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COLLECTIVE PROPERTIES OF THE NUCLEAR
MATTER FROM THE STAR EXPERIMENT AT RHIC 1

The study of a collective flow offers valuable insights into the dynamics and properties of the
Quark-Gluon Plasma (QGP) medium produced in heavy-ion collisions. The directed flow (𝑣1)
slope (𝑑𝑣1/𝑑𝑦) of protons at mid-rapidity is expected to be sensitive to the first-order phase
transition. The scaling of the elliptic flow (𝑣2) with the number of constituent quarks (NCQ)
can be regarded as a signature of the QGP formation. The triangular flow (𝑣3) typically origi-
nates from fluctuations and can offer constraints on the initial state geometry and fluctuations.
The STAR experiment at RHIC has gathered data across a wide range of energies and systems.
The second phase of the Beam Energy Scan program, including a Fixed-Target mode is done
to collect high-statistics data on Au+Au collisions in the high baryon density region of the
Quantum Chromodynamics (QCD) phase diagram. In these proceedings, we discuss selected
results on the collective properties of the nuclear matter from the STAR experiment at RHIC.
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1. Introduction
Quantum Chromodynamics suggests a transition
from confined hadronic matter to a state of decon-
fined partonic matter known as the Quark-Gluon
Plasma (QGP) at high temperatures and energy den-
sities [1]. Under these extreme conditiozns, hadrons
break down into constituent quarks, and the strong
interaction becomes the dominating force. High-
energy heavy-ion collisions have been conducted by
various experiments at the Brookhaven National Lab-
oratory (BNL) and the European Organization for
Nuclear Research (CERN) to explore this new state
of matter. Experimental results from the Relativistic
Heavy Ion Collider (RHIC) and Large Hadron Col-
lider (LHC) at their top energies indicate the forma-
tion of a new state of matter with partonic degrees
of freedom. Figure 1 shows a schematic layout of the
QCD phase diagram between temperature (𝑇 ) and
baryon chemical potential (𝜇B) with various expected
phases of the matter [2].
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Lattice QCD calculations indicate that the phase
transition in the low 𝜇B region is a smooth crossover
at 𝑇𝑐 of about 150 MeV [3]. In the high 𝜇B region
of the QCD phase diagram, the transition is ex-
pected to be first order ending at a critical end point
as one progresses to lower 𝜇B [3]. An experimental
way to characterize the QCD phase diagram is to
scan 𝑇 and 𝜇B by varying the beam energy. Hea-
vy-ion collision experiments aiming at this high 𝜇B

region are currently being pursued at NA61/SHINE,
SIS18/HADES, and RHIC. Various new experimen-
tal facilities at FAIR, NICA, and J-PARC are planned
for future studies. The STAR experiment at RHIC
has been actively working on the beam energy scan
(BES) program to explore the QCD phase diagram
especially for the investigation of the first-order phase
transition, as well as signatures from the critical
end point. The first phase of the BES program was
successfully conducted in the beam energy range of√
𝑠𝑁𝑁 = 7.7 to 62.4 GeV, corresponding to the 𝜇B

between 20 and 420 MeV. The second phase includ-
ing the Fixed-Target (FXT) mode has completed data
taking with high statistics data for Au+ Au colli-
sions with

√
𝑠𝑁𝑁 = 3.0 to 19.6 GeV, corresponding

1 This work is based on the results presented at the 2024 “New
Trends in High-Energy and Low-x Physics” Conference.
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to 𝜇B = range 200 to 720 MeV, to explore the QCD
phase diagram [4].

In this proceedings, we will present selected results
of collective flow from Au +Au collisions at the top
RHIC energy (

√
𝑠𝑁𝑁 = 200 GeV) and the BES pro-

gram (
√
𝑠𝑁𝑁 = 3.0 to 27 GeV). Additionally, results

from the data collected for the deformed nuclei, such
as Isobars (Ru+ Ru and Zr+ Zr) and U + U collisions
will be discussed. The experimental results will be
compared with model calculations to better under-
stand the underlying physics mechanisms in heavy-
ion collisions.

2. STAR Experiment at RHIC

RHIC is a highly versatile collider, capable of col-
liding various nuclear species (U, Au, Ru, Zr, Cu,
Al, O, 3He and d) and protons, at energies between√
𝑠𝑁𝑁 = 7.7 GeV and 200 GeV in collider mode, and

from 3.0 to 7.7 GeV in fixed-target mode.
The Solenoidal Tracker at RHIC (STAR) is a

general-purpose detector providing precision particle
identification and tracking [5]. It is presently the only
active experiment at the RHIC. The STAR experi-
ment has full azimuthal coverage over a wide range
in rapidity as depicted in Fig. 2. The main detector
upgrades for the BES-II included the installation of
the inner Time Projection Chamber (iTPC), the end-
cap Time-of-Flight (eTOF) system, and the Event
Plane Detector (EPD). These upgrades significantly
increased the acceptance and tracking capabilities of
the STAR experiment.

3. Collective Flow

Collective flow refers to the azimuthal anisotropy of
produced particles with respect to the collision sym-
metry plane, which has been observed by relativistic
heavy-ion collision experiments [6]. It can be quan-
tified by the Fourier decomposition of the azimuthal
angle distribution of produced particles with respect
to the reaction plane angle (Ψ𝑛) [7],

𝐸
𝑑3𝑁

𝑑𝑝3
=

𝑑2𝑁

2𝜋𝑝𝑇 𝑑𝑝𝑇 𝑑𝜂
×

×

(︃
1 + 2

∞∑︁
𝑛=1

𝑣𝑛 cos[𝑛(𝜑−Ψ𝑛)]

)︃
, (1)

where 𝑝𝑇 , 𝜂, and 𝜑 are the particle transverse mo-
mentum, pseudorapidity, and the azimuthal angle, re-

Fig. 1. Schematic layout of the QCD phase diagram [2]. The
ranges (white arrows) shown are different experimental pro-
grams

Fig. 2. The STAR experiment at RHIC with each of its sub-
systems and their associated acceptance

spectively. The Fourier coefficients 𝑣𝑛 are commonly
referred to as the flow coefficients. Specifically, the
initial three coefficients are known as directed flow
(𝑣1), elliptic flow (𝑣2), and triangular flow (𝑣3). These
flow coefficients are extensively used to study the
properties of the QGP.

4. Results

4.1. Directed flow

The term “directed flow” (𝑣1) describes the collective
sideward deflection of produced particles in the reac-
tion plane and is believed to occur during the early
stages of nuclear passage. Directed flow is quanti-
fied by the first-order flow coefficient 𝑣1 in the az-
imuthal angle distribution of produced particles, mea-
sured relative to the first-order event plane.

In Fig. 3, the measured slope of 𝑣1 is shown as
a function of collision energy for various identified
particles (a) and light and hyper nuclei (b) at mid-
rapidity in mid-central Au+ Au collisions from the
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a b
Fig. 3. Slope of directed flow (𝑑𝑣1/𝑑𝑦) for identified hadrons (a), 𝑑(𝑣1/𝐴)/𝑑𝑦 for light and hyper nuclei (b), as a
function of collision energy at mid-rapidity in Au+Au collisions from the STAR experiment at RHIC [8–10]

a b c
Fig. 4. The difference in the slope of directed flow (𝑑𝑣1(𝑦)/𝑑𝑦) as a function of centrality between particles and
antiparticles in (a) Au+Au (b) Ru+Ru and Zr+Zr collisions at

√
𝑠𝑁𝑁 = 200 GeV, and (c) in Au +Au collisions√

𝑠𝑁𝑁 = 27 GeV from the STAR experiment at RHIC [14]

FXT program of the STAR experiment at RHIC [8–
10]. The slope at mid-rapidity for hadrons (𝑝, 𝐾,
and Λ) as well as for light and hyper nuclei de-
creases from

√
𝑠𝑁𝑁 = 3 to 4 GeV. The Jet AA Micro-

scopic (JAM) transport model [11] with momentum-
dependent baryonic mean-field potential and incom-
pressibility 𝑘 = 210 MeV describes the measured 𝑣1
slope for baryons compared to the cascade model,
suggesting a strong mean-field at high baryon den-
sity region. The JAM model with coalescence is also
consistent with 𝑑(𝑣1/𝐴)/𝑑𝑦 for light and hyper nu-
clei, indicating coalescence as their particle produc-
tion mechanism at high 𝜇B.

In relativistic heavy-ion collisions, nuclear frag-
ments create a strong magnetic field expected to

range from 1018 to 1019 Gauss [12]. When quarks, in
presence of a QGP medium, interact with this field,
they experience electromagnetic forces due to the Hall
effect, Coulomb effect, and Faraday induction. This
strong electromagnetic field can influence the collec-
tive flow of particles, leading to changes in flow coef-
ficients from central to peripheral collisions. A posi-
tive Δ(𝑑𝑣1/𝑑𝑦) is associated with transported quarks,
while a negative Δ(𝑑𝑣1/𝑑𝑦) is linked to the electro-
magnetic field [13]. As shown in Fig. 4, the observa-
tion of a negative Δ(𝑑𝑣1/𝑑𝑦) in peripheral collisions
supports the expected dominance of combined Fara-
day and Coulomb effect in these collisions [14]. A pos-
itive Δ(𝑑𝑣1/𝑑𝑦) in (mid)central collisions for hadrons
with non-transported constituent quarks can origi-
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Fig. 5. 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

nate from a dominance of hall effect [15]. Further in-
vestigations, including mean-field contributions, are
ongoing to explore other mechanisms.

4.2. Elliptic flow

In non-central heavy-ion collisions, the initial over-
lap region is spatially anisotropic, resembling an el-
liptical almond shape. As a result of pressure gradi-
ents and multi-particle interactions among the con-
stituents of the matter, the initial spatial anisotropy
transforms into momentum space anisotropy in the fi-
nal state. This can be quantified by the second-order
flow coefficient 𝑣2 in the azimuthal angle distribu-
tion of produced particles with respect to the event
plane. The observation of a large positive 𝑣2 and NCQ
scaling of 𝑣2 are consistent with the formation of a
matter with partonic degrees of freedom at the RHIC
and the LHC.

Figure 5 shows 𝑣2 as a function of transverse ki-
netic energy scaled by number of constituent quarks
for identified hadrons in 10–40% central Au +Au col-
lisions from the STAR experiment at RHIC. A large
positive 𝑣2 and NCQ scaling is observed at

√
𝑠𝑁𝑁 =

= 200 GeV down to 4.5 GeV, providing strong evi-
dence for the formation of a QGP matter at the RHIC
[8, 16, 17]. Below

√
𝑠𝑁𝑁 ≤ 3.2 GeV, the negative 𝑣2

values and the violation of NCQ scaling, as shown
in Fig. 5, and can originate from a transition from a
medium dominated by partonic degrees of freedom to
hadronic degrees of freedom.

4.3. Triangular Flow

An initial triangular shape in the initial geometry
will result in a triangular flow 𝑣3. This triangular
shape, at higher energies, is attributed to event-by-
event fluctuations in the positions of the participating
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a b
Fig. 6. Triangular flow 𝑣3{Ψ1} as a function of rapidity (a) and 𝑝𝑇 (b) for protons in Au+Au
collisions at

√
𝑠𝑁𝑁 = 3 GeV from the STAR experiment at RHIC [18]

Fig. 7. Elliptic flow 𝑣2 as a function of 𝑝𝑇 for 𝐾0
𝑠 and Λ

at mid-rapidity (|𝑦| < 1.0) in minimum bias U+U, Au+Au,
Ru+Ru, Zr+Zr, and Cu+Cu collisions at

√
𝑠𝑁𝑁 = 200 GeV

from the STAR experiment at RHIC [16, 19, 20]

nucleons, and is uncorrelated to the initial reaction
plane angle Ψ1. At lower energies (

√
𝑠𝑁𝑁 = 3 GeV)

a triangular flow correlated to the reaction plane is
clearly seen as shown in Fig. 6, indicating that the
triangular shape arises from dynamical effects due to

stopping, the passing time of the spectators and the
expansion of the fireball. Figure 6 shows 𝑣3 of protons
measured with respect to the first order event plane
angle Ψ1 in Au +Au collisions at

√
𝑠𝑁𝑁 = 3 GeV

[18]. The values of 𝑣3{Ψ1} show a negative slope as
a function of rapidity, opposite to that of 𝑣1 at this
energy. Its magnitude is larger at higher rapidity, in-
creases as one goes to higher 𝑝𝑇 and towards more
peripheral collisions. The JAM model [11] effectively
describes the data, indicating that a momentum-de-
pendent baryonic mean-field is crucial for the de-
velopment of 𝑣3{Ψ1} of protons in Au +Au colli-
sions at

√
𝑠𝑁𝑁 = 3 GeV, consistent with the con-

clusions drawn from 𝑣1 and 𝑣2 measurements at this
energy.

4.4. Nuclear size and deformation

The STAR experiment at RHIC gathered data
from a variety of collision systems, including U + U,
Au +Au, and Cu +Cu at

√
𝑠𝑁𝑁 = 200 GeV. In the

year 2018, it collected data for isobar nuclei (9644Ru
and 96

40Zr), which have the same atomic mass num-
ber but different atomic numbers and deformation
parameters. Collective flow is highly sensitive to
initial conditions, such as the initial overlap geom-
etry, the size of the colliding nuclei, and their de-
formation. Additionally, studying the flow of strange
hadrons can provide valuable insights into the initial
state anisotropies due to their small hadronic interac-
tion cross-section compared to light hadrons. There-
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a b
Fig. 8. Integrated elliptic flow (⟨𝑣2⟩) as a function centrality (%) for 𝐾0

𝑠 (a) and
Λ (b) at mid-rapidity (|𝑦| < 1.0) in Ru+ Ru and Zr+Zr collisions at

√
𝑠𝑁𝑁 =

= 200 GeV from the STAR experiment at RHIC. The bottom panels show ratio of
⟨𝑣2⟩ between Ru and Zr, fitted with a constant polynomial function

fore, a systematic analysis of the anisotropic flow
of strange hadrons helps understanding the im-
pact of nuclear size and deformation in heavy-ion
collisions.

Figure 7 shows 𝑣2(𝑝𝑇 ) of strange hadrons (𝐾0
𝑠

and Λ) at mid-rapidity (|𝑦| < 1.0) in minimum bias
U +U, Au +Au, Ru + Ru, Zr + Zr, and Cu +Cu at√
𝑠𝑁𝑁 = 200 GeV from the STAR experiment at

RHIC [16, 19, 20]. The magnitude of 𝑣2 for 𝑝𝑇 >
> 2.0 GeV/c increases with the size of the collid-
ing system, following the hierarchy 𝑣Cu

2 < 𝑣
Ru/Zr
2 <

< 𝑣Au
2 < 𝑣U2 , indicating a clear system size depen-

dence of 𝑣2(𝑝𝑇 ).
Figure 8 shows 𝑣2 of strange hadrons integrated

over |𝑦| < 1.0 and 0.2 < 𝑝𝑇 < 10 GeV/c as a
function of centrality in Ru +Ru and Zr+ Zr colli-
sions at

√
𝑠𝑁𝑁 = 200 GeV. The ratio of 𝑣2 in be-

twen Ru and Zr is also shown in the bottom pan-
els and fitted with a constant polynomial function
for mid-central collisions (20–50%). A deviation of
∼2% from unity with a significance of 6.25𝜎 for Λ
and 1.83𝜎 for 𝐾0

𝑠 is observed, which is consistent
with the expectation of the difference between the
nuclear structures of the two isobar nuclei [21]. The
correlations between flow harmonics and mean trans-
verse momentum can also help understand nuclear
deformation. Recent measurements have shown that,
in central U + U collisions, the correlation coeffi-
cient 𝜌(𝑣22 , 𝛿𝑝𝑇 ) changes from positive to negative val-

ues. This change suggests a significant deformation
of the uranium nucleus compared to Au+ Au colli-
sions [22].

5. Summary
In summary, some selected experimental results on
collective flow at the top RHIC energy (

√
𝑠𝑁𝑁 =

= 200 GeV), BES-II program (
√
𝑠𝑁𝑁 = 3.0 to

27 GeV) from the STAR experiment at RHIC are
presented. These results include directed, elliptic, and
triangular flows of identified hadrons, light, and hy-
pernuclei. The possible relations of the results to the
formation of the QGP medium, Parton-hadron phase
transition in the QCD phase diagram, and nuclear
geometry are discussed. The observed slope of 𝑣1 is
described by the hadronic transport JAM model,
which incorporates a momentum-dependent baryonic
mean-field potential. This suggests a strong mean-
field effect at high 𝜇B. Furthermore, light and hy-
per nuclei 𝑑(𝑣1/𝐴)/𝑑𝑦 is consistent with the JAM
model with coalescence, indicating coalescence as
their particle production mechanism at high 𝜇B. Ab-
sence of NCQ scaling of 𝑣2 at

√
𝑠𝑁𝑁 = 3 and

3.2 GeV indicates baryonic interactions dominate the
nuclear EoS. Results for charge-dependent 𝑣1 indicate
the dominance of the Faraday and Coulomb effect
in peripheral collisions. Moreover, findings from the
data collected on deformed nuclei, including Isobars
(Ru +Ru and Zr + Zr) and U+ U collisions, indicate
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that it is possible to explore nuclear structure in high-
energy heavy-ion collisions. Finally, STAR has com-
pleted a forward upgrade [23] targeted for the RHIC
runs from 2022–2025 with p +p, Au+ Au and p+ Au
collisions data and will be ready to analyze in fu-
ture years.
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КОЛЕКТИВНI ВЛАСТИВОСТI
ЯДЕРНОЇ МАТЕРIЇ З ЕКСПЕРИМЕНТУ
В РАМКАХ STAR НА КОЛАЙДЕРI RHIC

Дослiдження колективного потоку дає цiнну iнформацiю
про динамiку та властивостi кварк-ґлюонної плазми (КҐП),
що утворюється у зiткненнях важких йонiв. Очiкується, що
для спрямованого потоку (𝑣1) у випадку протонiв середньої
хуткостi, нахил (𝑑𝑣1/𝑑𝑦) буде чутливим до фазового пере-
ходу першого роду. Скейлiнг елiптичного потоку (𝑣2) за
кiлькiстю складових кваркiв можна розглядати як ознаку
формування КҐП. Трикутний потiк (𝑣3) зазвичай виникає
внаслiдок флуктуацiй i може накладати обмеження на гео-
метрiю початкового стану та флуктуацiї. За допомогою де-
тектора STAR на колайдерi RHIC зiбрано експерименталь-
нi данi для широкого дiапазону енергiй i систем. Другий
етап програми Beam Energy Scan, включаючи режим Fixed-
Target, виконується для збору даних про зiткнення Au+Au
iз значною статистикою в областi великої густини барiонiв
на фазовiй дiаграмi квантової хромодинамiки (КХД). У цiй
статтi ми обговорюємо деякi результати, отриманi для ко-
лективних властивостей ядерної матерiї з експериментiв за
допомогою детектора STAR на колайдерi RHIC.

Ключ о в i с л о в а: зiткнення важких йонiв, кварк-ґлюон-
на плазма, колективний потiк.
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