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We demonstrate the consistency of the quark deconfinement phase transition parameters in the beta-
stable neutron star matter and in the nearly symmetric nuclear matter formed in heavy-ion collisions
(HICs). We investigate the proton and Λ flow in Auþ Au collisions at 3 and 4.5 GeV=nucleon incident
beam energies with the pure hadron cascade version of a multiphase transport model. The phase transition
in HICs and neutron stars is described based on a class of hybrid equations of state from the quark mean-
field model for the hadronic phase and a constant-speed-of-sound parametrization for the high-density
quark phase. The measurements of the anisotropic proton flow at 3 GeV=nucleon by the STAR
Collaboration favor a relatively low phase transition density lower than ∼2.5 times saturation density
indicated by the gravitational wave and electromagnetic observations of neutron stars. And the proton flow
data at the higher energy of 4.5 GeV=nucleon can be used to effectively constrain the softness of high-
density quark matter equations of state. Finally, compared to the proton flow, the Λ flow is found to be less
sensitive and not constraining to the equations of state.
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I. INTRODUCTION

It is generally believed that the degree of freedom
of dense matter is a hadron around nuclear saturation
(number) density n0 ≈ 0.16 fm−3, and quarks are liberated
at asymptotically high densities. The phase structure and the
equation of state (EOS) [i.e., pressure-density relation pðεÞ]
of cold QCD matter for intermediate densities (∼1 − 10n0)
are unfortunately unknown. The EOS, however, serves as
one of the important inputs not only for the evolution of
heavy-ion collisions (HICs) but also in the study of neutron
stars, core-collapse supernovae, and binary neutron star
mergers. Presently, we focus on one of the key problems:
what the critical density is for the phase transition to quark
matter. It is a matter of extensive debate not only within the
theory of HICs [1–7] but also in astrophysics [8–11].
In high-energy HICs, the two colliding nuclei produce

collective motion of nucleons and fragments due to the
large compression, which expands in time and reaches the
surrounding detectors as baryons and mesons. The baryon
flow, which is measured, depends sensitively on the
gradient of pressure developed in the fireball at the moment
of maximum compression during the collision [1]. For

example, flow observables at collision energies
ffiffiffiffiffiffiffiffi
sNN

p ¼
2.5–5 GeV are shown very sensitive to the dense nuclear
matter EOS at 2 − 4n0 [2]. In our previous work, the
properties of phase transition of nearly symmetric nuclear
matter formed in relativistic HICs were investigated [3]
by employing a density-dependent mean-field potential at
hadronic phase and a bag-model description of quark
matter. It was shown that the results with the first-order
phase transition were overall in good agreement with
experimental data of proton sideward flow and proton
directed flows, while those with hadronic EOS and cross-
over deviated from experimental data.
Many high-energy heavy-ion experiments have been

directed toward the goal of inferring properties of the
nuclear EOS [12]. In parallel with this effort, the obser-
vations of neutron stars and binary neutron stars have long
been used to infer the nuclear matter EOS [13]. Different
from the HICs, in neutron stars, nuclear matter is present
in beta equilibrium from very low density to several times
the saturation density and is extremely neutron rich. The
EOS of neutron star matter gives rise to a unique sequence
of stellar configurations under hydrostatic equilibrium
through the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions and can be directly connected to the current and
proposed observations of neutron stars.*liang@xmu.edu.cn
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The mass measurements of massive pulsars establish a
firm lower bound on the neutron star’s maximum mass
(MTOV). Only the EOS that support aMTOV larger than this
lower bound can pass this constraint. In recent years, the
masses of several neutron stars are knownwith goodprecision
from radio Shapiro-delay measurements [14,15], for exam-
ple, one of the highest masses measured is M ∼ 2.07M⊙ of
PSR J0740þ 6620 [14]. Furthermore, the improved accu-
racy for both masses and radii of millisecond period x-ray
pulsars is reached in the measurements by Neutron Star
Interior Composition Explorer (NICER) [16–19], and the
recent observation of gravitational waves (GWs) emitted
during a coalescing neutron star binary has opened the door to
new possibilities of obtaining information on the neutron
star EOS by means of the measurement of the tidal deform-
ability [20–22]. In addition,measurements are planned for the
moment of inertia of PSR J0737-3039 A, the 1.338M⊙
primary component of the first double pulsar system PSR
J0737-3039, based on the long-term pulsar timing to deter-
mine the periastron advance due to relativistic spin-orbit
coupling, which will provide complementary constraints on
the EOS [23].
Generally, the neutron star radius is controlled mainly by

the density dependence of the nuclear symmetry energy
around the nuclear saturation density n0 [24], while the
maximum mass is a reflection of the EOS stiffness at
several times the nuclear saturation density (for example,
≳5n0) possible in the neutron star inner core, where a phase
transition to quark matter might be present [10,25].
Previously, incorporating the possible first-order phase
transition within the QMFþ CSS framework (explained
later in Sec. II) [26], we obtained the neutron star EOS
constrained from available multimessenger astrophysical
observations of LIGO/Virgo [20,22] and NICER [16–19],
as well as the mocked data of a future moment of inertia
measurement of PSR J0737-3039 A [27], within the
Bayesian statistical approach. The analysis of the obser-
vational data is found to prefer the hadron-quark phase
transition taking place at not-too-high densities
(ntrans=n0 ≈ 2) (see also in Refs. [11,28]), and the critical
transition pressure is about 16.8 MeV fm−3 [27], corre-
sponding to a critical baryon chemical potential around
1050 MeV for such zero-temperature beta-stable stellar
matter. Also, the sound speed squared c2QM above the
transition should be larger than ≈0.4 (we work in units
where ℏ ¼ c ¼ 1). Nevertheless, the strength of the phase
transition (namely, how strongly the transition happens)
cannot be well determined by the neutron star global
properties [26,29].
Since one usually assumes that there is one theoretical

model of EOS that can correctly explain the nuclear matter
data of different physical situations obtained in both
laboratory nuclear experiments and astronomical observa-
tions [30–34], it is extremely interesting and helpful if the
information on the nuclear EOS from HICs can be related

to the physics of neutron star interiors [34–38]. The
objective of the present study is to test the phase transition
parameters inside neutron stars, constrained by the available
multimessenger astrophysical observations, with the pro-
duction of nucleons and lambdas in relativistic HICs. For
both studies of HICs and neutron stars, we employ a class of
QMFþ CSS EOS, which has an explicit first-order decon-
finement phase transition anticipated at finite baryon den-
sities. Moreover, important progress has been made recently
in modeling HICs, and we utilize the so-called directed flow
(v1) and elliptic flow (v2) in the present analysis using an
extended version of relativistic transport model, namely, A
Multi-Phase Transport Model (AMPT) [39].
The paper is organized as follows. Section II introduces

the employed QMFþ CSS framework for the EOS mod-
eling and the AMPT for the HIC modeling, as well as the
available EOS constraints for symmetric nuclear matter and
neutron-rich, beta-stable stellar matter. The results and
discussions are detailed in Sec. III, and the conclusion
and perspective are presented in Sec. IV.

II. EQUATIONS OF STATE WITH
DECONFINEMENT PHASE TRANSITION
AT SYMMETRIC AND BETA-STABLE

NUCLEAR MATTER

In the present study, the EOS pðεÞ of nuclear matter is
obtained within the quark mean-field (QMF) model (see
Ref. [30] for a review). We first adopt a harmonic
oscillator potential to confine quarks in a nucleon, with
its parameters determined by the mass and radius of free
nucleon, and then connect the nucleon in the medium
with a system of many nucleons. The EOS is then
constructed within the widely used relativistic mean-field
approach, based on an effective Lagrangian with meson
fields mediating strong interactions between quarks.
Compatibility with ab initio calculations as well as
available experimental and observational constraints at
subnuclear and higher densities is ensured [40,41]. For
example, from the data of FOPI experiments on the elliptic
flow in Auþ Au collisions between 400 MeV and
1.5 GeV per nucleon, constraints can be made on the
symmetric nuclear matter EOS. Additionally, the sub-
threshold Kþ production in heavy-ion reactions measured
by the Kaon Spectrometer (KaoS) Collaboration has been
exploited for exploring the EOS and its incompressibility.
We include both constraints [42] on the EOS for sym-
metric nuclear matter from HIC data of the KaoS experi-
ment and flow data in Fig. 1. Specifically, within QMF, the
saturation density is n0 ¼ 0.16 fm−3, and the correspond-
ing values at saturation point for the binding energy
E=A ¼ −16 MeV, the incompressibility K ¼ 240 MeV,
the symmetry energy Esym ¼ 31 MeV, and the symmetry
energy slope L ¼ 40 MeV.
For high-density quark matter and the hadron-quark

deconfinement phase transition, making use of the feature
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that for a considerable class of microscopic quark matter
models the speed of sound turns out weakly density
dependent, we here assume the speed of sound in quark
matter is density independent (see, e.g., Ref. [43] for
detailed discussions on the density dependence of the
speed of sound in quark matter); i.e., the “constant-
speed-of-sound” (CSS) parametrization [44] is applied.
Consequently, the EOS from the onset of the phase
transition up to the maximum central density of a star is
determined by three dimensionless parameters: the tran-
sition density ntrans=n0, the transition strength Δε=εtrans,
and the sound speed squared in quark matter c2QM. The full
EOS is

εðpÞ ¼
�
εHMðpÞ; p < ptrans

εHMðptransÞ þΔεþ c−2QMðp−ptransÞ; p > ptrans;

ð1Þ

where ntrans ≡ nHMðptransÞ and εtrans ≡ εHMðptransÞ, and
Δε=εtrans is essentially the finite discontinuity in the energy
density at the phase boundary. The high-pressure CSS
EOS after the onset of the phase transition can be written
as [10,44]

pðμBÞ ¼ Aμ
1þ1=c2QM
B − B ð2Þ

μBðpÞ ¼ ½ðpþ BÞ=A�c2QM=ð1þc2QMÞ ð3Þ

nðμBÞ ¼ ð1þ 1=c2QMÞAμ
1=c2QM
B ; ð4Þ

where A is a parameter with energy dimension 3 − c−2QM and
B ¼ ðεtrans þ Δε − c−2QMptransÞ=ð1þ c−2QMÞ. To construct a

first-order transition from some low-pressure EOS to a
high-pressure EOS of Eq. (2), A is chosen such that the
pressure is monotonically increasing with μB and the
baryon number density does not decrease at the transition.
In practice, our study is limited to first-order phase
transitions with a sharp interface (Maxwell construction).
Within CSS, the matching of hadron matter to quark matter
is done either in the case of beta-stable stellar matter (as
shown in Fig. 2 for deducing the neutrons star observational
properties; see Sec. II A) or symmetric nuclear matter
(serving as input of the HIC transport simulation; see
Sec. II B). To avoid uncertainties due to the crust, for the
computation of neutrons star properties, we also utilize
unified EOS with the consistent treatment of neutron star
crusts and the crust-core transition properties along with
their cores (see details in, e.g., Ref. [26]).

A. Astrophysical observations of neutron star
and neutron star merger

Neutron stars are ideal cosmic laboratories for the study
of dense matter above the nuclear saturation density. Their
global properties, such as the mass M, radius R, tidal
deformabilityΛ, and moment of inertia I, have a one-to-one

FIG. 2. Unified QMF hadronic EOS employed for the inner
crust and outer core of neutron stars, along with various cases of
CSS parameter sets: ntrans=n0 ¼ 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
Δε=εtrans ¼ 0.1, 0.5 and c2QM ¼ 1=3, 1, for the high-density
quark matter and the hadron-quark deconfinement phase tran-
sition. The orange/gray shaded background are the 90% credible
regions from joint analysis [27] of the present astrophysical data,
including two gravitational wave data and two NICER’s mass-
radius measurements, with or without a mocked moment of
inertia measurement for PSR J0737-3039 Awith ∼10% accuracy
possible within the next decade.

FIG. 1. Pressure as a function of baryon density (in units of
saturation density) of symmetric nuclear matter for QMF had-
ronic EOS. The shaded area at lower (higher) density corresponds
to constraints [42] inferred from KaoS (flow) experiment.
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correspondence to the underlying EOS of neutron-rich
matter in beta equilibrium. The calculated neutron star
properties with the chosen QMFþ CSS EOS are reported
in Fig. 3, together with the available or forthcoming
astrophysical constraints. See Fig. 2 for the resulting
regions of the EOS jointly constrained by these observa-
tional data, shown as the shaded background. For more
detailed discussions on the dependence of the hybrid star
mass-radius relations with the parameters of the deconfine-
ment phase transition, we refer to Ref. [10].
Among the adopted observational data, the simulta-

neous mass-radius measurements are for PSR J0740þ
6620 [18,19] and PSR J0030þ 0451 [16,17] from the
NICER Collaboration. The dimensionless tidal deformabil-
ity Λ is related to the compactness M=R and the Love
number k2 through Λ ¼ 2

3
k2ðM=RÞ−5, with the tidal Love

number k2 denoting the ratio of the induced quadruple
momentQij to the applied tidal field Eij, Qij ¼ −k2 2R5

3G Eij.
For example, the tidal deformability observations of LIGO/
Virgo for the merging binary of GW170817 [20] disfavor
very stiff EOS and are obtained as Λð1.4Þ ¼ 190þ390

−120 for a
typical 1.4M⊙ star at the 90% credible level [21]. Finally, a

moment of inertia measurement of PSR J0737-3039 A, with
a 90% upper limit IA < 3 × 1045 g cm2 is reported [45], by
fitting the post-Keplerian parameters in the binary system.
Such a measurement gives a loose upper limit for PSR
J0737-3039 A’ radius of 22 km (with 90% confidence) and
is regarded as not constraining, in comparison with the
accurate observations from, e.g., LIGO/Virgo, where
R1.4 ≤ 13.5 km is obtained [21]. In the near future, the
moment of inertia of PSR J0737-3039 A is expected to be
measured with 11% precision at a 68% confidence level in
2030 [46] (indicated in Fig. 3 in the middle panel). Both
analyses with or without the forthcoming moment of inertia
data are performed [27], as reported in Fig. 2.

B. Production of nucleons and lambdas in relativistic
heavy-ion collisions within AMPT

Since the possible quark-gluonplasmaproduced inHICs is
out of thermal and dynamical equilibrium [47], the study of
nuclear EOS is subject to the adopted framework of transport
simulations [35]. We use the AMPT to model relativistic
HICs, and a pure hadron cascade (HC) plus hadron mean-
field potential mode AMPT-HC is used [39,48]. The AMPT
model [39] is known to consist of four components, i.e., a
fluctuating initial condition, partonic interactions, conversion
from the partonic to the hadronic matter, and hadronic
interactions. Within AMPT-HC, the dynamics of the
resulting hadronic matter are described by a relativistic
transport model [49]. The nucleon density distribution is
provided by a Woods-Saxon parametrization, and the local
Thomas-Fermi approximation is employed to initialize the
position and momentum of each nucleon in colliding
projectile and target. In addition to the usual elastic and
inelastic collisions, hadron potentials with the test-particle
method are applied to nucleons, baryon resonances, strange-
nesses, and their antiparticles [48,50]. For strange baryonsΛ,
Σ, Ξ, the quark counting rule is used [51,52].
Cross sections among various kinds of hadronic scatter-

ings and mean-field potentials of hadrons are the main
inputs of a hadronic transport model. In the AMPT-HC
model, cross sections of hadronic scatterings can be found
in Refs. [39,48,49] and references therein. The single
baryonic potential used in the transport model is derived
from the QMF EOS mentioned above. It is undeniable that
the single nucleon potential at high energies and high
densities (above ∼2n0) is still unknown to date [53]. The
experimental Hama potential [54] is effective only at the
saturation density. To make the minimum assumption, in
this study, we use a momentum-independent single particle
potential. Specifically, UðnÞ ¼ ∂εpot=∂n, where the poten-
tial energy density εpot ¼ ε-εkin · n. The total energy density
ε is the same as in Eq. (1), and the nucleon average kinetic
energy is usually derived from the Fermi-gas model:
εkin ¼ ð8πp5

FÞ=ð5mNh3nÞ, with mN ¼ 0.938 GeV being
nucleon mass and pF being its Fermi momentum. After
getting the single baryonic potential UðnÞ, the baryonic

FIG. 3. Radius (upper panel), I=M3=2 (middle panel), and Λ
(lower panel) as functions of the stellar mass, corresponding to
the 24 EOS within QMFþ CSS in Fig. 2. The color coding is the
same as in Fig. 2. And the black curves represent the results of
pure hadronic stars corresponding to the QMF EOS. In the radius-
mass plot, the mass-radius measurements of the NICER telescope
for PSR J0030þ 0451 [16,17] and PSR J0740þ 6620 [18,19]
are also shown. In the middle and lower panels, also compared are
the binary tidal deformability measurement from GW170817
by LIGO/Virgo [21] and a mocked moment of inertia measure-
ment [27] for PSR J0737-3039 A to be I=M3=2

A ¼ 40 km2=M1=2
⊙

(with ∼10% accuracy), respectively.
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dynamics equation is expressed as _p⃗ ¼ −∇r⃗U. For strange
baryon Λ, its potential UΛðnÞ ¼ 2

3
UðnÞ (see, e.g., Ref. [50]

for more details). We mention here that, for the matter
produced in HICs, the effect of temperature dependence has
been taken into account in the transport model simulations
through the phase space distributions during the reactions.

III. RESULTS AND DISCUSSIONS

Flow in general is sensitive to the EOS which governs
the evolution of the system created in the nuclear collision.
At relatively higher energies, the collective flow in nuclear
collisions is driven by the pressure gradients in the early
thermalized stages of the reaction and hence encodes the
information about the underlying EOS, characterizing it as
relatively “hard” or “soft” [55]. The anisotropic flow is an
important observable in characterizing how the anisotropy
in the initial coordinate space develops into that in the
initial momentum space, as a result of the strong interaction
in the quark–gluon plasma (QGP) matter created in
relativistic HICs.
The particle directed and elliptic flow in HICs can be

derived from the Fourier expansion of the azimuthal
distribution at given rapidity y [56,57], i.e.,

dN
dϕ

∝ 1þ 2
Xn
i¼1

vn cosðnϕÞ: ð5Þ

The directed flow v1 and the elliptic flow v2 can be,
respectively, expressed as

v1 ¼ hcosðϕÞi ¼
�
px

pt

�
; ð6Þ

v2 ¼ hcosð2ϕÞi ¼
�
p2
x − p2

y

p2
t

�
; ð7Þ

where pt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
x þ p2

y

q
, and the rapidity y ¼ 1

2
ln Eþpz

E−pz
.

We first show in Fig. 4 (Fig. 5) the v1 (v2) of protons as a
function of rapidity in 10%–40% centrality for Auþ Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3 GeV simulated by the AMPT-HC
model, for various cases of transition properties. The full
dots represent the experimental data from the STAR
experiment [58]. The collision energy is defined asffiffiffiffiffiffiffiffi
sNN

p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mN × ðElab þ 2mNÞ

p
with Elab representing

the kinetic energy per nucleon of incident beam with fixed
target mode. At low transition density ntrans=n0 ¼ 1.5
(shown in the upper-left panels of both figures), one
observes an interplay between the transition strength
and sound speed parameters (Δε=εtrans; c2QM) when explain-
ing both the v1 and v2 data. Neither the combination
of weak first-order phase transition and high speed of sound
Δε=εtrans ¼ 0.1; c2QM ¼ 1 nor the strong first-order phase

transition and low speed of sound Δε=εtrans ¼ 0.5; c2QM ¼
1=3 can explain the experimental data well. The case of
Δε=εtrans ¼ 0.1; c2QM ¼ 1 for ntrans=n0 ¼ 1.5 is especially
not favored by the proton v2 since the simulated v2 shows
no dip at central rapidities and deviates evidently from the
STAR data. This is consistent with the astrophysical
constraints on the phase transition in the beta-stable matter
shown previously in Fig. 2 (upper-left panel), where the
(0.1,1) results are outside 90% credible boundaries indi-
cated by the available neutron star properties.
When comparing the results at different transition

densities, it can be also seen that the experimental data

FIG. 4. Rapidity dependence of proton directed flow in
10%–40% centrality for Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3 GeV
by the AMPT-HC model with (Δε=εtrans; c2QMÞ ¼ ð0.1; 1=3Þ
(solid curves), (0.1,1) (dashed curves), ð0.5; 1=3Þ (dotted curves),
and (0.5,1) (dot-dashed curves), at transition density
ntrans=n0 ¼ 1.5, 2.0, 2.5, 3.0 is compared with STAR experi-
mental data [58].

FIG. 5. Same with Fig. 4, but for proton elliptic flow.
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points gradually shift outside of the theoretical predictions
since different CSS parameters actually lead to increasingly
similar results with the increase of the transition density.
Consequently, the anisotropic flow of protons at beam
energy

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3 GeV can be regarded as a good probe
to the transition density of possible hadron-quark phase
transition, and the current STAR data favor a phase
transition density of ntrans=n0 ≲ 2.5. In addition, the data
seem to support a relatively modest phase transition with
Δε=εtrans ¼ 0.1 but tend to exclude a stiff quark matter EOS
with a speed of sound as high as the speed of light
(c2QM ¼ 1).
Figures 6 and 7 present the v1 as a function of rapidity at

increased beam energy
ffiffiffiffiffiffiffiffi
sNN

p ¼ 4.5 GeV, for protons and
lambdas, respectively. The full dots represent the exper-
imental data from the STAR experiment [59]. The density
in this case can reach≳4n0 [3]. It is seen that, for both types
of hadrons, there is a change of sign of the directed flow at
mid-rapidity and the v1 values, show in most cases the well-
known bounce-off behavior for larger rapidities, which are
consistent with previous studies [60]. The c2QM ¼ 1 results
again fail to explain the slope of v1 (no bounce-off) for low
transition densities ntrans=n0 ≤ 2.0. Nevertheless, the flow
data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 4.5 GeV are not a good probe of the
phase transition onset properties and show no sensitivity to
the transition strength Δε=εtrans. Since both the proton and

lambda v1 STAR data support a soft quark matter close to
1=3, the measurement at such high beam energy can be
used to indicate the EOS stiffness (or softness) of high-
density quark matter. It should be noted that the lambda v1
simulations are more alike under different EOS in com-
parison to those of protons; therefore, the lambda produc-
tion is less constraining than the nucleon ones, regarding
the EOS [61].

IV. CONCLUSIONS

The dense matter EOS plays a major role not only in the
astrophysical study related to neutron stars but also in the
hydrodynamical evolution of HICs. In this work, recent
astrophysical observations of (binary) neutron stars and
heavy-ion data are confronted with our present under-
standing of the dense QCD matter and the possible quark
deconfinement phase transition. The advantages of using
HICs to test the phase transition of neutron star matter is
that HICs have been operated in terrestrial laboratories for
decades, and nuclear properties have been extensively
studied from different angles. We here make use of
Auþ Au collision data (directed flow and elliptic flow
for both protons and lambdas) with the STAR experiment at
the beam energy

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3 and 4.5 GeV.
The dense matter in both HICs and neutron stars are

described by one model of QMFþ CSS, keeping consis-
tency with available experimental and observational con-
straints at subnuclear and higher densities. In our previous
work, the EOS parameter space encapsulating a first-order
hadron-quark phase transition was jointly constrained by the
neutron-star observational data. We use here the obtained
EOSs and the phase transition parameters (here mainly the

FIG. 6. Rapidity dependence of proton directed flow in
10%–25% centrality for Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 4.5GeV
by the AMPT-HC model with (Δε=εtrans; c2QMÞ ¼ ð0.1; 1=3Þ (solid
curves), (0.1,1) (dashed curves), ð0.5; 1=3Þ (dotted curves), and
(0.5,1) (dot-dashed curves), at transition density ntrans=n0 ¼ 1.5,
2.0, 2.5, 3.0, 3.5, 4.0 is compared with STAR experimental
data [59].

FIG. 7. Same with Fig. 6, but for Λ directed flow.

ANG LI, GAO-CHAN YONG, and YING-XUN ZHANG PHYS. REV. D 107, 043005 (2023)

043005-6



transition density ntrans=n0, the transition strength Δε=εtrans
within CSS) as a baseline for comparisons.
We find that the flow data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3 GeV can be used
to effectively constrain the transition density, while the data
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 4.5 GeV can be used to effectively constrain the
high-density quark matter EOS. The current data support a
relatively low phase transition density ≲2.5n0 and exclude
a very stiff high-density quark matter EOS, which further
supports the similar phase transition properties indicated by
the astrophysical neutrons star observations. In particular,
although the transition strength cannot be well signified by
the neutron star properties, it might be revealed by the flow
data with beam energies around

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3 GeV. Finally,
although high-energy HICs indicate a soft high-density
(quark matter) EOS with the sound speed squared close to
the noninteracting limit of 1=3 (i.e., the conformal limit),
there is almost no possibility to probe the possible
transition from heavy-ion data with energy as high asffiffiffiffiffiffiffiffi
sNN

p ¼ 4.5 GeV, at least based on the analysis of flow
observables, due to its insensitivity of the transition thresh-
old properties; Also, the lambda flow is found to be less
sensitive than the proton flow.
There are many aspects we can explore further in

the future. First, since we focus on the possible hadron-
quark phase transition at the high-density nuclear matter,
we freeze here the energy contribution of the isospin

asymmetry part of nuclear matter following the one choice
of the symmetry energy parameters at n0 built in the
hadronic QMF EOS. Although the choice can comfortably
reconcile with various empirical constraints from low-
energy nuclear physics [62,63], there is still ambiguity
regarding their ranges and possible intrinsic correlations
between them [64]. Therefore, it is desired to incorporate
the uncertainty of nuclear symmetry energy in a future
study, to understand better the relevance of the phase
transition taking place in symmetric nuclear matter and
asymmetric matter. Also, more reliable constraints on EOS
and phase transition parameters should be obtained in a
Bayesian framework for the HIC and neutron star obser-
vational data, especially since more and higher-accuracy
data for both kinds are expected in the near future.
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