is relatively
large, the general increasing trend of vy (pr) with increas-
ing pr is still obvious. The difference in v, (pr) between
the particles and corresponding antiparticles from JAM
is small, as expected from the integrated v, results.
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Fig. 8. (color online) vy as a function of the trans-

verse momentum pr for || <0.2 in 20-40% mid-
central Au+Au collisions at \/snnv=5 GeV from
JAM cascade model (circles), JAM cascade with
mean-field (squares), and JAM cascade with at-
tractive orbit (crosses). The left and right panels
show the results for identified particles (p, 7",
K*) and corresponding antiparticles (=, K~),
respectively.

Finally, in Figure 9, we compute the beam energy
dependence of the elliptic flow v, for charged hadrons
at mid-rapidity. It is seen that v, from JAM attrac-
tive mode is always greater for all beam energies up to
/3snun=7.0 GeV, and the effect of mean-field mode is to
suppress vy. We note that v, for charged hadrons above
V/snn=7.7 GeV from the JAM attractive mode does not
show any enhancement relative to the JAM standard cas-
cade results [41], and the effects of hadronic mean-field

on v, is very small at SPS energies [28]. Thus an en-
hancement of v, is predicted only at the beam energy
lower than 7 GeV in JAM, which is due to the sup-
pression of the squeeze-out effect by the softening of the
EoS. It is known that microscopic hadronic transport
model predictions including hadronic mean-field are con-
sistent with the data up to the top AGS energy 4.7 GeV
[8, 28, 57], thus the scenario of the phase transition seems
to be ruled out at beam energies less than 5.0 GeV. How-
ever, there is no data between 5.0 and 7.7 GeV, and it is
still interesting to measure the elliptic flow in this beam
energy region experimentally, in order to investigate pos-
sible phase transition signals of strongly interacting mat-
ter created in heavy ion collisions.
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Fig. 9. (color online) Beam energy dependence of
elliptic flow v2 for charged hadrons for || < 0.2
from JAM in mid-central Au+Au collisions (4.6 <
b<9.4 fm). Data is taken from Ref. [58].

4 Summary

We have studied the effects of the hadronic mean-
field and the softening of the EoS on the elliptic flow
in Au+Au collisions at /sxy =5 GeV within the JAM
model. The calculations of v, were performed within
three different modes, the cascade, mean-field, and at-
tractive orbit modes. We observed that both mean-field
and attractive orbit modes enhance the spectrum slope
of nucleons and charged particles. However, we found
that the value of vy, from the attractive orbit mode is
larger than the one from the cascade mode, while the
mean-field mode yields lower v, than the results from
the cascade mode. We have also presented the central-
ity, pr and n dependence of v, for identified particles (p,
ntt, KT) and corresponding antiparticles (=, K7), re-
spectively. The magnitudes of v, from the JAM model
for identified particles are similar to those for their an-
tiparticles.

Our results indicate a high sensitivity of the elliptic
flow to the pressure of the system. The hadronic mean-
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field generates more pressure which leads to a stronger
squeeze-out effect. Furthermore, enhancement of the el-
liptic flow is predicted for the attractive orbit mode,
which leads to softening of the EoS within the non-
equilibrium microscopic simulations, the first time this
effect has been predicted. The enhancement of v, is
caused by a suppression of squeeze-out effects due to the
lower pressure of the system. Our results suggest that

enhancement of the elliptic flow in Au+Au collisions in
the highest baryon density region may be used as a signal
for a first-order phase transition. For further investiga-
tions in this direction, a study of the EoS dependence of
the elliptic flow by the transport approach with the EoS
modified collision term [59] may provide useful informa-
tion.
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