arXiv:1111.6863v1 [nucl-th] 29 Nov 2011

Nuclear in-medium effects and collective flows in heavy-ion collisions at intermediate energies

Zhao-Qing Feng^∗ Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, People’s Republic of China (Dated: November 30, 2011)

A recent updated version of the Lanzhou quantum molecular dynamics is reviewed, in which the momentum dependence of symmetry potential and the effective mass splitting of proton and neutron in nuclear medium are included in the model. The in-medium nucleon-nucleon (NN) elastic cross sections are evaluated with the scaling approach according to the effective mass and their influence on collective flows in heavy-ion collisions are discussed. The inelastic cross sections, in particular for the process of the channel NΔ →NN, are parameterized in accordance with the available experimental data. It is found that the in-medium cross sections play a significant role on isospin emissions and result in a flat distribution for transverse flows and elliptic flows of free nucleons comparing with the in-vacuum ones. The rapidity distribution of the difference between neutron and proton transverse flows is sensitive to the stiffness of nuclear symmetry energy as a promising observable, which can not be influenced by the in-medium effect and collision centrality. Furthermore, the elliptic flow of free energetic nucleons in the case of the mass splitting of m^∗_n > m^∗_p is also related to the symmetry energy. However, the pion flows weakly depend on the symmetry energy and the mass splitting. PACS number(s): 21.65.Ef, 24.10.Lx, 25.75.-q

I. INTRODUCTION

The high-density behavior of nuclear symmetry energy is of importance in understanding the properties of compact stars, in particular, the structure of neutron stars (mass and radius), the cooling of protoneutron stars, the nucleosynthesis during supernova explosion of massive stars etc [1, 2]. Up to now, the high-density information of the symmetry energy is poorly known [3–5]. The importance of high-density symmetry energy in hadronquark phase transition was stated and investigated thoroughly by Di Toro et al. [6]. Heavy-ion collisions induced by neutron-rich beams at intermediate energies are an unique approach for extracting the information of isospin-asymmetric nuclear equation of state (EOS) in terrestrial laboratories. The symmetry energy in neutron-rich matter is usually expressed through the energy per nucleon as E(ρ, δ) = E(ρ, δ = 0) + Esym(ρ)δ^2 + O(δ^2) in terms of baryon density ρ = ρ_n + ρ_p, relative neutron excess δ = (ρ_n−ρ_p)/(ρ_n+ρ_p), energy per nucleon in a symmetric nuclear matter E(ρ, δ = 0) and nuclear symmetry energy per nucleon Esym. From that, one can easily get the physical quantities of nuclear matter, such as pressure, chemical potential and single particle potential etc. Based on several complementary analysis of available experimental data associated with transport models, a symmetry energy of Esym(ρ) ≈ 31.6(ρ/ρ_0)^γ MeV with γ = 0.69 − 1.05 was extracted for densities between 0.1ρ_0 and 1.2ρ_0 [4]. However, predictions for the high-density symmetry energy based on various microscopical or phenomenological many-body theories diverge widely [7–9]. Moreover, the high-density behavior of nuclear symmetry energy predicted by transport models associated with the existing experimental data are also different largely because of the inconsistent treatment of the mean-field potentials and the unclear in-medium nuclear interaction and properties of resonances [10–13], and an opposite conclusion was drawn. Furthermore, new experimental data related to high-density phase diagram and modifications of transport models including the inmedium effects in two-body collisions and in mean-field propagation, are very necessary.

Based on the QMD (’quantum’ molecular dynamics) approach [14], over the past decade the LQMD (Lanzhou quantum molecular dynamics) model has been successfully updated and applied to treat the nuclear dynamics from near Coulomb barrier energies up to relativistic energies (several A GeV) [15–18], in which the isospin effect, nuclear structure (shell effect) in mean-field potential, density dependence of symmetry energy, fermionic nature of nucleon in mean-field evolutions and in NN collisions, and inelastic channels including the in-medium effect etc, have been improved thoroughly. Furthermore, the momentum dependence of the symmetry potential was also included in the model, which results in an effective mass splitting of proton and neutron in nuclear medium and its influence on isospin emission was investigated [19]. In this work, we present a review of the recent updated LQMD model. Collective flows of free nucleons (light clusters) and pions produced in heavy-ion collisions and influence of the in-medium effect such as NN cross section, optical potential in nuclear medium etc, collision centrality, mass splitting and stiffness of symmetry energy are investigated systematically. Extraction of the high-density symmetry energy from flow information are discussed.

The article is organized as follows. In Sec. II we give a description of the recent version of LQMD model. Inmedium modification and its influence on isospin particle emissions, collective flows, and some promising observables for extracting the high-density symmetry energy are presented in Sec. III. In Sec. IV conclusions are discussed.

II. MODEL DESCRIPTION

It is well known that the QMD model has the advantage of correctly treating the N -body correlations caused by the overlapping of the Gaussian wave packets and by the event-by-event simulations. A similar Gaussian wave packet has been used in the stochastic mean-field (SMF) model and obtained progress in the description of nuclear multi-fragmentation reactions by Catania group [3, 20]. The same as in the QMD [14], the wave function for each nucleon or resonance in the LQMD model is represented by a Gaussian wave packet. The width of the wave packet is fixed in the mean-field evolutions, but increases with the mass number of nuclide [16–18]. The total N -body wave function is assumed as the direct product of the coherent states and the anti-symmetrization is neglected. Therefore, the fermionic nature of nucleon is lost in the QMD-like models. We used a phase constraint approach to embody the nucleonic Fermi properties [16]. From the Wigner transformation for the total wave function, one can get the density distributions in coordinate and momentum space. In the LQMD model, the time evolutions of the baryons (nucleons and resonances (Δ(1232), N*(1440), N*(1535))) and mesons in the system under the self-consistently generated mean-field are governed by Hamilton’s equations of motion, which read as

ṗ_i = − ∂H ∂r_i , ṙ_i = ∂H ∂p_i . (1)

Here we only consider the Coulomb interaction for charged hyperons. The Hamiltonian of baryons consists of the relativistic energy, the effective interaction potential and the momentum dependent interaction. The effective interaction potential is composed of the Coulomb interaction and the local potential U_{int} = U_{Coul} + U_{loc}. (2) The Coulomb interaction potential is written as U_{Coul} = 1 2 ∑ i,j,j≠i e_ie_j r_{ij} erf(r_{ij} / √ 4L) (3)

where the e_j is the charged number including protons and charged resonances. The r_{ij} = |r_i −r_j | is the relative distance of two charged particles.

The local interaction potential is derived directly from the Skyrme energy-density functional and expressed as U_{loc} = ∫ V_{loc}(ρ(r))dr. (4)

The local potential energy-density functional reads V_{loc}(ρ) = α 2 ρ^2 ρ_0 + β 1 + γ ρ^{1+γ} ρ^γ_0

+ g_τ ρ^{8/3}/ρ^{5/3}_0 + E^{loc}_{sym}(ρ)ρδ^2 + g_{sur} 2ρ_0

(∇ρ)^2 + g^{iso}_{sur} 2ρ_0

[∇(ρ_n − ρ_p)]^2, (5)

where the ρ_n, ρ_p and ρ = ρ_n + ρ_p are the neutron, proton and total densities, respectively, and the δ = (ρ_n − ρ_p)/(ρ_n + ρ_p) is the isospin asymmetry. The coefficients α, β, γ, g_τ , g_{sur}, g^{iso}_{sur} are related to the Skyrme parameters t_0, t_1, t_2, t_3 and x_0, x_1, x_2, x_3 [16] and the parameter Sly6 is taken in the calculation with the values of 9.9 MeV, 22.9 MeV fm^2, -2.7 MeV fm^2 and 0.16 fm^{−3} for g_τ , g_{sur}, g^{iso}_{sur} and ρ_0 respectively. The bulk parameters α, β and γ are readjusted after inclusion the momentum term in order to reproduce the compression modulus of symmetric nuclear matter (here, K=230 MeV) and the binding energy of isospin symmetric nuclear matter at saturation density, which have the values of -296.6 MeV, 197 MeV and 1.143, respectively. The E^{loc}_{sym} is the local part of the symmetry energy, which can be adjusted to mimic predictions of the symmetry energy calculated by microscopical or phenomenological many-body theories and has two-type forms as follows: E^{loc}_{sym}(ρ) = 1 2 C_{sym}(ρ/ρ_0)^{γs} , (6) and E^{loc}_{sym}(ρ) = a_{sym}(ρ/ρ_0) + b_{sym}(ρ/ρ_0)^2. (7) The parameters C_{sym}, a_{sym} and b_{sym} are taken as the values of 52.5 MeV, 43 MeV, -16.75 MeV and 23.52 MeV, 32.41 MeV, -20.65 MeV corresponding to the mass splittings of m^∗_n > m^∗_p and m^∗_n < m^∗_p, respectively. The values of γ_s=0.5, 1., 2. have the soft, linear and hard symmetry energy with baryon density, respectively, and the Eq. (7) gives a supersoft symmetry energy, which cover the largely uncertain of nuclear symmetry energy, particularly at the supra-saturation densities. The local part of the symmetry energy can be adjusted to reflect the largely uncertain behavior of the symmetry energy at sub- and supra-normal densities.

A Skyrme-type momentum-dependent potential is used in the model as follows: U_{mom} = 1 2ρ_0 ∑ i,j,j≠i ∑ τ,τ^′ C_{τ,τ} ′ δ_{τ,τi} δ_τ ′_{,τj} ∫ ∫ ∫ dpdp^′dr ×f_i(r, p, t)[ln(ϵ(p − p^′)^2 + 1)]^2f_j (r, p^′, t). (8)

The term is also given from the energy-density functional in nuclear matter as U_{mom} = 1 2ρ_0 ∑ τ,τ^′ C_{τ,τ} ′ ∫ ∫ ∫ dpdp^′dr ×f_τ (r, p)[ln(ϵ(p − p^′)^2 + 1)]^2f_τ ′ (r, p^′). (9)

Here C_{τ,τ} = C_{mom}(1 + x), C_{τ,τ} ′ = C_{mom}(1 − x) (τ ≠ τ^′) and the isospin symbols τ(τ^′) represent proton or neutron. The sign of x determines different mass splitting of proton and neutron in nuclear medium, e.g., positive signs corresponding to the case of m^∗_n < m^∗_p. The parameters C_{mom} and ϵ was 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, 500 c^2/GeV^2 for the C_{mom} and ϵ, respectively, which result in the effective mass m^∗/m=0.75 in nuclear medium at saturation density for symmetric nuclear matter. The parameter x can be adjusted as the strength of the mass splitting, and the values of -0.65 and 0.65 are respective to the cases of m^∗_n > m^∗_p and m^∗_n < m^∗_p. One can get the contribution of momentumdependent interaction to symmetry energy for a cold nuclear with Fermi distribution for the phase-space density f_τ (r, p) = ρ_τ (r)Θ(p_F (τ)−|p|)/(4πp^3_F (τ)/3) with the Fermi momentum p_F (τ) = h̄(3π^2ρ_τ )^{1/3} [19]. The symmetry energy per nucleon in the LQMD model is composed of three parts, namely the kinetic energy, the local part and the momentum dependence of the potential energy as E_{sym}(ρ) = 1 3 h̄^2 2m ( 3 2 π^2ρ )_{2/3} + E^{loc}_{sym}(ρ) + E^{mom}_{sym} (ρ). (10) After an expansion to second order around the normal density, the symmetry energy can be expressed as E_{sym}(ρ) ≈ E_{sym}(ρ_0) + L 3 ( ρ − ρ_0 ρ_0 ) + K_{sym} 18 ( ρ − ρ_0 ρ_0

)_2

(11) in terms of a slope parameter of L = 3ρ_0(∂E_{sym}/∂ρ)|_{ρ=ρ0} and a curvature parameter of K_{sym} = 9ρ^2_0(∂^2E_{sym}/∂ρ^2)|_{ρ=ρ0} . The values of slope parameters are 203.7 MeV, 124.9 MeV, 85.6 MeV and 74.7 MeV for the hard, linear, soft and supersoft symmetry energies, respectively, and the corresponding 448 MeV, -24.5 MeV, -83.5 MeV and -326 MeV for the curvature parameters. Figure 1 is a comparison of different stiffness of nuclear symmetry energy after inclusion of the momentum-dependent interactions. All cases cross at saturation density with the value of 31.5 MeV, which cover the largely uncertain of symmetry energy in a large density range.

Combined Eq. (5) and Eq. (9), we get a density, isospin and momentum dependent single-nucleon potential in nuclear matter as follows: U_τ (ρ, δ, p) =α ρ ρ_0 + β ρ^γ ρ^γ_0 + 8 3 g_τ ρ^{5/3}/ρ^{5/3}_0 + E^{loc}_{sym}(ρ)δ^2 + ∂E^{loc}_{sym}(ρ) ∂ρ ρδ^2 + E^{loc}_{sym}(ρ)ρ ∂δ^2 ∂ρ_τ + 1 ρ_0 C_{τ,τ} ∫ dp^′f_τ (r, p)[ln(ϵ(p − p^′)^2 + 1)]^2

FIG. 1. (Color online) Density dependence of the nuclear symmetry energy for the cases of supersoft, soft, linear and hard trends with MDI interaction.

+ 1 ρ_0 C_{τ,τ} ′ ∫ dp^′f_τ ′ (r, p)

×[ln(ϵ(p − p^′)^2 + 1)]^2. (12)

Here τ ≠ τ^′, ∂δ^2/∂ρ_n = 4δρ_p/ρ^2 and ∂δ^2/∂ρ_p = −4δρ_n/ρ^2. The nucleon effective (Landau) mass in nuclear matter of isospin asymmetry δ = (ρ_n −ρ_p)/(ρ_n +ρ_p) with ρ_n and ρ_p being the neutron and proton density, respectively, is calculated through the potential as m^∗_τ = m_τ / ( 1 +^{mτ}_|p_| |^{dUτ}_dp | ) with the free mass m_τ at Fermi momentum p = p_F . Therefore, the nucleon effective mass only depends on the momentum-dependent term of the nucleon optical potential. The isovector part of the optical potential, i.e., the symmetry or Lane potential [21], can be evaluated from the expression U_{sym}(ρ, p) = (U_n(ρ, δ, p) − U_p(ρ, δ, p))/2δ. Shown in Fig. 2 is a comparison of the momentum dependence of single-nucleon optical potential with the mass splittings of m^∗_n > m^∗_p in the left window and m^∗_n < m^∗_p in the right window for the hard and supersoft symmetry energies, respectively. One should note a cross appears in the case of m^∗_n > m^∗_p at high momentum, but which does not take place in the mass splitting of m^∗_n < m^∗_p and a broader separation exists with increasing the nucleon momentum. The symmetry potential is also being influenced by the mass splitting and just an opposite trend appears as shown in Fig. 3. A pronounced difference of both mass splittings can be constrained from elliptic flow in heavy-ion collisions, especially from the momentum (kinetic energy) distribution of V^n_2 − V^p_2 at midrapidity [22]. More specifically, the symmetry potential is plotted as functions of momentum and density in Fig. 4. Both the stiffness of symmetry energy and the mass splitting affect the spectrum. The effective mass is opposite in both mass splittings as shown in Fig. 5, which is pronounced in the 1A GeV energies (1∼3ρ_0). Therefore, both of the stiffness of nuclear symmetry energy and the mass splitting affect the reaction dynamics, in particular for the isospin emission in heavy-ion collisions.

The same with the QMD or BUU (Boltzmann-Uehling- Uhlenbeck) model, a hard core scattering in two-particle collisions is assumed by using Monte Carlo procedures, in which the scattering of two particles is determined by a geometrical minimum distance criterion d ≤ √ 0.1σ_{tot}/π fm weighted by the Pauli blocking of the final states [14, 23]. Here, the total NN cross section σ_{tot} in mb is the sum of the elastic and all inelastic cross sections. The probability reaching a channel in a collision is calculated by its contribution of the channel cross section to the total cross section as P_{ch} = σ_{ch}/σ_{tot}. The choice of the channel is done randomly by the weight of the probability. We parametrized the total, elastic and inelastic NN cross sections in accordance with the available experimental data in free space as shown in Fig. 6. One expects the in-medium NN elastic collisions are reduced in comparison with the free-space ones. The in-medium elastic cross section is scaled according to the effective mass that was used in the BUU model [25]. Following the IBUU04 model [26], the elastic cross section in the nuclear medium is evaluated through σ^{medium} NN = (μ^∗_{NN} /μ_{NN} )^2σ^{f ree}_{NN} with the μ^∗_{NN} and μ_{NN} being the reduced masses of colliding nucleon pairs in the medium and in the free space, respectively. Shown in Fig. 7 is a comparison of the scaling factor as functions of baryon density, nucleon momentum and isospin asymmetry for the different mass splittings of m^∗_n > m^∗_p and m^∗_n < m^∗_p, respectively. It is interesting to notice that a splitting of nn (neutron-neutron), pn (proton-neutron) and pp (proton-proton) exists because of the mixing of neutron and proton effective masses. The mass splitting results in an opposite splitting of the in-medium cross sections of nn and pp channels. Recent microscopic calculations from the Brueckner-Hartree-Fock and the relativistic Brueckner-Hartree-Fock basically favor the variation of the in-medium cross section with baryon density, nucleon momentum and isospin asymmetry [27, 28].

The primary products in nucleon-nucleon (NN) collisions in the region of 1A GeV energies are the resonances Δ(1232), N^∗(1440), N^∗(1535) and the pions. We have included the reaction channels as follows: NN ↔ N△, NN ↔ NN^∗, NN ↔ △△, Δ ↔ Nπ, N^∗ ↔ Nπ, NN → NNπ(s − state), N^∗(1535) → Nη. (13)

At the considered energies, there are mostly Δ resonances which disintegrate into a π and a nucleon in the evolutions. However, the N^∗ yet gives considerable contribution to the energetic pion yields. The energy and momentum-dependent decay widths are used in the model for the Δ(1232) and N^∗(1440) resonances [17]. We have taken a constant width of Γ=150 MeV for the

N^∗(1535) decay. The in-medium effect of inelastic cross section is of importance in the estimation of meson production, which has been an interesting subject and still is an open problem because of the coupling of each channels [29–31]. A parameterized cross section is used in the LQMD model for the channel of NΔ →NN by fitting the available experimental data [32] with a formula by Wolf et al. [33], and compared with the cross section from the NN→NΔ channel using the detailed balancing principle as shown in Fig. 8. The in-medium modifications of the absorption of Δ in heavy-ion collisions are also investigated in Refs. [34, 35]. Calculations based on relativistic Dirac-Brueckner also favor the decrease trend of the Δ absorption cross section with increasing energy in nuclear medium at low densities (less than 2ρ_0) [36]. We used the parametrized cross sections calculated by the one-boson exchange model [37] for resonance production and the absorption of N^∗ with the detailed balancing principle. The strangeness is created by inelastic hadron-hadron collisions. We included the channels as follows: BB → BY K, BB → BBKK, Bπ → Y K, Bπ → NKK, Y π → BK, BK → Y π, Y N → KNN. (14) Here the B strands for (N, △, N^∗) and Y(Λ, Σ), K(K^0, K^+) and K(K^0, K^−). The elastic scattering between strangeness and baryons are considered through the channels KB → KB, Y B → Y B and KB → KB. At the moment, we do not implement the charge-exchange reactions between the KN → KN and Y N → Y N channels, such as K^0p → K^+n, K^+n → K^0p, Λn → Σ^−p, Λn → Σ^0n etc, which would be important in evaluating the isospin ratios of K^0/K^+ and Σ^−/Σ^+ for probing the high-density symmetry energy.

Analogously to baryons, the evolution of mesons (here mainly pions and kaons) is also determined by the Hamiltonian, which is given by

H_M = N_M∑

i=1 ( V Coul i + ω(p_i, ρ_i) ) . (15)

Here the Coulomb interaction is given by

V Coul i = N_B∑

j=1 e_ie_j r_{ij} , (16)

where the N_M and N_B are the total numbers of mesons and baryons including charged resonances. The pion optical potential ReV^{opt}_π originates from the medium effects in the hot and dense nuclear matter. In the calculation, we can also choose the value in vacuum, that is, the ReV^{opt}_π is set equal zero. The influence of the pionic mean field in heavy-ion collisions on the transverse momentum distribution was investigated by using a phenomenological ansatz and a microscopic approach based on the Δ-hole model by Fuchs et al. [38]. Here we use the

FIG. 2. (Color online) Momentum dependence of single-nucleon optical potential for isospin symmetric matter (δ=0) and neutron-rich matter (δ=0.2) with the mass splittings of m^∗_n > m^∗_p (left panel) and m^∗_n < m^∗_p (right panel), respectively.

FIG. 3. (Color online) Symmetry potential as a function of momentum with the hard and supersoft symmetry energies and with different mass splittings at nuclear matter density 0.5ρ0, ρ0 and 2ρ0, respectively.

phenomenological ansatz suggested by Gale and Kapusta [39]. Then the dispersion relation reads

ω(p_i, ρ_i) = √ (|p_i| − p_0)^2 + m^2_0 − U, (17) U = √ p^2_0 + m^2_0 − m_π, (18)

m_0 = m_π + 6.5(1 − x^{10})m_π , (19) p^2_0 = (1 − x)^2m^2_π + 2m_0m_π(1 − x). (20)

The phenomenological medium dependence on the baryon density is introduced via the coefficient x(ρ_i) = exp(−a(ρ_i/ρ_0)) with the parameter a = 0.154 and the saturation density ρ_0 in nuclear matter. Influence of the in-medium effects on the charged pion ratio is also investigated in Ref. [40]. We consider two scenarios for kaon (antikaon) propagation in nuclear medium, one with and one without medium modification. From the chiral La-

FIG. 4. (Color online) Contour of symmetry potential versus momentum and density of nuclear matter with different symmetry energies and mass splittings.

FIG. 5. Effective mass of proton and neutron in nuclear medium as a function of baryon density with the isospin asymmetry of δ=0.2 for the mass splittings of m^∗_n > m^∗_p (left panel) and m^∗_n < m^∗_p (right panel), respectively.

grangian the kaon and antikaon energy in the nuclear medium can be written as [41, 42]

ω(p_i, ρ_i) = [ m^2_K + p^2_i − a_K ρ^S_i + (b_K ρ_i)^2 ]_{1/2} + b_K ρ_i, (21)

ω(p_i, ρ_i) = [ m^2_K + p^2_i − a_K ρ^S_i + (b_K ρ_i)^2 ]_{1/2} − b_K ρ_i, (22) respectively. Here the b_K = 3/(8f^2_π) ≈0.32 GeVfm^3, the a_K and a_K are 0.18 GeV^2fm^3 and 0.3 GeV^2fm^3, respectively, which result in the strength of repulsive kaonnucleon potential and of attractive antikaon-nucleon potential with the values of 25.5 MeV and -96.8 MeV at saturation baryon density. Shown in Fig. 9 is comparison of the pion self-energy and optical potential as a function of momentum. One notices that an attractive potential is used in the LQMD model, in particular for energetic pions in nuclear medium. We calculated the pion emissions after inclusion of all, part and none of the optical potential and Coulomb interaction of pions with charged baryons in the reaction^{124}Sn+^{124}Sn for near-central collisions (b=1 fm) at incident energy of E_{lab}=400A MeV as shown in Fig. 10. Without the Coulomb and pion potential, a flat π^−/π^+ ratio appears with the transverse

FIG. 6. Nucleon-nucleon cross sections of total, elastic and inelastic channels in free space parameterized in the LQMD model as a function of nucleon incident energy in the laboratory frame.

FIG. 7. In-medium nucleon-nucleon elastic cross section scaled by nucleon effective mass as functions of baryon density (δ = 0.2), nucleon momentum (δ = 0.2) and isospin asymmetry (ρ = ρ0).

momentum. The Coulomb force enhances the energetic π^+ production because of its repulsive force with charged baryons, which is opposite for π^− emission, consequently increases the low-energy π^−/π^+ ratio and reduces the high-energy yields. However, the pion optical potential is always attractive for both charged pions. Calculations in Ref. [18] show that the pion potential slightly affects the total π^−/π^+ yields owing to without distinguishing isospin effects for the charged pion potentials. Experimental measurements on the distributions of the transverse momentum or kinetic energy for the π^−/π^+ ratio will be helpful in understanding the pion optical potential in nuclear medium.

III. RESULTS AND DISCUSSIONS

Collective flows in heavy-ion collisions have been studied well to extract the information of EOS at extreme conditions, i.e., high density, high temperature and large

FIG. 8. Comparison of the cross section of the channel NΔ →NN parameterized in the model and compared with the approach by Bertsch and Gupta used in the BUU model and with the experimental data [32].

isospin asymmetry etc., and to explore the knowledge of in-medium properties and nuclear dynamics, such as nucleonic flow, light cluster flow, and meson flow etc [13, 43, 44]. It is possible to reconstruct the reaction plane with flow analysis and hence to study azimuthal correlations of emitted particles. The flow information can be expressed as the first and second coefficients from the Fourier expansion of the azimuthal distribution dN dϕ (y, p_t) = N_0(1 + 2V_1(y, p_t) cos(ϕ) + 2V_2(y, p_t) cos(2ϕ))

[45], where the p_t = √ p^2_x + p^2_y and y are the transverse momentum and the longitudinal rapidity along the beam direction, respectively. The directed (transverse) flow is defined as the first coefficient and expressed as V_1 = ⟨p_x/p_t⟩, which provides the information of the azimuthal anisotropy of the transverse emission. The elliptic flow V_2 = ⟨(p_x/p_t)^2 − (p_y/p_t)^2⟩ gives the competition between the in-plane (V_2 >0) and out-of-plane (V_2 <0, squeeze out) emissions. The brackets indicate averaging over all events in accordance with a specific class such as rapidity or transverse momentum cut. Shown in Fig. 11 is a comparison of rapidity distributions of transverse and elliptic flows of free nucleons for near-central (b=1 fm) and semi-central (b=6 fm)^{197}Au+^{197}Au collisions at the incident energy of 400A MeV with a choice of the mass splitting of m^∗_n > m^∗_p for the hard and supersoft symmetry energies, respectively. One notices that the difference of neutron and proton transverse flows is small for the near-central collisions, but pronounced for the semi-central collisions, in particular around projectile rapidity. The elliptic flow disappears for the near-central heavy-ion collisions and the influence of symmetry energy on the elliptic flow distribution is very weak. The difference of neutron and proton elliptic flows is obvious in the semi-central collisions. In this work, the free nucleons and fragments are constructed with a coalescence model at freeze-out, in which nucleons of the reaction system are considered to belong to one cluster in the phase space with the relative momentum smaller than P_0 and with the relative distance less than R_0 (here, P_0=200 MeV/c and R_0=3 fm). The set of the parameters can reproduce the distribution of experimental charged fragments in a large region of energies [18].

It has been well known that the transverse flow sensitively depends on the variation of in-medium NN cross sections, especially around the balance energies [46, 47]. As a comparison, we calculated the transverse flow of free nucleons as shown in Fig. 12 for the^{124}Sn+^{124}Sn reaction at the incident energy of 400 MeV/nucleon using the elastic cross sections in free space and in nuclear medium, respectively. One notes that the in-medium cross section leads to a flat distribution for the near-central collisions. However, its influence on the semi-central collisions is slightly. The in-medium cross section also has a strongly influence on the elliptic flow distribution as shown in Fig. 13, which reduces the out-of-plane emissions of free nucleons, especially in the domain of mid-rapidity. Shown in Fig. 14 is the in-medium effect on light clusters with the hard (left window) and supersoft (right window) symmetry energies. It is seen that the reduced in-medium cross sections slightly modify the collective flows of light clusters (^3H and^3He).

In order to extract the density dependence of symmetry energy, especially for the high-density information, we calculated the flow difference of free nucleons as a function longitudinal rapidity as shown in Fig. 15. One can see that the spectrum is sensitive to the stiffness of symmetry energy in both near-central and semi-central collisions, especially around the projectile rapidity. The NN cross sections in free space and in nuclear medium basically does not change the distributions. A supersoft symmetry energy has a more pronounced spectrum. As a comparison, we also present the transverse flow difference of^3H and^3He as shown in Fig. 16. A similar structure appears, but weakly depends on the symmetry energy. A narrow rapidity distribution is observed for the light cluster emission because a number of free nucleons already take away much kinetic energies dissipated from the reaction zone of colliding partners. Shown in Fig. 17 is a comparison of transverse momentum distribution of elliptic flow of free nucleons with the hard and supersoft symmetry energies for the mass splittings of m^∗_n > m^∗_p in the left panel and of m^∗_n < m^∗_p in the right panel, respectively. The influence of symmetry energy on the elliptic flow is obvious only in the mass splitting of m^∗_n > m^∗_p, in particular at high transverse momentum. It should be mentioned that the distribution of elliptic flow is sensitively dependent on the mass splitting [22]. Constraint of the high-density symmetry energy from elliptic flow has been performed in experiment [13] and more precise measurements are planned at RIKEN and GSI.

FIG. 9. Momentum dependence of pion self-energy and optical potential at the baryon densities of 1.5ρ0 and 3ρ0, respectively.

FIG. 10. Transverse momentum distributions of the ratios of π^− to π^+ yields with including all, only Coulomb potential and none of the optical potential and Coulomb force of pions with baryons in the reaction^{124}Sn+^{124}Sn at incident energy of E_{lab}=400A MeV.

Production of pions in heavy-ion collisions at nearthreshold energies has been verified as a sensitive probe of nuclear symmetry energy, in particular the π^−/π^+ excitation functions [10–12], which can be easily detected in experimentally and be mainly created in the domain at supra-saturation densities of compressed nuclear matter. Shown in Fig. 18 is a comparison of transverse flows of π^− and π^+ in^{197}Au and^{197}Au collisions at a nearthreshold energy of 400 MeV/nucleon with the hard and supersoft symmetry energies for different mass splittings of m^∗_n > m^∗_p in the left window and of m^∗_n < m^∗_p in the right window, respectively. It can be seen that the symmetry energy and mass splitting basically does not affect the flow structure. Furthermore, an antiflow of π^+ (solid and blank squares) is observed in the both mass splittings by comparing with the transverse flow of free nucleons in Fig. 11. The phenomena is caused by the fact that pions produced in the ’fire ball’ are absorbed again by participant nucleons (shadowing effect). A more pronounced flow (π^−) or antiflow (π^+) is observed comparing with the collisions at a higher incident energy of 1.5 GeV/nucleon [18]. The antiflow of π^+ in heavy-ion collisions was also investigated using BUU [48] and IQMD model [49]. For a comparison, we also calculated the flow difference between π^+ and π^− with different symmetry energy and mass splitting as shown in Fig. 19. Although a pronounced flow difference (V^{π+}_1 −V^{π−}_1 ) appears around the projectile rapidity, the influence of symmetry energy and mass splitting on the spectrum is still very weak.

IV. CONCLUSIONS

The influence of the in-medium effects in nuclear reactions is investigated within the LQMD model, i.e., the NN cross sections, propagation of pions in nuclear medium. The in-medium cross sections are of importance on isospin emissions and lead to a flat distribution on the transverse flows and elliptic flows of free nucleons comparing with the ones in free space. The rapidity distribution of the transverse flow difference between neutron and proton depends on the density dependence of nuclear symmetry energy, in particular around the projectile rapidity. The in-medium effect and collision centrality slight affect the flow difference. The elliptic flow of free nucleons is also sensitive to the symmetry energy, especially at the high momentum in the case of the mass splitting of m^∗_n > m^∗_p. The pion optical potential plays a significant role on the transverse momentum distribu-

FIG. 11. (Color online) Rapidity distributions of directed and elliptic flows of free nucleons in the^{197} Au+^{197}Au reaction at the incident energy of 400 MeV/nucleon for the near central (b=1 fm) and semi-central (b=6 fm) collisions using the NN elastic cross section in free space with the mass splitting of m^∗_n > m^∗_p for the hard (left panel) and supersoft (right panel) symmetry energies, respectively.

FIG. 12. (Color online) Comparison of the transverse flow of free nucleons with in-vacuum and in-medium cross sections in the^{124}Sn+^{124}Sn reaction at the incident energy of 400 MeV/nucleon for the near-central (b=1 fm) and semi-central (b=6 fm) collisions with the mass splitting of m^∗_n > m^∗_p for the hard (left panel) and supersoft (right panel) symmetry energies, respectively.

FIG. 13. (Color online) The same as in Fig. 12, but for the elliptic flow for semi-central collisions (b=5 fm).

FIG. 14. (Color online) Rapidity distributions of directed and elliptic flows of light clusters in the^{124} Sn+^{124}Sn reaction at a beam energy of 400A MeV for the semi-central (b=5 fm) collisions with the mass splitting of m^∗_n > m^∗_p for the hard (left panel) and supersoft (right panel) symmetry energies, respectively.

tion of π^−/π^+ ratio. The transverse flow of charged pions weakly depend on the symmetry energy and also the mass splitting. An antiflow for π^+ emission is pronounced in both mass splittings

ACKNOWLEDGEMENTS

Fruitful discussions with Prof. M. Di Toro, Prof. H. Lenske, Dr. M. Colonna and Dr. T. Gaitanos are acknowledged. This work was supported by the National Natural Science Foundation of China under Grant Nos 10805061 and 11175218, and the Advancement Society of Young Innovation of Chinese Academy of Sciences. The author is grateful to the support of K. C. Wong Education Foundation (KCWEF) and DAAD during his research stay in Justus-Liebig-Universität Giessen, Germany.

∗ Present address: Institut für Theoretische Physik, Justus-Liebig-Universität Giessen, Germany [1] A. W. Steiner, M. Prakash, J. M. Lattimer, and P. J.

Ellis, Phys. Rep. 411, 325 (2005).

FIG. 15. (Color online) The difference between neutron and proton directed flows in the^{124} Sn+^{124}Sn reaction at the energy of 400A MeV .

FIG. 16. (Color online) The same as in Fig. 15, but for the flow difference of^3H and^3He for semi-central collisions (b=5 fm).

[2] T. Klähn et al., Phys. Rev. C 74, 035802 (2006). [3] V. Baran, M. Colonna, V. Greco, and M. Di Toro, Phys.

Rep. 410, 335 (2005).

[4] B. A. Li, L. W. Chen, and C. M. Ko, Phys. Rep. 464,

113 (2008).

[5] M. Di Toro, V Baran, M Colonna, and V Greco, J. Phys.

G: Nucl. Part. Phys. 37, 083101 (2010).

[6] M. Di Toro, B. Liu, V. Greco, et al., Phys. Rev. C 83,

014911 (2011).

[7] Dieperink et al., Phys. Rev. C 68, 064307 (2003). [8] L. W. Chen, C. M. Ko, and B. A. Li, Phys. Rev. C 72,

064309 (2005); Phys. Rev. C 76, 054316 (2007). [9] Z. H. Li et al., Phys. Rev. C 74, 047304 (2006). [10] G. Ferini, T. Gaitanos, M. Colonna et al., Phys. Rev.

Lett. 97, 202301 (2006).

[11] Z. G. Xiao, B. A. Li, L. W. Chen et al., Phys. Rev. Lett.

102, 062502 (2009).

[12] Z. Q. Feng and G. M. Jin, Phys. Lett. B 683, 140 (2010). [13] P. Russotto et al., Phys. Lett. B 697, 471 (2011).

[14] J. Aichelin, A. Rosenhauer, G. Peilert, H. Stöcker, and W. Greiner, Phys. Rev. Lett. 58, 1926 (1987); J. Aichelin, Phys. Rep. 202, 233 (1991).

[15] L. W. Chen, F. S. Zhang, and G. M. Jin, Phys. Rev. C 58, 2283(1998).

[16] Z. Q. Feng, F. S. Zhang, G. M. Jin, and X. Huang, Nucl.

Phys. A 750, 232 (2005); Z. Q. Feng, G. M. Jin, and F. S. Zhang, ibid. 802, 91 (2008); Z. Q. Feng and G. M. Jin, Phys. Rev. C 80, 037601 (2009).

[17] Z. Q. Feng and G. M. Jin, Chin. Phys. Lett. 26, 062501 (2009); Phys. Rev. C 82, 057901 (2010); Z. Q. Feng, Phys. Rev. C 84, 024610 (2011).

[18] Z. Q. Feng and G. M. Jin, Phys. Rev. C 82, 044615 (2010).

[19] Z. Q. Feng, Phys. Rev. C 83, 067604 (2011);

arXiv:1111.3590.

[20] J. Rizzo, M. Colonna, and M. Di Toro, Phys. Rev. C 72, 064609 (2011); V. Giordano, M. Colonna, M. Di Toro, V. Greco, and J. Rizzo, Phys. Rev. C 81, 044611 (2010).

[21] A. M. Lane, Nucl. Phys. 35, 676 (1962). [22] Z. Q. Feng, arXiv: 1110.1515.

[23] G. F. Bertsch and S. Das Gupta, Phys. Rep. 160, 190 (1988).

[24] L-L. Catherine and L. François, Rev. Mod. Phys. 65, 47 (1993).

[25] D. Persram and C. Gale, Phys. Rev. C 65, 064611 (2002). [26] B. A. Li and L. W. Chen, Phys. Rev. C 72, 064611 (2005). [27] H. F. Zhang, Z. H. Li, U. Lombardo, P. Y. Luo, F. Sammarruca, and W. Zuo, Phys. Rev. C 76, 054001 (2007); H. F. Zhang, U. Lombardo, and W. Zuo, ibid. 82, 015805 (2010).

[28] C. Fuchs, Amand Faessler, and M. El-Shabshiry, Phys.

Rev. C 64, 024003 (2001).

[29] A. B. Larionov, W. Cassing, S. Leupold, and U. Mosel, Nucl. Phys. A 696, 747, (2001); A. B. Larionov and U. Mosel, ibid. 728, 135 (2003).

[30] T. Caitanos, C. Fuchs, and H. H. Wolter, Phys. Lett. B 609, 241 (2005).

[31] V. Prassa, G. Ferini, T. Gaitanos, H. H. Wolter, G.

A. Lalazissis, and M. Di Toro, Nucl. Phys. A 789, 311 (2007).

[32] R. Holzmann et al., Phys. Lett. B 366, 63 (1996); ibid.

375, 359 (1996) (erratum).

FIG. 17. (Color online) The same as in Fig. 15, but for the momentum dependence of elliptic flow for semi-central collisions (b=5 fm) within the rapidity bin |y/yproj | <0.3 for the mass splittings of m^∗_n > m^∗_p (left panel) and of m^∗_n < m^∗_p (right panel), respectively.

FIG. 18. (Color online) Rapidity distributions of directed flows of charged pions in the^{197}Au+^{197}Au reaction at the incident energy of 400A MeV for the semi-central (b=6 fm) collisions with the mass splittings of m^∗_n > m^∗_p (left panel) and of m^∗_n < m^∗_p (right panel), respectively.

[33] G. Wolf, W. Cassing, and U. Mosel, Nucl. Phys. A 552,

549 (1993).

[34] P. Danielewicz and G. F. Bertsch, Nucl. Phys. A 533,

712 (1991).

[35] Q. Li, Z. Li, S. Soff, M. Bleicher, and H. Stöcker, J. Phys.

G: Nucl. Part. Phys. 32, 151 (2006).

[36] B. ter Haar and R. Malfliet, Phys. Rev. C 36, 1611

(1987).

[37] S. Huber and J. Aichelin, Nucl. Phys. A 573, 587 (1994). [38] C. Fuchs, L. Sehn, E. Lehmann et al., Phys. Rev. C 55,

411 (1997).

[39] C. Gale and J. Kapusta, Phys. Rev. C 35, 2107 (1987). [40] J. Xu, C. M. Ko, and Y. Oh, Phys. Rev. C 81, 024901

(2010).

[41] D. B. Kaplan and A. E. Nelson, Phys. Lett. B 175, 57

(1986).

[42] G. Q. Li, C.-H. Lee, and G. E. Brown, Nucl. Phys. A 625, 372 (1997); G. Q. Li and C. M. Ko, Phys. Lett. B 349, 405 (1995).

[43] F. Rami et al. (FOPI Collaboration), Nucl. Phys. A 646, 367 (1999); P. Crochet et al. (FOPI Collaboration), ibid. 624, 755 (1997); A. Andronic et al. (FOPI Collaboration), ibid. 679, 765 (2001).

[44] W. Reisdorf et al. (FOPI Collaboration), Nucl. Phys. A 781, 459 (2007).

[45] J.Y. Ollitrault, Phys. Rev. D 46 (1992) 229. [46] H. M. Xu, Phys. Rev. Lett. 67, 2769 (1991). [47] B. A. Li, Phys. Rev. C 48, 2415 (1993). [48] B. A. Li, Nucl. Phys. A 570, 797 (1994).

[49] S. A. Bass, C. Hartnack, H. Stöcker, and W. Greiner, Phys. Rev. C 51, 3343 (1995).

FIG. 19. The directed flow difference between π^+ and π^− for the hard and supersoft symmetry energies.