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M. J. Skoby,45 N. Smirnov,65 Y. Söhngen,20 W. Solyst,26 Y. Song,65 H. M. Spinka,4, ∗ B. Srivastava,45 T. D. S. Stanislaus,61

M. Stefaniak,63 D. J. Stewart,65 M. Strikhanov,36 B. Stringfellow,45 A. A. P. Suaide,48 M. Sumbera,39 B. Summa,43

X. M. Sun,12 X. Sun,13 Y. Sun,49 Y. Sun,22 B. Surrow,55 D. N. Svirida,3 Z. W. Sweger,9 P. Szymanski,63 A. H. Tang,6 Z. Tang,49

A. Taranenko,36 T. Tarnowsky,35 J. H. Thomas,32 A. R. Timmins,21 D. Tlusty,14 T. Todoroki,59 M. Tokarev,29 C. A. Tomkiel,33

S. Trentalange,10 R. E. Tribble,56 P. Tribedy,6 S. K. Tripathy,17 T. Truhlar,15 B. A. Trzeciak,15 O. D. Tsai,10 Z. Tu,6

T. Ullrich,6 D. G. Underwood,4, 61 I. Upsal,46 G. Van Buren,6 J. Vanek,39 A. N. Vasiliev,44, 36 I. Vassiliev,18 V. Verkest,64

F. Videbæk,6 S. Vokal,29 S. A. Voloshin,64 F. Wang,45 G. Wang,10 J. S. Wang,22 P. Wang,49 X. Wang,50 Y. Wang,12

Y. Wang,58 Z. Wang,50 J. C. Webb,6 P. C. Weidenkaff,20 G. D. Westfall,35 H. Wieman,32 S. W. Wissink,26 R. Witt,60 J. Wu,12

J. Wu,27 Y. Wu,11 B. Xi,51 Z. G. Xiao,58 G. Xie,32 W. Xie,45 H. Xu,22 N. Xu,32 Q. H. Xu,50 Y. Xu,50 Z. Xu,6 Z. Xu,10

G. Yan,50 C. Yang,50 Q. Yang,50 S. Yang,46 Y. Yang,38 Z. Ye,46 Z. Ye,13 L. Yi,50 K. Yip,6 Y. Yu,50 H. Zbroszczyk,63

W. Zha,49 C. Zhang,53 D. Zhang,12 J. Zhang,50 S. Zhang,13 S. Zhang,19 Y. Zhang,27 Y. Zhang,49 Y. Zhang,12 Z. J. Zhang,38

Z. Zhang,6 Z. Zhang,13 F. Zhao,27 J. Zhao,19 M. Zhao,6 C. Zhou,19 Y. Zhou,12 X. Zhu,58 M. Zurek,4 and M. Zyzak18

(STAR Collaboration)
1Abilene Christian University, Abilene, Texas 79699

2AGH University of Science and Technology, FPACS, Cracow 30-059, Poland
3Alikhanov Institute for Theoretical and Experimental Physics NRC ”Kurchatov Institute”, Moscow 117218, Russia

4Argonne National Laboratory, Argonne, Illinois 60439
5American University of Cairo, New Cairo 11835, New Cairo, Egypt

6Brookhaven National Laboratory, Upton, New York 11973

ar
X

iv
:2

11
2.

04
06

6v
1 

 [
nu

cl
-e

x]
  8

 D
ec

 2
02

1



2

7University of Calabria & INFN-Cosenza, Italy
8University of California, Berkeley, California 94720

9University of California, Davis, California 95616
10University of California, Los Angeles, California 90095

11University of California, Riverside, California 92521
12Central China Normal University, Wuhan, Hubei 430079
13University of Illinois at Chicago, Chicago, Illinois 60607

14Creighton University, Omaha, Nebraska 68178
15Czech Technical University in Prague, FNSPE, Prague 115 19, Czech Republic

16Technische Universität Darmstadt, Darmstadt 64289, Germany
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In high-energy heavy-ion collisions, partonic collectivity is evidenced by the constituent quark number scal-
ing of elliptic flow anisotropy for identified hadrons. A breaking of this scaling and dominance of baryonic
interactions is found for identified hadron collective flow measurements in

√
sNN = 3 GeV Au+Au collisions.
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In this paper, we report measurements of the first-order and second-order azimuthal anisotropic parameters, v1
and v2, of light nuclei (d, t, 3He, 4He) produced in

√
sNN = 3 GeV Au+Au collisions at the STAR experiment.

An atomic mass number scaling is found in the measured v1 slopes of light nuclei at mid-rapidity. For the
measured v2 magnitude, a strong rapidity dependence is observed. Unlike v2 at higher collision energies, the v2
values at mid-rapidity for all light nuclei are negative and no scaling is observed with the atomic mass number.
Calculations by the Jet AA Microscopic Transport Model (JAM), with baryonic mean-field plus nucleon coa-
lescence, are in good agreement with our observations, implying baryonic interactions dominate the collective
dynamics in 3 GeV Au+Au collisions at RHIC.

I. INTRODUCTION

Collective motion of particle emission in high-energy
heavy-ion collisions, often referred to as collective flow, is a
general phenomenon observed over a wide range of collision
energies. The flow anisotropy parameters, vn (where n
represents the n-th harmonic order), are used to describe the
azimuthal anisotropies in particle momentum distributions
with respect to the reaction plane [1]. The first-order and
second-order azimuthal anisotropies, v1 and v2, are important
probes of nuclear matter. In high energy collisions at the top
RHIC and LHC energies, they provide information on the
collective hydrodynamic expansion and transport properties
of the produced Quark Gluon Plasma (QGP), while at lower
collision energies of the order of a few GeV, they are sensitive
to the compressibility of the nuclear matter and nuclear
equation of state [2, 3]. The collision-energy dependence of
v1 and v2 for different particle species has been observed
experimentally [4, 5], and provides valuable information on
the dynamical evolution of the strongly interacting matter.

Compared to protons, enhanced values of v1 and v2
for light nuclei (d, t, and 3He) were observed in prior
heavy-ion collision experiments [6–12]. These measurements
suggest that the v1 of heavier nuclei have more pronounced
energy dependences and may carry more direct information
on the collective motion of nuclear matter. Recently,
the HADES experiment reported the measurements of
anisotropic flow of p, d and t from

√
sNN = 2.4 GeV Au+Au

collisions [13]. The STAR collaboration observed the atomic
mass number (A) scaling of light nucleus v2 for the reduced
transverse momentum (pT) range of pT/A < 1.5 GeV/c
at
√
sNN = 7.7 − 200 GeV [12]. Similar to the number

of constituent quark (NCQ) scaling of hadron collective
flow [14], under the assumptions of small vn and light
nucleus formation by nucleon coalescence in momentum
space, light nucleus collective flow is expected to follow A
scaling

vAn (pT, y)/A ≈ vpn(pT/A, y). (1)

The STAR observation [12] is thus consistent with nucleon
coalescence, while the true production mechanism of light nu-
clei in heavy-ion collisions is still an open question. At lower
energies, however, the v1 is not negligibly small as reported
in this paper. Keeping up to v21 , Eq. (1) for n = 2 becomes

vA2 (pT, y)/A ≈ vp2(pT/A, y) +
A− 1

2

(
vp1(pT/A, y)

)2
. (2)

∗ Deceased

The coalescence model assumes that light nuclei are formed
via the combination of nucleons when these nucleons are near
each other both in coordinate and momentum space near the
time of kinetic freeze-out [15–18]. Due to the longer passing
time of the colliding ions in the few GeV regime, the interfer-
ence between the expanding central fireball and the spectator
remnants becomes more significant than at higher energies.
Since flow is strongly affected by the spectators, one expects
to gain insight into the collision dynamics and the nucleon
coalescence behavior from the measurements of light nucleus
v1 and v2 in the few GeV energy regime. In this paper, we
report the measurements of v1 and v2 as functions of particle
rapidity (y) and transverse momentum (pT) for d, t, 3He, and
4He in fixed-target

√
sNN = 3 GeV Au+Au collisions at the

STAR experiment.

II. EXPERIMENT AND DATA ANALYSIS

The data used here were recorded in the fixed-target pro-
gram by the STAR experiment [19]. The lab energy of the
beam is 3.85 GeV per nucleon, equivalent to the center-of-
mass energy of

√
sNN = 3 GeV. A detailed description of the

STAR detector can be found in [19]. The main tracking and
particle identification (PID) detectors are the Time Projection
Chamber (TPC) [20] and the Time-of-Flight (TOF) barrel [21]
located inside a 0.5 T solenoidal magnetic field. For the fixed
target configuration, the Au target is installed inside the vac-
uum pipe 200 cm to the west of the TPC center. The TPC
covers the full azimuth and a pseudorapidity range 0.1 < η <
2, and the TOF covers the range 0.1 < η < 1.5 in the lab-
oratory frame. In this paper, the beam direction is defined
as positive, and the particle rapidity is given in the collision
center-of-mass frame.

For each event, the reconstructed primary vertex is required
to be within 2 cm of the target position along the beam axis.
The transverse x, y position of the vertex is required to be
within 2 cm of the target located at (0, 2) cm. The event cen-
trality is estimated from the charged-particle multiplicity mea-
sured in the TPC within −2 < η < 0 with the help of a
Glauber Monte Carlo model [22].

Charged-track trajectories are reconstructed from the mea-
sured space point information in the TPC. In order to select
the primary tracks, a requirement of less than 3 cm is applied
on their distance of closest approach (DCA) from the event
vertex. To avoid effects from track splitting, each track should
have at least 15 TPC space points, and have more than 52% of
the total possible TPC points used in the track fitting.

The charged particle identification is accomplished by the
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specific energy loss dE/dx measured in the TPC. Figure 1a
shows the average dE/dx distribution of charged particles as
a function of rigidity (momentum/charge). The curves denote
the Bichsel expectation for each particle species [23]. At low
momenta, the 〈dE/dx〉 bands corresponding to different par-
ticle species are clearly separated and the particle type can be
determined via the variable z,

z = ln

(
〈dE/dx〉
〈dE/dx〉B

)
, (3)

where the 〈dE/dx〉B is the corresponding Bichsel expecta-
tion. The expected value of z for a given particle type is zero.
At higher momenta, these bands start to overlap. A combina-
tion of z and m2 of the particle is used to identify the high
momentum light nuclei. A particle’s m2, where m is mass of
the particle, is determined by measuring the particle speed us-
ing the TOF system. Figure 1b shows the m2/q2 distribution
as a function of particle rigidity.
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FIG. 1. (a) The 〈dE/dx〉 of charged tracks versus rigidity in Au+Au
collisions at

√
sNN = 3 GeV. The curves are Bichsel expectations

for the corresponding particle species as labeled. (b) Particle m2/q2

versus rigidity. The bands correspond to π+, K+, p, 3He, d, and t
as labeled. 4He and 6Li have the same m2/q2 as d and 6He has the
same m2/q2 as t.

The proton v1 and v2 are measured over the range of 0.4
< pT < 2.0 GeV/c. In this measurement, the lower cutoffs
of light nucleus pT are restricted to the same value in terms
of pT/A (> 0.4 GeV/c). The pT upper limits are determined
based on the pT versus y acceptances shown in Fig. 2, within
−0.5 < y < 0 after each studied light nucleus species is
identified. The values for v1 and v2 are extracted in the chosen
pT ranges: 0.8 < pT < 3.5 GeV/c for d, 1.2 < pT < 4.0
GeV/c for t and 3He, and 1.6 < pT < 4.0 GeV/c for 4He. As
a result of the limited η coverage of the TOF detector, within
−0.1 < y < 0, the t and 4He do not have coverage for pT <
2.1 GeV/c and pT < 2.8 GeV/c, respectively.

The coefficients v1 and v2 are determined via a particle’s
azimuthal angle in momentum space relative to the azimuth
of the reaction plane spanned by the beam direction and the
impact parameter vector. While the reaction plane orientation
can not be accessed directly in measurements, it is common
to use the event plane angle to be a proxy of the true reaction
plane [1]. In this analysis the first-order event plane Ψ1 is
adopted for both the v1 and v2 calculations. The Ψ1 value
is reconstructed by using information from the event plane
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FIG. 2. The pT versus y acceptances for d, t, 3He, and 4He at
√
sNN

= 3 GeV Au+Au collisions. The bands in the distributions are caused
by the momentum dependent requirements of the PID. The boxes
represent the selected phase space for flow calculation.

detector (EPD). A vector

~Q = (Qx, Qy) =

(∑
i

wi cos(φi),
∑
i

wi sin(φi)

)
(4)

is calculated event-by-event. The φi is the azimuthal angle of
the ith module of the EPD, and its weight wi is proportional
to the energy deposition. The non-uniformities in the EPD
are corrected by subtracting the (〈Qx〉, 〈Qy〉) from ~Q in each
event [1], where the angle brackets indicate averaging over all
events. Then the Ψ1 is given by Ψ1 = tan−1 (Qy/Qx). A
shifting method [1] is utilized to make the distribution of the
reconstructed Ψ1 uniform.

The values v1 and v2 are computed via vn = 〈cos[n(φ −
Ψ1)]〉/Rn. The pT- and y-dependent reconstruction
efficiency of particle tracks is corrected using a Monte
Carlo calculation of simulated particles embedded into real
collision events. The event plane resolutionRn is determined
via a three sub-event plane correlation method [1], where
the sub-event planes are reconstructed separately in different
η ranges of the EPD and TPC. At

√
sNN = 3 GeV, the

resolution peaks in the centrality range 10-40%.
The systematic uncertainties of the measured flow

harmonics come from the method of selecting charged
tracks, from particle identification, and from the event plane
resolution. They are estimated point-by-point on v1 and v2
as a function of y and pT for each light nucleus species.
The systematic uncertainties arising from the track selection
are determined by varying the selection requirements. The
values amount to about 2% after the statistical fluctuation
effects are removed [24]. The systematic uncertainties
related to the particle misidentification are determined by
varying the cuts on z and m2, and are found to be 2% to
8% depending on the light nucleus species and their pT.
A common systematic uncertainty arises from the event
plane resolution, and is determined by using combinations
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of different η sub-events; it is estimated to be less than 2%
and 3% for v1 and v2, respectively, within the centrality bin
10-40%. Additional systematic uncertainty on the dv1/dy
slope parameter comes from the chosen fit range, and is
estimated by taking the difference between the fit values from
default range −0.5 < y < 0 and from −0.4 < y < 0. The
typical magnitude of this systematic uncertainty is found to
be 3% for all light nucleus species.

III. RESULTS AND DISCUSSIONS

The pT dependencies of the light nucleus v1 in different
rapidity intervals are shown in Fig. 3. Figure 3b shows that the
values of v1/A of all light nuclei, including protons, approx-
imately follow A scaling for −0.3 < y < 0 especially near
mid-rapidity. The v1 scaling behavior suggests the light nuclei
are formed via nucleon coalescence in Au+Au collisions at√
sNN = 3 GeV. The scaling worsens for pT/A > 1 GeV/c in

the range−0.4 < y < −0.3, where the v1 values are large and
the simple coalescence of Eq. (1) may not apply. Increasing
contamination of target-rapidity (y = −1.045) fragments may
also play a role.

The upper panels of Fig. 4 show the dependencies of v2
in different rapidity intervals. At mid-rapidity, −0.1 < y <
0, the v2 values are negative for all measured light nucleus
species. Moving away from mid-rapidity, the v2 magnitudes
decrease gradually, and become positive for t, 3He, and 4He
at larger pT, while the v2 of protons and d remain negative
within −0.4 < y < 0. Moreover, the proton v2 has a stronger
non-monotonic pT dependence compared to other light nuclei.
The lower panels of Fig. 4 show v2/A as a function of pT/A
and they do not follow the same trend. Taking into account
the effect of v1 by Eq. (2), the naive momentum coalescence
expectation of v2 for d is shown in the dashed curves. While
the v1 effect may partially explain the trend with increasing ra-
pidity, the v2 data significantly deviate from the curve (shown
only for d, but similar behavior is also found for t, 3He, and
4He). This indicates that no A scaling is observed in these
data for light nucleus v2 at

√
sNN = 3 GeV. The A scaling

has been observed for pT/A < 1.5 GeV/c in higher energy
Au+Au collisions at

√
sNN = 7.7− 200 GeV [12]. There, as

a signature of the formation of the QGP, the produced v2 of
hadrons follow NCQ scaling [25–27].

Figure 5 shows pT integrated light nucleus v1 and v2 as
a function of rapidity. There is a clear mass ordering both
for v1 and for v2, namely, the heavier the mass of a nucleus,
the stronger the rapidity dependence in v1 and v2. At mid-
rapidity, −0.1 < y < 0, the value of v2 is negative and nearly
identical for p, d, and 3He. The negative v2 at mid-rapidity
may be caused by shadowing of the spectators as their passage
time is comparable with the expansion time of the compressed
system at

√
sNN = 3 GeV [9, 10]. During the expansion

of the participant zone, the particle emission directed toward
the reaction plane is blocked by the spectators that are still
passing the participant zone. Moving away from mid-rapidity,
the proton v2 remains negative and those of other light nu-
clei gradually become positive. A similar strong rapidity de-

pendence of light nucleus v2 has also been reported by the
HADES experiment [13]. Nuclear fragmentation may play a
role in the production of those light nuclei, the effect of which
is beyond the scope of the present investigation.

To further understand light nucleus formation and the
scaling behavior of v1 and v2, we employ a transport model,
Jet AA Microscopic Transportation Model (JAM) [28], to
simulate the proton and neutron production from the initial
collision stage to the final hadron transport in

√
sNN = 3

GeV Au+Au collisions. Both the cascade mode and the
mean-field mode of JAM calculations are performed. In the
cascade mode, particles are propagated as in vacuum (free
streaming) between collisions with other particles. In the
mean-field mode [29], a momentum-dependent potential with
the incompressibility parameter κ = 380 MeV is acting on
the nucleon evolution. The resulting proton v1 and v2 from
the mean-field mode are consistent with the experimental
observations (see solid-lines in Fig. 5). However, the
simulation results from JAM cascade mode underestimate the
magnitudes of proton v1 and give positive values for proton
v2 within −0.5 < y < 0, opposite to the data. Note that the
calculations from the mean-field mode, which reproduce the
observed collectivity of proton and Λ [30], impose stronger
repulsive interactions among baryons.

The current JAM model does not create light nuclei. An
afterburner, a coalescence approach, is employed to form the
light nuclei using the proton and neutron phase-space distri-
butions at a fixed time of 50 fm/c. For each nucleon pair, the
momentum and position of each nucleon is boosted to the rest
frame of the pair. The relative momentum ∆p and the relative
coordinate ∆r of the two nucleons are evaluated in the rest
frame. If the ∆p < 0.3 GeV/c and ∆r < 4 fm, then the nu-
cleon pair is marked as a d [31]. A similar process is used for
the formation of t (nnp), 3He (npp) and 4He (nnpp), where
the constituent nucleons are added one by one according to the
∆p and ∆r in the rest frame of the nucleon and a light nucleus
core. The resulting light nucleus v1 and v2, as functions of
rapidity, are shown as bands in Fig. 5a and 5b, respectively.
Qualitatively both dependencies are well reproduced by the
mean-field mode of the JAM plus coalescence calculations. It
is noteworthy that the sign change in v2 of protons (negative)
compared to light nuclei (positive) with increasing rapidity is
also reproduced by the model calculations. Note, the broken
A scaling for light nucleus v2 is consistent with the nucleon
coalescence picture. On the other hand, the cascade mode of
the JAM cannot reproduce the measured v1 and v2 of protons,
as shown by the dash-dotted curves in Fig. 5. As a result, cal-
culations with JAM cascade plus coalescence fail to reproduce
the y dependence of v1 and v2 of light nuclei.

A first order polynomial function is employed to fit v1
in Fig. 5a within rapidity range −0.5 < y < 0. The
extracted slope parameters, dv1/dy, scaled by A, for light
nuclei are shown in Fig. 6 as functions of the collision
energy, together with existing data from higher energies.
The values of (dv1/dy)/A at 3 GeV for all measured light
nuclei are positive and grouped together with that of the
protons. The results of the JAM model in mean-field mode
plus coalescence calculations for p, d, t, 3He and 4He in 3
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FIG. 3. (a) The pT and rapidity dependencies of v1 for p, d, t, 3He, and 4He in 10-40% mid-central Au+Au collisions at
√
sNN = 3 GeV. (b)

The same results as (a) but both v1 and pT are scaled by A. For t and 4He, there are no data points at pT/A < 0.7 GeV/c in −0.1 < y < 0
due to limited acceptance. The data points in each rapidity are scaled for clarity. Statistical and systematic uncertainties are represented by
vertical lines and open boxes, respectively. The dashed lines represent the fit to a third-order polynomial function of the data points to guide
the eye.
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FIG. 4. Upper panels: The pT and y dependencies of v2 for p, d, t, 3He, and 4He in 10-40% mid-central Au+Au collisions at
√
sNN = 3

GeV. Lower panels: The same results as in upper panels but both v2 and pT are scaled by A. The dashed lines are the v2 expectation for d by
Eq. (2). Statistical and systematic uncertainties are represented by vertical lines and open boxes, respectively.

GeV Au+Au collisions are also shown with corresponding
bars. The same experimental cuts have been applied in the
calculations and the resulting slope parameters are consistent
with the data including the relative order. The agreement
between experimental data and model calculations implies

that at 3 GeV these light nuclei are formed via the coalescence
processes and baryonic interactions dictate their dynamics.

At higher collision energies, the v1 of d has been measured
from

√
sNN = 7.7− 39 GeV Au+Au collisions by the STAR

experiment [11]. At
√
sNN = 7.7 GeV, the v1 slope of d
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FIG. 5. Rapidity dependencies of light nucleus v1 (a) and v2
(b) in 10-40% mid-central Au+Au collisions at

√
sNN = 3 GeV.

For t and 4He, the points in −0.1 < y < 0 are absent due to
limited acceptance. The dash-dotted line and solid line represent the
results for protons from the cascade and mean-field modes of JAM,
respectively. The bands are the results for light nuclei from JAM
mean-field plus coalescence calculations. Systematic uncertainties
are represented by open boxes.

follows A scaling within the statistical and systematic uncer-
tainties. For energy

√
sNN > 7.7 GeV, the value of proton

dv1/dy is negative and the corresponding v1 slopes of d are
positive with larger uncertainties. The different scaling behav-
ior of light nuclei dv1/dy at

√
sNN ≤ 7.7 GeV and

√
sNN >

11.5 GeV may indicate a different production mechanism. At
higher energies where QGP is formed, the dominant interac-
tions are partonic in nature. At 3 GeV, baryonic interactions
are likely dominant and light nuclei may primarily be formed
via coalescence of nucleons. Fragmentation contribution may
also play a role which requires further investigation.

IV. SUMMARY

In summary, we present the directed flow v1 and elliptic
flow v2 of d, t, 3He, and 4He for 10-40% centrality in Au+Au
collisions at

√
sNN = 3 GeV. The light nucleus v1, as func-

tion of both transverse momentum and particle rapidity, fol-
low the atomic mass number A scaling at rapidity −0.5 <
y < 0, consistent with the nucleon coalescence model calcu-
lations. On the other hand, the light nucleus v2 do not follow
the simpleA scaling, even after taking into account the contri-
bution from the comparable magnitude of v21 . At mid-rapidity
−0.1 < y < 0, the value of v2 is negative for all light nuclei,

 (GeV)NNs

0

0.1

0.2

0.3

0.4

y=
0

 /A
) 

/d
y|

1
d(

v

  p
  d
  t
He3  
He4  

Au+Au Collisions at RHIC
10-40%

3 5 7 10 20 30 40

10-25%

DataJAM mean-field
+ Coalescence

FIG. 6. Light nucleus scaled v1 slopes
(
d(v1/A)/dy|y=0

)
as

a function of collision energy in 10-40% mid-central Au+Au col-
lisions. Statistical and systematic uncertainties are represented by
vertical lines and open boxes, respectively. The data points above 7
GeV are taken from [11]. The proton result at

√
sNN = 4.5 GeV

is for 10-25% Au+Au collisions [32]. For clarity, the data points
are shifted horizontally. Results of the JAM model in the mean-field
mode plus coalescence calculations are shown as color bars.

implying a shadowing effect due to the longer passage time
of the spectators. Away from the mid-rapidity, the values of
light nucleus v2 become positive and the corresponding pro-
ton v2 remains negative. The JAM model, with the baryon
mean-field (incompressibility parameter κ = 380 MeV and a
momentum dependent potential), and a nucleon coalescence
qualitatively reproduce both the v1 and v2 as functions of ra-
pidity for all reported light nuclei. On the other hand, the
results from the JAM cascade mode plus coalescence fail to
describe the data. Our results suggest that the light nuclei are
likely formed via the coalescence of nucleons at

√
sNN = 3

GeV Au+Au collisions, where baryonic interactions dominate
the collision dynamics.
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