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Abstract. In heavy-ion collisions, the measurements of anisotropic flow coef-5

ficients (vn) offer insights into collective hydrodynamic expansion and transport6

properties of the produced medium at higher collision energies, while also be-7

ing sensitive to the compressibility of the nuclear matter and nuclear equation8

of state at lower collision energies. In this contribution, we present the mea-9

surement of charged particle v1 over ten units of pseudorapidity (η) in Au+Au10

collisions at
√

sNN=27 and 19.6 GeV and compare it with multiple model cal-11

culations. Only UrQMD was able to reproduce a sizable v1 at the forward pseu-12

dorapidity as observed in the experiment. We also present the results of v1 and13

v3 at
√

sNN=3-3.9 GeV for identified hadrons and light nuclei with respect to14

Ψ1. The results are compared with theoretical models to identify the source of15

nonzero v3{Ψ1} and to demonstrate its vital connection to the equation of state.16

1 Introduction17

Anisotropic flow measures the momentum-space correlation of the final state particles in18

the heavy-ion collisions. It can be characterized by the coefficients in the Fourier expan-19

sion of the azimuthal particle distribution with respect to the symmetry planes called event20

planes.The first order flow (v1) coefficient, also referred to as directed flow, describes the21

collective sideward motion of the produced particles and nuclear fragments in heavy-ion col-22

lisions. It probes the system at the earliest stage because the deflection takes place during the23

passing time of the colliding nuclei. Model studies have indicated that directed flow is sensi-24

tive to the shear viscosity of the hot QCD matter [1]. Furthermore, directed flow has demon-25

strated strong constraining power on the initial baryon stopping and can serve as a probe for26

the equation of state in heavy-ion collisions [2].Therefore, the measurement of directed flow27

over a wide pseudorapidity range will offer valuable constraints on the three-dimensional28

initial state and evolution of the colliding system. In 2018, the Event Plane Detector (EPD,29

2.1 < |η| < 5.1) [3] was installed at STAR and was used for the Beam Energy Scan phase-II30

(BES-II) data taking. The combination of EPD and high-statistics BES-II data enables us to31

extend the directed flow measurement to the forward and backward pseudorapidity with high32

precision.33

The third order flow (v3), also referred to as triangular flow is usually attributed to the34

event-by-event fluctuations of the participant region geometry [4]. However, recent measure-35

ment has shown that there is a non-zero v3 correlated with the first order event plane at lower36

collision energies [5]. The fixed-target program at STAR, covering collision energies from37
√

sNN =3 to 7.7 GeV, provides an ideal test ground for studying this phenomenon.38
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2 Flow measurement at
√

sNN =19.6 and 27 GeV39

In this analysis, the STAR Time Projection Chamber (TPC) (|η| < 1.0) was chosen as the40

reference to suppress the momentum conservation effect [6], while the EPD was used as the41

particles of interest region to extend the v1 measurement to a wide pseudorapidity range.42

Figure 1 shows v1(η) measured at
√

sNN =19.6 and 27 GeV. At both energies, directed flow43

changes sign around the beam rapidity. Figure 2 shows the comparison with the PHOBOS44

measurement [7]. At all the energies, the v1(η− ybeam) curves fall on top of each other around45

(η−ybeam) ∼ 0. This scaling, usually referred to as the phenomenon of limiting fragmentation46

was first observed with dN
dη [8]. It is interesting to see this phenomenon extend beyond yields47

to dynamics, as it might offer insights into the particle production mechanism in the fragmen-48

tation region. Figure 3 and Figure 4 shows various model comparisons. The UrQMD [9] v1(η)49

was calculated both with respect to the reaction plane and the event plane, the discrepancy50

between v1(η){RP} and v1(η){EP} can originate from several sources including the lumpiness51

of the colliding nuclei and the non-flow correlations. This UrQMD study underscores the52

importance of using the same reference when comparing the model calculations with the ex-53

perimental measurements. The McGill hydrodynamic model [2] used at
√

sNN =19.6 GeV54

and the vHLLE hybrid model [10] used at
√

sNN =27 GeV are all one-fluid models. All of55

them produced very small v1 at large pseudorapidity, while UrQMD was able to reproduce56

a sizable v1 at the forward region as observed in the experiment. This comparison demon-57

strates the importance of incorporating all segments of the heavy-ion collision in model stud-58

ies, especially at BES energies where nuclear fragments can substantially influence particle59

production across the entire pseudorapidity range.
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Figure 1. v1(η) measured across ten units of pseudorapidity for three centralities at
√

sNN =19.6 and 27
GeV. Black dashed lines represent the beam rapidity (ybeam = 3.4) at

√
sNN =27 GeV, red dashed lines

represent the beam rapidity (ybeam = 3.0) at
√

sNN =19.6 GeV. The data points around the midrapidity
are from the BES-I measurement where a pT cut was applied [11].

60

3 Flow measurement at fix-target energies61

In the STAR fixed-target mode, one of the RHIC beams is directed to collide with a fixed-62

target holder located just outside the TPC. Figure 5 shows the v3{Ψ1} of protons measured63

in 0 < y < 0.5 at
√

sNN =3 GeV [12]. It is negative at positive rapidity, which is opposite64

to the previously measured v1{Ψ1} at the same energy [13]. Figure 6 shows the proton den-65

sity distribution in 0.6 < y < 0.85 sampled from JAM [14] at
√

sNN =3 GeV. The black66

arrows represent ⟨pT ⟩ in each cell, suggesting a positive v1 at this rapidity slice. While the67

particle distributions is mainly dominated by the first-order flow component, the third-order68



Figure 2. v1(η − ybeam) at various
energies measured by the STAR
and PHOBOS experiments.

Figure 3. Model comparison at
√

sNN =19.6 GeV
Figure 4. Model comparison at
√

sNN =27 GeV

flow component can be inferred from the geometry of the proton density distribution. The69

red arrows represent the direction of the pressure gradient, along which more particles are70

emitted, resulting in a negative v3{Ψ1}. Furthermore, the magnitude of v3{Ψ1} is found to71

increase towards the peripheral collisions, indicating the collision geometry drives v3{Ψ1} at72

this collision energy. Figure 5 also depicts the JAM calculation in the cascade mode (black73

dashed line) and with a relativistic mean field potential (red dashed line, K=380 MeV). It74

demonstrates that the nuclear potential is essential for the development of v3{Ψ1}. Figure 775

shows v3{Ψ1} of proton measured at three more energies. Non-zero v3{Ψ1}was observed from76
√

sNN =3 to 3.9 GeV and JAM with a nuclear potential was able to reproduce the centrality77

and energy dependence of the measured v3{Ψ1}.
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Figure 5. v3{Ψ1} of protons as
a function of centrality measured
at
√

sNN =3 GeV. The red dashed
line is the JAM calculation with
a mean field potential, the black
dashed line is the JAM calcula-
tion in the cascade mode.

Figure 6. Proton density dis-
tribution from JAM sampled at
50 fm/c at

√
sNN =3 GeV for

0.6 < y < 0.85. Black arrows
represent ⟨pT ⟩ in each cell, red
arrows represent pressure gradi-
ent.

0 10 20 30 40 50 60
Centrality (%)

0.03−

0.025−

0.02−

0.015−

0.01−

0.005−

0

0.005

0.01} 1
Ψ

 { 3v

3.0 GeV
3.2 GeV
3.5 GeV
3.9 GeV

JAM
3.0 GeV
3.2 GeV
3.5 GeV
3.9 GeV

STAR Au+Au FXT
Proton

 < 0.5
CM

0 < y
 2.0 GeV/c≤ 

T
 p≤0.4 

STAR Preliminary

Figure 7. v3{Ψ1} of protons
as a function of centrality mea-
sured at four fix-target energies,
the model calculations (dashed
lines) are done by JAM with a
mean field potential.

78

Besides proton, the v3{Ψ1} and v1{Ψ1} of deuteron, triton, Helium-3 and Helium-4 were79

also measured at
√

sNN =3 GeV and are shown in Figure 8 and 9. The atomic number scaling80

of v3{Ψ1} and v1{Ψ1} holds at y < 0.5, indicating the production of light nuclei comes from81

coalescence. However, this atomic number scaling breaks at y > 0.5.82



Figure 8. v1{Ψ1} of light nuclei scaled by the
atomic number as a function of rapidity

Figure 9. v3{Ψ1} of light nuclei scaled by the
atomic number as a function of rapidity. The leg-
end is the same as that used in Figure 8

4 Summary83

Directed flow was measured over a wide pseudorapidity at
√

sNN =19.6 and 27 GeV. “Lim-84

iting fragmentation" of v1 was observed at all the centralities. Model comparison suggests85

nuclei fragments contribute substaintially to v1 at large |η|. At fix-target energies, signifi-86

cant proton v3{Ψ1} that has opposite sign from v1{Ψ1} has been measured. The centrality87

dependence together with model calculations show v3{Ψ1} is driven by the collision geome-88

try. Model studies also suggests the nuclear potential is crucial for the development of v3{Ψ1}.89

Light nuclei v1 and v3{Ψ1}were also measured at
√

sNN =3 GeV. The observed atomic number90

scaling at y < 0.5 suggests the light nuclei are likely produced by the coalescence mechanism.91
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