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The collective flow of particles produced in heavy-ion collisions offers
valuable insights into the dynamics of the Quark–Gluon Plasma (QGP)
medium. Flow coefficients can be measured to probe the medium as they
are sensitive to its different properties. The directed flow (v1) slope (dv1/dy)
of protons at mid-rapidity is expected to be sensitive to the first-order phase
transition. The number of constituent quarks (NCQ) scaling of elliptic flow
(v2) can be regarded as a signature of the QGP formation. Triangular flow
(v3) typically arises from fluctuations and can offer constraints on the ini-
tial state geometry and fluctuations. The Relativistic Heavy-Ion Collider
(RHIC) is a versatile facility to collide a wide range of heavy-ion systems
at various beam energies. In this paper, we will discuss selected results on
the collective properties of nuclear matter from the STAR and PHENIX
experiments at RHIC.
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1. Introduction

Quantum Chromodynamics (QCD) proposes that at high temperatures
and energy densities, there is a transition from confined hadronic matter to a
deconfined state of partonic matter known as the Quark–Gluon Plasma [1, 2].
Figure 1 shows a schematic layout of the QCD phase diagram of the tem-
perature (T ) as a function of the baryon chemical potential (µB) [3]. Lattice
QCD calculations indicate that in the low-µB region, the phase transition
is a smooth crossover at Tc of about 150 MeV [4]. In the high-µB region, it
is expected to be first order and ends at a critical point as µB decreases [4].
Various high-energy heavy-ion collision experiments aim to explore the QGP
matter and study its properties through the QCD phase diagram. An ex-
perimental way to characterize the QCD phase diagram is by varying beam
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Fig. 1. Schematic layout of the QCD phase diagram [3].

energy. Heavy-ion collisions are currently being conducted by experiments
such as NA61/SHINE, SIS18/HADES, and RHIC at the high-µB region.
New experimental facilities at FAIR, NICA, and J-PARC are planned in the
future.

In this paper, we will present selected results of collective flow from the
STAR and PHENIX experiments at RHIC for Au+Au collisions at

√
sNN =

200 GeV and the beam energy scan program (
√
sNN = 3.0 to 27 GeV).

The results will be compared with model calculations to help elucidate the
underlying physics mechanisms in heavy-ion collisions.

2. Relativistic heavy-ion collider

RHIC is a highly versatile collider, capable of colliding various nuclear
species (U, Au, Ru, Zr, Cu, Al, O, 3He, and d) and protons, at energies
between

√
sNN = 7.7 and 200 GeV in collider mode, and from 3.0 to 7.7 GeV

in fixed-target mode. The Solenoidal Tracker at RHIC (STAR) and the
Pioneering High Energy Nuclear Interaction eXperiment (PHENIX) are two
experiments providing precision particle identification and tracking [5, 6].

The STAR experiment has full azimuthal coverage over a wide range
of rapidity and excellent particle identification and tracking capabilities.
The main detector upgrades included the inner Time Projection Chamber
(iTPC), the end-cap Time-of-Flight (eTOF) system, and the Event Plane
Detector (EPD) for the beam energy scan program. These upgrades signif-
icantly increased the acceptance and tracking capabilities of the STAR ex-
periment. The PHENIX Collaboration has finished taking data in the year
2016 and they are currently analyzing the collected large statistics data.
It has central and muon arms for particle identification and tracking in
a wide range of azimuthal and rapidity coverage. The PHENIX experi-
ment is recently upgraded to sPHENIX to precisely quantify properties of
the QGP matter created in high-energy collisions at the RHIC. The STAR
and the sPHENIX experiments are presently the only active experiments at
the RHIC.
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3. Collective flow results

Collective flow refers to the azimuthal anisotropy of produced particles
in the momentum space. This phenomenon has been observed in relativis-
tic heavy-ion collision experiments. It can be measured using the Fourier
decomposition of the azimuthal angle (ϕ) distribution of produced particles
with respect to the angle of the reaction plane (Ψn). The coefficients ob-
tained from this decomposition, denoted as vn, are commonly known as flow
coefficients. Specifically, the first three coefficients are referred to as directed
flow (v1), elliptic flow (v2), and triangular flow (v3). These flow coefficients
are extensively studied to gain insights into the properties of the QGP [7, 8].

3.1. Collectivity at high-µB

Figure 2 presents the slope of v1 at mid-rapidity versus collision en-
ergy for identified particles (left panel) and light and hyper-nuclei (right
panels) in Au+Au collisions from the STAR experiment at RHIC [9–11].
The slope decreases for hadrons and light and hyper-nuclei from

√
sNN = 3

to 4 GeV. The Jet AA Microscopic (JAM) transport model, incorporating
a momentum-dependent baryonic mean-field potential and incompressibility
k = 210 MeV, describes the measured v1 slope for baryons [12], suggesting a
strong mean field at the high-µB region. The JAM model with coalescence
is also consistent with d(v1/A)/dy for light and hyper-nuclei, indicating co-
alescence as their particle production mechanism at high-µB.

Fig. 2. Left: Slope dv1/dy for identified hadrons. Right: d(v1/A)/dy for light and
hyper-nuclei, as a function of collision energy at mid-rapidity in Au+Au collisions
from the STAR experiment at RHIC [9–11].

Figure 3 shows v2 as a function of transverse kinetic energy scaled by
NCQ for identified hadrons in 10–40% central Au+Au collisions from the
STAR experiment at RHIC. The negative v2 values and the violation of NCQ
scaling below

√
sNN ≤ 3.2 GeV indicate a transition from a medium domi-

nated by partonic degrees of freedom to hadronic degrees of freedom [13].
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Fig. 3. NCQ scaled elliptic flow (v2/nq) as a function of NCQ scaled transverse
kinetic energy (mT − m0)/nq for identified hadrons in 10–40% central Au+Au
collisions from the STAR experiment at RHIC.

3.2. Collectivity in small systems

Figure 4 shows vn (n = 2 and 3) of charged hadrons and v2 of π and p as
a function of transverse momentum (pT) within |η| < 0.35 in 0–5% central
collisions at

√
sNN = 200 GeV across three different small systems (p+Au,

d+Au, and 3He+Au) from the PHENIX experiment at RHIC [14, 15]. The
results are compared with hydrodynamic model predictions with η/s = 0.08,
indicating QGP formation and provide a simultaneous description of the
data in all three systems.

Fig. 4. Elliptic flow of (top) charged hadrons, (bottom) π and p as a function of
transverse momentum within |η| < 0.35 in 0–5% central p+Au, d+Au, and 3He+Au
collisions at

√
sNN = 200 GeV from the PHENIX experiment at RHIC [14, 15].
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3.3. Open heavy flavor flow

Figure 5 shows v2(pT) of muons from heavy flavor decays at forward
rapidities in Au+Au collisions at

√
sNN = 200 GeV from the PHENIX

experiment at RHIC [16]. This is the first-ever measurement of open heavy-
flavor elliptic flow at forward rapidities by the PHENIX experiment at RHIC.
The results are consistent with v2(pT) of electrons from heavy-flavor decays
within |η| < 0.35 (shown with open circles). These new measurements of
azimuthal anisotropies of open heavy flavor can provide quantitative con-
straints on the properties of the medium created in heavy-ion collisions.

Fig. 5. Elliptic flow v2(pT) of muons at forward rapidities and electrons at |η| <
0.35 from heavy flavor decays in Au+Au collisions at

√
sNN = 200 GeV from the

PHENIX experiment at RHIC [16].

4. Summary

In summary, a few selected measurements on collective flow in Au+Au
collisions from the STAR and PHENIX experiments at RHIC are presented.
The results encompass azimuthal anisotropy coefficients of charged and iden-
tified hadrons, light and hyper-nuclei, and open heavy flavor. We discuss
the potential implications of these findings for the formation of the QGP
medium and the parton–hadron phase transition in the QCD phase dia-
gram. Additionally, various model expectations are explored to gain insight
into the underlying physics mechanisms. Finally, these measurements offer
valuable quantitative constraints on the collective properties of the medium
formed in heavy-ion collisions.
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