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Abstract Collective flow is a powerful tool used to ana-

lyze the properties of a medium created during high-energy

nuclear collisions. Here, we report a systematic study of the

first two Fourier coefficients v1 and v2 of the proton and pþ

from Au?Au collisions in the energy range
ffiffiffiffiffiffiffi

sNN
p

=

2.11–4.9 GeV within the framework of a hadronic transport

model (UrQMD). Recent results from the STAR experi-

ment were used to test the model calculations. A mean-

field mode with strong repulsive interaction is needed to

reproduce the 10–40% data at 3 GeV. This implies that

hadronic interactions play an important role in the collec-

tive flow development in the high baryon density region.

The mean values of the freeze-out time for protons and pþ

are shifted earlier owing to the additional repulsive inter-

actions. We predict the energy dependence of the mean

values of the transverse momentum hpTi, v1, and v2 for

both protons and pþ from the Au?Au collisions.

Keywords Heavy-ion collisions � QCD phase diagram �
UrQMD � Collective flow � Mean-field potential

1 Introduction

The exploration of quantum chromodynamics (QCD)

phase diagrams and nuclear matter properties has been one

of the most important motivations for relativistic heavy-ion

collisions [1–6]. The region of high temperature and van-

ishing baryon chemical potential of the QCD phase dia-

gram, where the phase transition from hadronic matter to

quark–gluon plasma (QGP) [7] is a smooth crossover, has

been well studied in experiments at the RHIC [8–10] and

LHC [11, 12]. Theoretical calculations suggest that there

may exist a critical end point in the finite baryon chemical

potential region [13]. It is well known that several

observables, such as directed flow [14–17] and moments of

distributions of conserved charges [18], have been pro-

posed to be sensitive to critical behavior. In the RHIC

Beam Energy Scan phase I program (BES-I), the non-

monotonic behavior of the net proton directed flow slope

with respect to rapidity as a function of collision energy is

observed, and the minimum of the distribution suggests the

softest point of the equation of state (EoS) or prediction of

the critical end point [19].

The collective flow [20, 21] has been extensively used

to study the transverse properties of hot and dense matter

created in heavy-ion collisions owing to their sensitivity to

expansion dynamics. They are defined by the coefficients

of the Fourier expansion of the azimuthal distribution of

the emitted particles with respect to the reaction plane: [22]
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Here, / is the azimuthal angle of the emitted particles and

WRP is the reaction plane angle. In this simulation, the

reaction plane angle, WRP, is zero. The coefficients, vn,

can then be determined by vn ¼ hcos½nð/Þ�i, where the

average runs over all particles in all events. The first two

coefficients, v1 and v2, are of particular interest as they are

established early during the system evolution. Recently, the

STAR experiment has reported new results for collective

flow at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV [23, 24], which corresponds to a

region with a high baryon density of 750 MeV [25]. The

data suggest that hadronic interactions dominate the EoS in

collisions at such energies. Exploring the phase structure in

the high baryon density region is the main task of the

second phase of the beam energy scan at the RHIC (BES-

II) program [26], as well as the motivation for future

facilities: such as the facility for proton and ion research

(FAIR) [27], nuclotron-based ion collider facility

(NICA) [28], and high-intensity heavy-ion accelerator

facility (HIAF) [29, 30]. Regarding collectivity concerns,

the responses of baryons and mesons are quite different.

For example, we will focus on the collective measurements

of protons, representative of baryons, and pþs, represen-
tative of produced mesons. In the case of pions, if the effect

of isospin is neglected, there should be no differences in

the flow of pþ and p�. Calculations of Au?Au collisions

from a hadronic transport model UrQMD [31, 32] will be

used in this study.

This paper is organized as follows: The basic features of

the UrQMD model are briefly discussed in Sect. 2. In

Sect. 3, we present a v1 and v2 comparison between the

UrQMD calculations and recent STAR preliminary results

at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV. The results of the energy dependence of

v1 and v2 from UrQMD are also discussed. Finally, a

summary is provided in Sect. 4.

2 The UrQMD model

The ultra-relativistic quantum molecular dynamics

model (UrQMD) [31, 32] is a microscopic transport model

for simulating the process of relativistic heavy-ion colli-

sions. It has been widely and successfully used for studying

pp, pA, and AA collisions in heavy-ion collision physics

over a broad energy range from a few GeV to CERN LHC

energies. The particle production in UrQMD is similar to

other transport models, which include resonance excitation

and decay, as well as string dynamics and strangeness

exchange reactions. The propagation of these hadrons and

their exacted states is based on binary elastic and inelastic

scattering, in which the scattering cross sections are

obtained from experimental data and models. The cascade

version of the UrQMD model successfully describes the

particle production, as well as directed flow measurements

in heavy-ion collisions at collision energies
ffiffiffiffiffiffiffi

sNN
p

[ 7

GeV [33, 34]. However, at lower collision energies, it is

necessary to include the mean-field potential to describe

the collective flow in the high baryon density

region [35–39]. A baryonic Skyrme potential [35, 36],

based on the relative baryon density, is popularly used for

heavy-ion collisions, which defines the nuclear EoS:

U ¼ a
q
q0

� �

þ b
q
q0

� �c

: ð2Þ

Here, q and q0 are the baryon density in the ground state

and baryon density, respectively. By changing the param-

eters a, b, and c, the stiffness of the nuclear EoS can be

controlled. In this study, the parameters a, b, and c are -

124MeV, 71 MeV, and 2, respectively, corresponding to a

nuclear incompressibility of j = 380 MeV. This value of j
was also used in this study [38], which is consistent with

the HADES collective flow measurements at
ffiffiffiffiffiffiffi

sNN
p

= 2.4

GeV [40]. Note that the value of j depends on the collision

energy and can be model dependent. As discussed in

Ref. [39, 41–44], the extracted values of j are below 300

MeV for Au?Au collisions at lower energies. The

momentum-dependent potential is not included in the mean

field in this study.

In this work, we use version 3.4 of the UrQMD model to

generate Monte Carlo event samples of Au?Au collisions

at center of mass energies of
ffiffiffiffiffiffiffi

sNN
p

= 2.11, 2.22, 2.32, 2.4,

2.51, 2.7, 2.86, 3.0, 3.5, 4.5, and 4.9 GeV, corresponding to

beam kinetic energies of 0.5, 0.7, 1.0, 1.23, 1.5, 2.0, 2.5,

2.91, 4.65, 8.9, and 11 GeV per nucleon, respectively. Both

cascade and mean-field modes of UrQMD are used to

systematically study the collective flow in the high baryon

density region.

3 Results and discussion

Following the STAR experimental analysis procedures,

the collision centrality in this study is determined by the

reference multiplicity, which is the number of charged

pions, kaons, and protons within the pseudorapidity range

jgj\ 0.5 [45]. In Fig. 1, the reference multiplicity distri-

bution in Au?Au collisions with the UrQMD cascade

version from the center-of-mass energy
ffiffiffiffiffiffiffi

sNN
p

= 2.11–4.9

GeV is shown. These hadrons are produced more copiously

at higher collision energies. The collision centrality bins

for each energy can be determined by fitting the Glauber

model [46]. In the following discussion, we report results

from the 10–40% centrality bin where the collectivity is
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expected to have the maximum strength, especially the

second order of the Fourier coefficient v2.

According to the recent STAR collective flow mea-

surements at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV [23, 24], the UrQMD model

results from both mean-field and cascade modes are com-

pared with experimental data for the same centrality

interval and kinematic selection criteria. Figure 2 presents

the rapidity dependence of v1 and v2 for proton and pþ in

10–40% centrality Au?Au collisions at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV.

The symbols denote the STAR data. The red and blue

bands represent the results from the UrQMD mean-field

and cascade mode, respectively. Due to the experimental

acceptance, only the negative rapidity range results are

shown [23].

Negative v2 values were observed at mid-rapidity for

both protons and pþ at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV, indicating the

shadowing effect of the passing spectators. Meanwhile, the

proton v2 is positive in the forward rapidity region. For the

v1 results, a strong v1 signal was observed compared to the

high-energy results [47]. The proton v1 increases from the

forward to mid-rapidity region, whereas pþ v1 exhibited

the opposite trend. The standard UrQMD cascade mode

failed to describe the experimental data. However, by

including the mean-field potential, the UrQMD results

reproduce the rapidity dependence and negative v2 values

at mid-rapidity for both protons and pþ. These agreements

between the experimental data and UrQMD calculations

with mean-field potential imply that hadronic interactions

play an important role in the collective flow development

at such collision energies. Similar to Fig. 2, we present the

pT dependence of v1 and v2 for protons and pþ in 10–40%

centrality Au?Au collisions at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV in Fig. 3.

The mid-rapidity range of �0:5\y\0 for protons and pþ

are used in this analysis, which is consistent with the STAR

experimental selection. Both v1 and v2 are negative and

decrease with increasing pT. Again, the red bands shown in

the figure indicate the UrQMD results with mean-field

potential, which can reproduce the pT dependence and

qualitatively describe the experimental data. However,

quantitative differences are visible in some pT bins for both

protons and pþ.

Fig. 1 (Color online) Reference multiplicity distribution in UrQMD

with cascade mode in Au?Au collisions at
ffiffiffiffiffiffiffi

sNN
p

= 2.11–4.9 GeV.

Similar to the experimental setup, the charged particles were

measured within jgj\0.5

Fig. 2 (Color online) Rapidity dependence of v1 (top panel) and v2
(bottom panel) of the proton and pþ in the 10–40% centrality Au?Au

collision at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV. The symbols denote STAR data. The red

and blue bands represent the results from the UrQMD mean-field and

cascade mode, respectively

Fig. 3 (Color online) Transverse momentum dependence of v1 (top

panel) and v2 (bottom panel) of the proton and pþ in the 10–40%

centrality Au?Au collision at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV. The symbols denote

STAR data. The red and blue bands represent the results from the

UrQMD mean-field and cascade mode, respectively
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We systematically studied the mean-field potential

effect on the particle production, directed flow, and elliptic

flow development in the high baryon density region. The

particle production yield as a function of kinetic freeze-out

time for protons and pþ in 3 GeV Au?Au central collisions

(0–10%) at mid-rapidity (jyj\ 0.5) is presented in Fig. 4.

The red and blue lines represent the results from the

UrQMD mean-field and cascade modes, respectively. Note

that these two distributions were normalized by the number

of events. Overall, hadrons are produced mostly during

kinetic freeze-out in the time interval 10–25 fm/c. The

mean value of the distribution is shown in each panel using

the corresponding colors. It can be seen that the mean value

from the mean-field version is smaller than that of the

cascade version. This can be explained by the larger

pressure generated by the density-dependent fields, which

drives the strong expansion. Thus, these hadrons are

pushed outside the system and freeze out earlier than those

from the cascade mode.

To quantify the strength of directed flow at mid-rapidity,

a linear fit is employed to extract the slope of the v1ðyÞ
distribution [19, 47], as shown in Fig. 2. The directed flow

is exactly zero at y ¼ 0 owing to the momentum conser-

vation effect. Figure 5 presents the v1 slopes dv1=dyjy¼0

and elliptic flow v2 at mid-rapidity as a function of kinetic

freeze-out time (t) for proton and pþ in 3 GeV Au?Au

mid-central collisions (10–40%); the red and blue bands

represent the results from the UrQMD mean-field and

cascade mode, respectively. Both v1 and v2 are established

in the very early stage of the system evolution and show a

rapid increase for t . 15 fm/c. They then increased slightly

with increasing freeze-out time. As can be seen in the

figure, the v1 values for the mid-rapidity proton and pion

start from below zero before turning into positive values at

a later time, as experimentally observed. Owing to the

baryonic mean field, at t� 15 fm/c, the v1 slope for the

proton is much larger than that of pþ, especially in the

results for the mean-field mode. Conversely, while the

cascade predicts an in-plane expansion, for example, pos-

itive v2 for both protons and pions, the mean field tends to

keep the incoming nucleons together. As a result, shad-

owing seems to be sustained throughout the collision per-

iod, leading to negative values of v2 and out-of-plane

expansion at this energy. In short, compared to the cascade

mode, the mean-field potential provides a stronger expan-

sion in the x� z plane (v1) and an effective blocking that

leads to the expansion in the y� z plane (v2) in Au?Au

collisions at 3 GeV.

The mean transverse momentum hpTi as a function of

collision energy
ffiffiffiffiffiffiffi

sNN
p

at a mid-rapidity of jyj\ 0.5 for

protons and pþ in UrQMD 10–40% Au?Au collisions is

shown in Fig. 6. The red and blue symbols represent the

results from the cascade and mean-field modes, respec-

tively. It can be observed that hpTi increases with

increasing collision energy for both particle species owing

to the higher energies distributed in the transverse direc-

tion. The mean-field potential slightly increases hpTi for all
particles as a result of the increased radial flow. The

increase in hpTi is greater for heavier particle protons. The
enhancement in the mean-field mode is due to the more

repulsive interactions in the high baryon density region.

We will now discuss the energy dependence of directed

and elliptic flows from UrQMD and compare this with

world experimental data. Figure 7 shows the energy

dependence of the mid-rapidity slope of directed flow

(dv1=dyjy¼0) in 10–40% centrality Au?Au collisions. The

transverse momentum range in the UrQMD calculations for

proton and pþ is 0.4 \pT\ 2.0 GeV/c and 0.2 \pT\ 1.6

GeV/c, respectively, which is consistent with the STAR 3

GeV results [23]. The black symbols denote the world

Fig. 4 (Color online) Particle production yield as a function of

freeze-out time for proton (left panel) and pþ (right panel) from

UrQMD 3 GeV 0–10% Au?Au collisions. The red and blue lines

represent the results from the mean-field and cascade modes,

respectively

Fig. 5 (Color online) v1 slopes (dv1=dyjy¼0) and v2 at mid-rapidity as

a function of freeze-out time for proton (left panel) and pþ (right

panel) from UrQMD 3 GeV 10–40% Au?Au collisions. The red and

blue bands represent the results from the mean-field and cascade

modes, respectively
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experimental data [23, 48, 49]. The red and blue symbols

represent the calculations from the UrQMD mean-field and

cascade modes, respectively. For the pþ v1 and v2 mea-

surements, only the STAR results from
ffiffiffiffiffiffiffi

sNN
p

= 3 and 4.5

GeV are available. The proton dv1=dyjy¼0 values increase

with decreasing collision energy for both the UrQMD

cascade and mean-field calculations, while the mean-field

potential significantly enhances the dv1=dyjy¼0 values,

allowing comparison with the experimental data for both

protons and pþ. However, there are still some differences

relating to the choice of the pT range. As we can see in

Fig. 2, v1 has a strong pT dependence at such a low energy.

The energy dependence of the elliptic flow at mid-ra-

pidity in 10–40% centrality Au?Au collisions is shown in

Fig. 8. The black symbols denote the world experimental

data [23, 49, 50]. Both the sign and absolute value of v2
reflect the medium properties. v2 increases as a function of

the collision energy. The results from the cascade mode are

always above the results from the mean-field mode, but

both converge at a high energy of approximately 5 GeV. At

approximately 2.4 GeV, the proton v2 has already changed

from a negative to positive value in the cascade mode, and

the change occurs at a much higher energy in the case of

the mean-field calculation. According to world data, the

proton elliptic flow transits from in-plane expansion to out-

of-plane expansion at
ffiffiffiffiffiffiffi

sNN
p � 3.6 GeV as a result of the

shadowing effect, where particles are blocked in the reac-

tion plane by the spectators and are emitted mainly in the

out-of-plane direction. In Fig. 8, the UrQMD calculations

with the mean-field potential qualitatively describe the

experimental data for both protons and pþ and are quan-

titatively consistent with the data for
ffiffiffiffiffiffiffi

sNN
p

\ 3.6 GeV.

4 Summary

A hadronic transport model, UrQMD, was employed to

study the directed and elliptic flows in the high baryon

density region. The model provides a good description of

the recent STAR results of 10–40% Au?Au collisions at
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV by including the mean-field potential. This

indicates that hadronic interactions play an important role

in the collective flow development in the high baryon

density region. Other measurements from the 3 GeV

Fig. 6 (Color online) Mean transverse momentum hpTi as a function
of collision energy for proton (squares) and pþ (circles) from UrQMD

10–40% Au?Au collisions. The red and blue symbols represent the

results from the mean-field and cascade modes, respectively

Fig. 7 (Color online) v1 slopes (dv1=dyjy¼0) at mid-rapidity as a

function of collision energy for proton (left panel) and pþ (right

panel) from UrQMD 10–40% Au?Au collisions. The red and blue

symbols represent the results from the mean-field and cascade modes,

respectively. World experimental data are represented by black

symbols
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Au?Au collisions, including strangeness production [51]

and high moments of protons [52], also suggest that

hadronic interactions dominate the dynamics in the high

baryon density region.

The results of the time evolution of directed and elliptic

flows show that the collective flow is fully developed at

� 10� 15 (fm/c).

The mean-field potential slightly enhances hpTi because
of the stronger radial expansion and shifts the freeze-out to

an earlier time. In addition, compared to the cascade mode,

the mean-field option delays the proton v2 crossing zero as

a function of collision energy, from
ffiffiffiffiffiffiffi

sNN
p

= 2.5 to 3.5 GeV.

A negative or positive v2 corresponds to an out-of-plane or

in-plane expansion, respectively.

These results will be useful for understanding experi-

mental data from upcoming experimental facilities focused

on the high baryon density region.
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14. H. Stöcker, W. Greiner, High energy heavy ion collisions-probing

the equation of state of highly excited hadronic matter. Phy. Rep.

137, 277–392 (1986). https://doi.org/10.1016/0370-

1573(86)90131-6

15. Y. Nara, H. Niemi, J. Steinheimer et al., Equation of state

dependence of directed flow in a microscopic transport model.

Phys. Lett. B 769, 543–548 (2017). https://doi.org/10.1016/j.

physletb.2017.02.020

16. Y. Nara, H. Niemi, A. Ohnishi et al., Examination of directed

flow as a signature of the softest point of the equation of state in

QCD matter. Phys. Rev. C 94, 034906 (2016). https://doi.org/10.

1103/PhysRevC.94.034906

17. C. Zhang, J. Chen, X. Luo et al., Beam energy dependence of the

squeeze-out effect on the directed and elliptic flow in Au ? Au

collisions in the high baryon density region. Phys. Rev. C 97,
064913 (2018). https://doi.org/10.1103/PhysRevC.97.064913

18. J. Adam, L. Adamczyk, J.R. Adams et al., (STAR collaboration),

nonmonotonic energy dependence of net-proton number fluctu-

ations. Phys. Rev. Lett. 126, 092301 (2021). https://doi.org/10.

1103/PhysRevLett.126.092301

19. L. Adamczyk, J.K. Adkins, G. Agakishiev et al., (STAR collab-

oration), beam-energy dependence of the directed flow of pro-

tons, antiprotons, and Pions in Au?Au collisions. Phys. Rev.

Lett. 112, 162301 (2014). https://doi.org/10.1103/PhysRevLett.

112.162301

20. H. Sorge, Elliptical flow: a signature for early pressure in ultra-

relativistic nucleus-nucleus collisions. Phys. Rev. Lett. 78, 2309
(1997). https://doi.org/10.1103/PhysRevLett.78.2309

21. J.-Y. Ollitrault, Anisotropy as a signature of transverse collective

flow. Phys. Rev. D 46, 229 (1992). https://doi.org/10.1103/Phys

RevD.46.229

22. A.M. Poskanzer, S.A. Voloshin, Methods for analyzing aniso-

tropic flow in relativistic nuclear collisions. Phys. Rev. C 58,
1671 (1998). https://doi.org/10.1103/PhysRevC.58.1671

23. M. Abdallah et al. (STAR Collaboration), Disappearance of

partonic collectivity in
ffiffiffiffiffiffiffi

sNN
p

= 3 GeV Au?Au collisions at

RHIC. arXiv:2108.00908 [nucl-ex]

24. S. Lan, for the STAR Collaboration (Anisotropic Flow Mea-

surements of Identified Particles in the STAR Experiment,

CPOD, 2021). arXiv:2109.10983 [nucl-ex]

25. J. Cleymans, H. Oeschler, K. Redlich et al., Comparison of

chemical freeze-out criteria in heavy-ion collisions. Phys. Rev. C

73, 034905 (2006). https://doi.org/10.1103/PhysRevC.73.034905

26. STAR Note 0598: BES-II whitepaper: studying the phase dia-

gram of QCD matter at RHIC. http://drupal.star.bnl.gov/STAR/

starnotes/public/sn0598

27. T. Ablyazimov, A. Abuhoza, R.P. Adak et al., (CBM collabora-

tion), challenges in QCD matter physics -the scientific pro-

gramme of the compressed baryonic matter experiment at FAIR.

Eur. Phys. J. A 53, 60 (2017). https://doi.org/10.1140/epja/i2017-

12248-y

28. V. Kekelidze, A. Kovalenko, R. Lednicky et al., Prospects for the

dense baryonic matter research at NICA. Nucl. Phys. A 956,
846–849 (2016). https://doi.org/10.1016/j.nuclphysa.2016.03.019

29. J.C. Yang, J.W. Xia, G.Q. Xiao et al., High intensity heavy ion

accelerator facility (HIAF) in China. Nucl. Instrum. Meth. B 317,
263–265 (2013). https://doi.org/10.1016/j.nimb.2013.08.046

30. L. Lyu, H. Yi, L.M. Duan et al., Simulation and prototype testing

of multi-wire drift chamber arrays for the CEE. Nucl. Sci. Tech.

31, 11 (2020). https://doi.org/10.1007/s41365-019-0716-x

31. S.A. Bass, M. Belkacem, M. Brandstetter et al., Microscopic

models for ultrarelativistic heavy ion collisions. Prog. Part. Nucl.

Phys. 41, 255 (1998). https://doi.org/10.1016/S0146-

6410(98)00058-1

32. M. Bleicher, E. Zabrodin, C. Spieles et al., Relativistic hadron-

hadron collisions in the ultra-relativistic quantum molecular

dynamics model. J. Phys. G 25, 1859 (1999). https://doi.org/10.

1088/0954-3899/25/9/308

33. Y. Gao, F. Liu, A.H. Tang, Directed flow of transported and

nontransported protons in Au ? Au collisions from an ultrarel-

ativistic quantum molecular dynamics model. Phys. Rev. C 86,
044901 (2012). https://doi.org/10.1103/PhysRevC.86.044901

34. E.L. Bratkovskaya, M. Bleicher, M. Reiter et al., Strangeness

dynamics and transverse pressure in relativistic nucleus-nucleus

collisions. Phys. Rev. C 69, 054907 (2004). https://doi.org/10.

1103/PhysRevC.69.054907
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