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Collective flows of clusters and pions in heavy-ion collisions at GeV energies
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Within the framework of the quantum molecular dynamics transport model, the collective flows of clusters
and pions in heavy-ion collisions have been systematically investigated. The clusters are recognized by the
Wigner phase-space density approach at the stage of freeze-out in nuclear collisions, i.e., deuteron, triton, 3He,
and α. The directed and elliptic flows of protons and deuterons in the reaction of 197Au + 197Au at incident
energy 1.23A GeV are nicely consistent with the recent HADES data. The higher order collective flows, i.e.,
triangular and quadrangle flows, manifest the opposite trends with the less amplitude in comparison with the
rapidity distributions of directed and elliptic flows. The flow structure of 3He and α is very similar to the proton
spectra. The influence of the pion potential on the pion production is systematically investigated and compared
with the FOPI data via the transverse momentum, longitudinal rapidity, and collective flows in collisions of
197Au + 197Au. It is manifested that the pion yields are slightly suppressed in the domain of midrapidity and
high momentum. The antiflow phenomena are reduced by implementing the pion potential and more consistent
with the FOPI data in collisions of 197Au + 197Au at the incident energy 1.5A GeV.
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I. INTRODUCTION

Cluster and particle production in heavy-ion collisions
at intermediate energies bring the in-medium information
in dense matter, i.e., the correlation and binding of a few
of nucleons, cluster potential in nuclear matter, in-medium
properties of particles, etc. The collective flows manifest the
anisotropy emission of particles from the fireball formed in
heavy-ion collisions [1]. The in-medium properties of hadrons
and dense nuclear matter might be extracted from the analysis
of collective flows, i.e., the rapidity, transverse momentum,
kinetic energy spectra, etc. The collective flows of nuclear
fragments, free nucleons, pions, kaons, and hyperons have
been extensively investigated both in theories and in experi-
ments [2–11]. Heavy-ion collisions at GeV energies provide
the possibility for investigating strongly interacting matter
with the high temperature and high-baryon density in lab-
oratories, which are significant for extracting the properties
of nuclear equation of state (EOS), the first-order phase
transition of quark-glue matter and hadronic matter, and for
searching the critical point. The collective flows manifest
the decomposition of the azimuthal angle φ distribution of
emitted particles from the Fourier expansion with respect
to the reaction plane [12]. The in-plane and out-of-plane
flows of particle emission are usually investigated to extract
the information of the early stage in heavy-ion collisions,
in particular the flow magnitude, slope parameter, and flow
structure in phase space [13–19]. In recent years, the higher
order flow harmonics of protons, deuterons, and tritons in
collisions of 197Au + 197Au at the invariant energy of

√
sNN =

2.4 GeV were measured by the HADES collaboration [20,21].
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Calculations with transport models showed that the triangular
flow coefficient v3 exhibits the enhanced sensitivity to the
nuclear equation of state in heavy-ion collisions at several
GeV energies and a nonvanishing fourth-order coefficient v4

can be used to constrain the nuclear mean-field potential at
high-baryon densities [17,18].

On the other hand, the collective flows of hyperons and
hypernuclides are promising observables for investigating
the hypernuclear formation, hyperon-nucleon interaction po-
tential, and hyperon-nucleon scattering [22]. The azimuthal
distribution of pions in heavy-ion collisions is influenced by
the pion-nucleon potential, δ-nucleon interaction, rescattering
cross sections of pions and nucleons, and stiffness of symme-
try energy. The deep analysis of pion flows is also helpful for
shedding light on the uncertainties of constraining the high-
density symmetry energy, which has important application in
determining the mass-radius relation and the maximal mass
of neutron stars, and is associated with the binary merging
of neutron stars, frequency of gravitational wave signal, x-ray
and neutrino spectra from neutron stars [23].

In this work, the collective flows of nuclear clusters and
pions in collisions of 197Au + 197Au at 1.23A GeV and 1.5A
GeV are systematically investigated by the Lanzhou quantum
molecular dynamics (LQMD) transport model. The experi-
mental data from the HADES and FOPI collaborations are
thoroughly analyzed. The article is organized as follows. In
Sec. II we briefly introduce the LQMD model and light frag-
ment recognition. The results are discussed in Sec. III. A
summary and an outlook are given in Sec. IV.

II. THE MODEL DESCRIPTION

In the LQMD transport model, the production of reso-
nances, hyperons, and mesons is coupled in the reactions
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of meson-baryon and baryon-baryon collisions, which has
been used for the nuclear dynamics in heavy-ion collisions
and hadron induced reactions [24,25]. The temporal evolu-
tions of nucleons and nucleonic resonances are described by
Hamilton’s equations of motion under the self-consistently
generated two-body and three-body interaction potentials with
the Skyrme force for the ith nucleon in the system as

ṙi = ∂H

∂pi
, ṗi = −∂H

∂ri
. (1)

The Hamiltonian of baryons consists of the relativistic energy,
Coulomb interaction, momentum dependent potential energy,
and local interaction as follows:

HB =
∑

i

√
p2

i + m2
i + UCoul + Umom + Uloc. (2)

Here, the pi and mi represent the momentum and the mass of
the baryons. The local interaction potential is evaluated from
the energy-density functional of

Uloc =
∫

Vloc(ρ(r))dr (3)

with

Vloc(ρ) = α

2

ρ2

ρ0
+ β

1 + γ

ρ1+γ

ρ
γ

0

+ E loc
sym(ρ)ρδ2

+ gsur

2ρ0
(∇ρ)2 + giso

sur

2ρ0
[∇(ρn − ρp)]2, (4)

where the ρn, ρp, and ρ = ρn + ρp are the neutron, proton, and
total densities, respectively, and the δ = (ρn − ρp)/(ρn + ρp)
being the isospin asymmetry of baryonic matter. The param-
eters α, β, γ , gsur, giso

sur, and ρ0 are set to be the values of
−215.7 MeV, 142.4 MeV, 1.322, 23 MeV fm2, −2.7 MeV
fm2, and 0.16 fm−3, respectively. The set of the parame-
ters gives the compression modulus of K = 230 MeV for
isospin symmetric nuclear matter at the saturation density
(ρ0 = 0.16 fm−3). The surface coefficients gsur and giso

sur are
taken to be 23 MeV fm2 and −2.7 MeV fm2, respectively.
The third term contributes the symmetry energy being of the
form E loc

sym = 1
2Csym(ρ/ρ0)γs . The parameter Csym is taken as

the value of 52.5 MeV. The γs could be adjusted to get the
suitable case from constraining the isospin observables, e.g.,
the values of 0.3, 1, and 2 being the soft, linear, and hard
symmetry energy and corresponding to the slope parameters
of [L(ρ0) = 3ρ0dEsym(ρ)/dρ|ρ=ρ0 ] of 42, 82, and 139 MeV,
respectively. Here, the linear symmetry energy is taken into
account in the calculation. Combining the kinetic energy from
the isospin difference of nucleonic Fermi motion, the three
kinds of symmetry energy cross at the saturation density with
the value of 31.5 MeV [24].

A Skyrme-type momentum-dependent potential energy is
used as follows:

Umom = 1

2ρ0

∑
i, j, j �=i

∑
τ,τ ′

Cτ,τ ′δτ,τiδτ ′,τ j

∫∫∫
dpdp′dr

× fi(r, p, t )[ln(ε(p − p′)2 + 1)2] f j (r, p′, t ). (5)

Combined with Eq. (4), one can obtain the density, isospin,
and momentum dependent single-nucleon potential as

Uτ (ρ, δ, p) = α

(
ρ

ρ0

)
+ β

(
ρ

ρ0

)γ

+ E loc
sym(ρ)δ2

+ ∂E loc
sym(ρ)

∂ρ
ρδ2 + E loc

sym(ρ)ρ
∂δ2

∂ρτ

+ 1

ρ0
Cτ,τ

∫
dp′ fτ (r, p)[ln(ε(p − p′)2 + 1)]2

+ 1

ρ0
Cτ,τ ′

∫
dp′ fτ ′ (r, p)

× [ln(ε(p − p′)2 + 1)]2. (6)

Here, τ �= τ ′, ∂δ2/∂ρn = 4δρp/ρ
2, and ∂δ2/∂ρp =

−4δρn/ρ
2. The nucleon effective (Landau) mass in nuclear

matter of isospin asymmetry δ = (ρn − ρp)/(ρn + ρp) with
ρn and ρp being the neutron and proton density, respectively,
is calculated through the potential as m∗

τ = mτ /(1 + mτ

|p| | dUτ

dp |)
with the free mass mτ at Fermi momentum p = pF . Here,
Cτ,τ = Cmom(1 + x),Cτ,τ ′ = Cmom(1 − x)(τ �= τ ′) and the
isospin symbols τ and τ ′ represent proton or neutron,
respectively. The parameters Cmom and ε were determined by
fitting the real part of optical potential as a function of incident
energy from the proton-nucleus elastic-scattering data. In the
calculation, we take the values of 1.76 MeV and 500 c2/GeV2

for Cmom and ε, respectively, which result in an effective mass
ratio m∗/m = 0.75 in the nuclear media at saturation density
for symmetric nuclear matter. The parameter x as the strength
of the isospin splitting with the value of −0.65 is taken in this
work, which has the mass splitting of m∗

n > m∗
p in the nuclear

medium.

A. Light fragment recognition

For the light fragment with Z � 2, the Wigner phase-space
density is used to evaluate the probability of fragment
formation. It is assumed that the cold clusters are created at
the freeze-out stage in heavy-ion collisions. The momentum
distribution of a cluster with M nucleons and Z protons for a
system with A nucleons is given by

dNM

dP
= GM

(
A

M

)(
M

Z

)
1

AM

∫ Z∏
i=1

fp(ri, pi )
M∏

i=Z+1

fn(ri, pi )

× ρW (rk1 , pk1 , . . . , rkM−1 , pkM−1 )

× δ(P − (p1 + · · · + pM ))dr1dp1 . . . drMdpM .

(7)

Here, the fn and fp are the neutron and proton phase-space
densities, which are obtained by performing a Wigner
transformation based on the Gaussian wave packet.
The relative coordinate rk1 , . . . , rkM−1 and momentum
pk1 , . . . , pkM−1 in the M-nucleon rest frame are used for
calculating the Wigner density ρW [26,27]. The spin-isospin
statistical factor GM is 3/8, 1/12, and 1/96 corresponding
to M = 2, 3, and 4, respectively. The root-mean-square radii
of intending a cluster is needed for the Wigner density, i.e.,
1.61 fm and 1.74 fm for triton and 3He. The method is
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also extended to recognize the hypernuclide production in
heavy-ion collisions [28]. It should be noticed that the nuclear
structure effect is neglected by the method and the α yields
are strongly underestimated in comparison with the FOPI
data [29]. The clusters can be also created in nucleon-nucleon
or nucleon-cluster collisions, which are determined by the
correlation of nucleons and are associated with the nuclear
density and nucleon momentum [30]. The cluster production
at the freeze-out stage in nuclear collisions is also contributed
from the de-excitation of primary fragments [28], in particular
in the low-energy cluster yields. The primary fragments are
constructed in phase space with a coalescence model, in
which the nucleons at freeze-out stage are considered to
belong to one fragment with the relative momentum smaller
than P0 and with the relative distance smaller than R0 (here,
P0 = 200 MeV/c and R0 = 3 fm). The secondary fragments
are estimated with the help of the GEMINI++ code via the
sequential binary decay by Charity [31].

B. Pion production in heavy-ion collisions

At the near threshold energy, the production of pions are
mainly contributed from the direct process and decay of the
resonances �(1232), N∗(1440), and N∗(1535). The relation
channels are given as

NN ↔ N�, NN ↔ NN∗, NN ↔ ��,

� ↔ Nπ, N∗ ↔ Nπ, NN → NNπ (s state). (8)

The cross sections of each channel to produce resonances
are parametrized by fitting the experimental data calcu-
lated with the one-boson exchange model [32]. The energy-
and momentum-dependent decay width is used in the
calculation. The probabilities of specific decay channels
are [33]

�+ ↔ 1
3 (π+ + n) + 2

3 (π0 + p),

�0 ↔ 1
3 (π− + p) + 2

3 (π0 + n),

�− ↔ 1(n + π−),�++ ↔ 1(p + π+). (9)

The coefficient of branching ratio is determined by the square
of the Clebsch-Gordan coefficients.

The transportation of pion in nuclear medium is also given
by

HM =
NM∑
i=1

[
V Coul

i + ω(pi, ρi )
]
. (10)

The Coulomb interaction is given by

V Coul
i =

NB∑
j=1

eie j

ri j
, (11)

where NM and NB are the total numbers of mesons and
baryons including charged resonances, respectively. It should
be noted that the pion meson is taken as the point particle
and the Coulomb interaction between mesons is neglected
owing to the limited numbers in comparison with the
baryons.

The pion energy in the nuclear medium is composed of the
isoscalar and isovector contributions as

ωπ (pi, ρi ) = ωisoscalar (pi, ρi ) + Cπτzδ(ρ/ρ0)γπ . (12)

The coefficient Cπ = ρ0 h̄3/(4 f 2
π ) = 36 MeV, and the isospin

quantities are taken as τz = −1, 0, and 1 for π+, π0, and
π−, respectively [34]. The isospin asymmetry δ = (ρn −
ρp)/(ρn + ρp) and the quantity γπ adjusts the isospin split-
ting of the pion optical potential. We take γπ = 2 in the
model. The pion potential is estimated by the in-medium en-
ergy via the relation V opt

π (p, ρ) = ωπ (p, ρ) − (m2
π + p2)1/2.

The pion-nucleus scattering and charge exchange reac-
tions were nicely explained with the potential to some
extent [35,36].

For the evaluation of the isoscalar part, we chose the �-
hole model [37,38] which is given by

ωisoscalar (pi, ρi ) = Sπ (pi, ρi )ωπ−like(pi, ρi )

+ S�(pi, ρi )ω�−like(pi, ρi ). (13)

The probability of the pion component satisfies the relation by

Sπ (pi, ρi ) + S�(pi, ρi ) = 1. (14)

The value of the probability is determined from the pion self-
energy as [39]

S(pi, ρi ) = 1

1 − ∂�(ω)/∂ω2
, (15)

where the pion self-energy is given by

� = p2
i

χ

1 − g′χ
, (16)

the Migdal parameter g′ ∼ 0.6, and

χ = −8

9

(
f�
mπ

)2
ω�ρ h̄3

ω2
� − ω2

exp
( − 2p2

i /b2
)
. (17)

ω� = (m2
� + p2

i )1/2 − mN , mπ , mN , and m� are the pion,
nucleon, and delta masses, respectively. The πN� coupling
constant f� ∼ 2 and the cutoff factor b ∼ 7mπ . Two eigenval-
ues of ωπ-like and ω�-like are obtained from the pion dispersion
relation as

ω2 = p2
i + m2

π + �(ω). (18)

The �-nucleon interaction is estimated via the nucleon
optical potential by

U�− = Un, U�++ = Up,

U�+ = 1
3Un + 2

3Up,

U�0 = 1
3Up + 2

3Un, (19)

where the Un and Up are the single-particle potentials for
neutron and proton in Eq. (6), respectively. The N∗-nucleon
potential is taken as the same with the nucleon-nucleon
potential.
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FIG. 1. (a) Density and (b) momentum dependence of the optical potential of pion in the neutron-rich nuclear matter with the isospin
asymmetry δ = 0.2.

The energy balance in the decay of resonances and
reabsorption of pion in nuclear medium is satisfied by the
relation

√
m2

R + p2
R + UR(ρ, δ, p)

=
√

m2
N + (pR − pπ )2 +UN (ρ, δ, p) + ωπ (pπ , ρ) + V Coul

πN .

(20)

The pR and pπ are the momenta of the resonance and pion,
respectively. The UR and UN are the singe-particle potentials
for the resonance and nucleon. The last term V Coul

πN has the con-
tribution only for the charged pair channels of 
0 ↔ π− + p
and 
++ ↔ π+ + p. Recently, the influence of the pion po-
tential on pion dynamics in heavy-ion collisions has been ex-
tensively investigated with different transport models [34,40–
45]. Shown in Fig. 1 is the pion optical potential as functions
of the pion momentum and baryon density at the saturation
density with the isospin asymmetry δ = (ρn − ρp)/(ρn + ρp).
It is obvious that isospin splitting of the pion potential appears
and the effect is pronounced in the domain of high baryon
density, which impacts the charged-pion ratios in heavy-ion
collisions. The minimum position with the momentum depen-
dence is close to the resonance energy (p = 290 MeV/c). The
difference of charged pion potentials is similar to the contri-
bution of the s-wave potential by fitting the chiral perturbation
theory calculations with the positive value of V opt

π− − V opt
π+ [44].

C. Collective flows

It is well known that the EOS and the nuclear dynamics
in heavy-ion collisions have been widely studied through the
analysis of collective flows, such as nucleon, light particle,
and meson flows [4–6,10]. The azimuthal distributions of
particles produced in the intermediate energy heavy-ion
collisions is conveniently parametrized by a Fourier

decomposition with the coefficients vn(pt , y) as

dN

N0dφ
(y, pt ) = 1 + 2v1(y, pt ) cos(φ) + 2v2(y, pt ) cos(2φ)

+ 2v3(y, pt ) cos(3φ) + 2v4(y, pt ) cos(4φ),

(21)

in which pt =
√

p2
x + p2

y and y = 1
2 ln E+pz

E−pz
are the transverse

momentum and the longitudinal rapidity with the total energy
E , respectively. The directed flow v1 = 〈px/pt 〉 = 〈cos(φ)〉
and the elliptic flow v2 = 〈(p2

x − p2
y )/p2

t 〉 = 〈cos(2φ)〉
manifest the competition between the in-plane (v2 > 0) and
out-of-plane (v2 < 0) particle emissions. The triangular flow
v3 = 〈(p3

x − 3px p2
y )/p3

t 〉 = 〈cos(3φ)〉 and the quadrangular
flow v4 = 〈(p4

x + p4
y − 6p2

x p2
y )/p4

t 〉 = 〈cos(4φ)〉 manifest the
anisotropic distributions on the plane perpendicular to the
beam direction. The directed flow in the reaction plane is
influenced by the pressure gradient of nuclear matter formed
heavy-ion collisions. The difference between in-plane and
out-of-plane emission of particles is embodies via the elliptic
flow distribution. The flow rapidity and transverse momentum
distributions of particles are related to the collision centrality
of reaction system, mean-field potential, scattering and
reabsorption process of the particle in nuclear medium,
symmetry energy, etc.

III. RESULTS AND DISCUSSION

The cluster production in heavy-ion collisions is associ-
ated with the nucleon (cluster) mean-field potential, Pauli
principle, nucleon-nucleon (cluster) collisions, etc., in which
the structure effects influence the cluster configuration and
bound system in nuclear medium. The formation of clusters
is contributed from the correlation of nucleons in phase space
and also from the fragmentation process in nuclear collisions.
The statistical decay of primary fragments in the spinodal
reactions dominates the low-energy cluster formation (be-
low 10 MeV/nucleon). The medium and high-energy cluster
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FIG. 2. The rapidity distribution of the collective flows of protons in the reaction of 197Au + 197Au at incident energy 1.23A GeV and
with the collision parameter of b = 6 fm. The results are averaged over the transverse momentum in the domain 1.0 < pt < 1.5 GeV/c. The
experimental data are taken from the HADES collaboration [20].

production is contributed from the coalescence approach at
the final stage and partly attributed from the correlation of nu-
cleons during the collisions [46]. In the past several decades,
the nuclear fragmentation reactions have been extensively
investigated both in experiments and in theories, in particu-
lar on the issues of spinodal multifragmentation, liquid-gas
phase transition, properties of highly excited nuclei, symmetry
energy at subsaturation densities, etc. [47–51]. The nuclear
clusters with the charge number Z � 2 manifest the bary-
onic matter properties in high-energy heavy-ion collisions and
the bound state in the hadronization of quark-gluon plasma
(QGP), might be the probes of the first order phase transition.
On the other hand, the cluster spectra in phase space may shed
light on the nuclear equation of state at high-baryon density.
The collective flows manifest the phase space distribution of
particles, in which the in-medium effect and EOS influence
the flow structure. The collective flows have been measured by
the HADES collaboration [20]. Recently, the collective flows
of protons and deuterons for the HADES data were investi-
gated by the isospin-dependent quantum molecular dynamics
(IQMD) model [52]. We calculated the collective flows of
proton and light nuclei produced in the 197Au + 197Au col-
lisions at the incident energy of 1.23A GeV and with the
semicentral collisions with the impact parameter of b = 6 fm.
The collective flows of protons is given in Fig. 2 and compared
with the HADES data with different symmetry energy. It
is obvious that the directed flows are nicely consistent with
the experimental data. The ‘U’ shape of elliptic flow v2 is
basically reproduced, which is caused from the out-of-plane

emission of protons bounced off the reaction plane. The tri-
angular flow v3 exhibits an opposite trend with the structure
of v1. The amplitude of quadrangular flow v4 is very small
and almost isotropic distribution. Overall, the soft symmetry
energy with the slope parameter of L = 42 MeV is close to the
experimental data of v1 and v2 spectra. The flow coefficient
becomes more and more weak with increasing flow order.
The transverse momentum dependence of collective flows of
protons with different symmetry energy is shown in Fig. 3.
The difference between the calculations and HADES data is
pronounced at the high transverse momenta, which is caused
partially by neglecting the cluster construction of nucleon
and cluster correlation in the pre-equilibrium process. The
transverse momentum spectra of protons are also influenced
by the Pauli principle in the evolution and nucleon-nucleon
collisions. The protons are mainly recognized by the coa-
lescence approach at the freeze-out stage (100 fm/c). The
discrepancies between the HADES data and calculations, in
particular the high-order flows v3 and v4, cannot be improved
by adjusting the coalescence parameters P0 = 200 MeV/c and
R0 = 3 fm. The problems might be improved by including the
correlation of multinucleon collisions in phase space and by
implementing the Mott effects of clusters in nuclear medium.
The works are in progress.

The recognition of cluster in heavy-ion collisions needs
to include the bound of a few-nucleon system and the Pauli
principle, i.e., the construction of deuteron, triton, 3He, and
4He, in which the binding energy varies with the baryon
density and dissociation of cluster into nucleons in nuclear
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FIG. 3. The same as in Fig. 2, but for the momentum spectra in the rapidity region of −0.25 < ycm < −0.15 with the soft (L = 42 MeV)
and hard (L =139 MeV) symmetry energies, respectively.

medium takes place in the evolution of reaction system. The
cluster distribution in phase space is also a sensitive probe for
extracting the nuclear matter properties. Shown in Fig. 4 is the
collective flows of deuterons within the transverse momentum
range of 1.0 < pt < 1.5 GeV/c in collisions of 197Au + 197Au
at 1.23A GeV and compared with the recent HADES data
[20]. Similar to the proton flows, the directed and elliptic flows
are nicely reproduced with the Wigner phase-space density
method, namely, the ‘S’ and ‘U’ shape structure. The in-plane
emission of deuterons becomes obvious in the projectile-like
and target-like regions and the squeeze-out phenomena are
pronounced in the midrapidity domain. The triangular flow
manifests an opposite trend with the directed flow. The am-
plitude of quadrangular flow is very small and difficult to
reproduce the HADES data. The first- and second-order har-
monics of anisotropic expansion are shown in Fig. 5 for the
3He and 4He production. A bit of a difference with proton and
deuteron emission is that the in-plane formation dominates the
3He and 4He production, which is caused by the part of cluster
yields being recognized from the participating and spectator
nucleons. A more binding system of 4He (28.3 MeV) is avail-
able for the cluster formation, e.g., the larger yields of 4He in
comparison with 3He and triton in Fermi-energy heavy-ion
collisions. However, the nuclear effect becomes more and
more weak with increasing the beam energy in competition
with the direct multifragmentation, in which the cluster yields
rapidly decrease with the mass number. Sophisticated inves-
tigation on the cluster formation (deuteron, triton, 3He, and
4He) in nuclear collisions is in progress.

Pions in heavy-ion collisions are very important for con-
straining the stiffness of symmetry energy. Ever since, the
pion production near the threshold energy has attracted more
and more attention. Before using the pion observable to ex-
tract the high-density behavior of symmetry energy, it is
necessary to explore the dynamics of pions produced in
heavy-ion collisions, such as rapidity distribution of yields,
transverse momentum spectra, collective flows, etc. At the
beam energies near the threshold value (280 MeV), pions are
mainly produced via the decay of the resonance �(1232).
When the pions are emitted from the reaction zone, they
undergo the multiple processes � → π (N ) → �. The yields
are robust to be measured in experiments for constraining
the high-density symmetry energy by the π−/π+ ratio. The
dynamics of the pion emission calculated by transport models
is helpful for the understanding on the experimental observ-
ables. We calculated the rapidity and transverse momentum
distributions of pions produced in 197Au + 197Au at the in-
cident energy of 1.5A GeV and at the impact parameter of
b = 5 fm as shown in Fig. 6. The solid curves denote the
results with the pion potential, and the dashed curves rep-
resent the ones without the pion potential. It is concluded
that the pions are mainly produced in the midrapidity re-
gion, and the influence of π−N potential on charged pions
is obvious. With the attractive potential, the pions are more
favorable to be captured by the surrounding nucleons. The
inclusion of the optical potential enhances the production of
low-energy pions, but the production of high-energy pions are
suppressed due to the reabsorption process. The effects of the
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FIG. 4. Collective flows of deuterons within the transverse momentum range of 1.0 < pt < 1.5 GeV/c in collisions of 197Au + 197Au at
1.23A GeV. The experimental data are taken from the HADES collaboration [20].

pion potential on the yields of pions gradually vanish with
the increase of pion momentum. Considering the combined
effects of the Coulomb interaction and the optical potential
characterized by its momentum dependence, it is easy to
understand the transverse momentum distribution of pions.
The difference of π+ and π− is due to the combined effects
by the optical potential and Coulomb interaction in nuclear
medium.

The pion mesons are usually rescattered and reabsorbed by
the surrounding nucleons, in which the primordial pions are
created at the compression stage in nuclear collisions. This
gives rise to an apparent pion flow and offers a powerful tool
for exploring the pion dynamics in nuclear medium and the
equation of state of nuclear matter [53–56]. The collective
flows of pions were first measured by the Bevalac streamer
chamber group in 800 MeV/nucleon Ne induced reactions

FIG. 5. Collective flows of 3He and 4He within the transverse momentum range of 1.0 < pt < 1.5 GeV/c.
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FIG. 6. (a) The rapidity and (b) transverse momentum distributions of π− and π+ in 197Au + 197Au at incident energy of 1.5A GeV.

[54]. At the energies near the threshold value, the pions are
mainly from the decay of �(1232). So the �-nucleon in-
teraction potential and scattering are also important for the
pion production. The emission of � would tend to create
the similar directed flow of protons. But the rescattering and
reabsorption processes of pions with the spectator nucleons
lead to the appearance of antiflows of pions in comparison
with the proton flows [57]. The collective flows manifest the
phase space distribution of particles, in which the in-medium
effect and EOS influences the flow structure. The pion flows
have been measured and extensively investigated by the FOPI
collaboration [9]. We calculated the directed flows of charged

pions produced in the 197Au + 197Au collisions at the inci-
dent energy of 1.5A GeV and with the semicentral collisions
(b = 5 fm) as shown in Fig. 7. The reduced impact parameter
is obtained by b0 = b/1.15(A1/3

p + A1/3
t ) with Ap and At being

the mass numbers of projectile and target nuclei, respectively.
It is obvious that, when there is no pion potential, the direct
flows of the charged pions both show countercurrents, as
described in the preceding paragraph, but the result is close
to experimental data when an attractive potential is included,
as compared to the case without. The well-known S shape is
apparent in the distributions of the directed flow of π−. Also,
the directed flow of π+ shows the famous shadowing effect

FIG. 7. The directed flows of π− (a) and π+ (b) in 197Au + 197Au collisions at 1.5A GeV. The experimental data are taken from the FOPI
collaboration [9].
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FIG. 8. The same as in Fig. 7, but for the elliptic flows.

due to the existence of the π−N potential. The difference
between π− and π+ is caused by the Coulomb interaction
and the isospin effect. The elliptic flow in 197Au + 197Au is
also investigated in the same way as in the directed flow, as
shown in Fig. 8. Although there is a difference between our
results and the data, they are the same in trend when the pion
potential is included. Like in Ref. [10], the flow spectra can
be well reproduced in near-central collisions. However, the

calculations overpredict the experimental data in peripheral
collisions owing to the difference in the choices of observables
for impact parameter. But it still shows that pions are out-of-
plane emission. Shown in Fig. 9 is the transverse momentum
distributions of collective flows. It is obvious that the pion
potential influences the high-momentum elliptic flows both
π− and π+. The difference of directed flows is very small.
The flow structure is similar to the FOPI data [9].

FIG. 9. Comparison of the transverse momentum distributions of directed and elliptic flows with and without the pion-nucleus potential,
respectively.
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IV. CONCLUSION

In summary, the collective flows of clusters and pions
produced in collisions of 197Au + 197Au are thoroughly inves-
tigated within the LQMD transport model. The experimental
data from the HADES and FOPI collaboration are systemati-
cally analyzed. The directed and elliptic flows of protons and
deuterons are nicely reproduced and the out-of-plane emission
dominates the cluster production in the rapidity domain of
−0.5 < y/yproj < 0.5. The triangular flow manifests the op-
posite structure in comparison with the directed flow but the
less amplitude than the HADES data. The positive values of
transverse momentum spectra of triangular and quadrangular
flows are strongly underestimated. The in-plane emission of
3He and 4He dominates the cluster production. The attractive

pion potential leads to the reduction of pion production in the
midrapidity region. The directed flows of pions in the reaction
of 197Au + 197Au at 1.5A GeV are nicely reproduced with
the inclusion of the pion potential. The strongly antiflow phe-
nomena of π+ are reduced and more consistent with the FOPI
data. The more attractive π+ potential leads to the in-plane
emission and the elliptic flow structure is the same with the
experimental data.
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