arXiv:nucl-th/0212102 v1 27 Dec 2002

Relativistic effects in the search for high density symmetry energy

V.Greco^{a,1}, V. Baran^{b,2}, M.Colonna^b, M.Di Toro^{b,}∗, T. Gaitanos^{b,3} and H.H. Wolter^c

aCyclotron Institute, Texas A&M Univ., College Station, USA bLaboratori Nazionali del Sud INFN, Via S. Sofia 44, I-95123 Catania, Italy and Dipartimento di Fisica, Università degli Studi di Catania cSektion Physik, Universität München, Am Coulombwall 1, D-85748 Garching, Germany

Abstract

Intermediate energy heavy ion collisions open the unique possibility to explore the Equation of State (EOS) of nuclear matter far from saturation, in particular the density dependence of the symmetry energy. Within a relativistic transport model it is shown that the isovector-scalar δ-meson, which affects the high density behavior of the symmetry energy density, influences the dynamics of heavy ion collisions in terms of isospin collective flows. The effect is largely enhanced by a relativistic mechanism related to the covariant nature of the fields contributing to the isovector channel.

The elliptic flows of nucleons and light isobars appear to be quite sensitive to microscopic structure of the symmetry term, in particular for particles with large transverse momenta, since they represent an earlier emission from a compressed source. Thus future more exclusive experiments should be able to set stringent constraints on the density dependence of the symmetry energy far from ground state nuclear matter.

Key words: symmetry energy, relativistic collisions, collective flows PACS: 21.65.+f, 25.75.Ld, 24.10.Jv

∗ ditoro@lns.infn.it 1 On leave from Laboratori Nazionali del Sud INFN, Catania, Italy and Dipartimento di Fisica, Università degli Studi di Catania, partially supported by a grant of the A.LaRiccia Foundation 2 On leave from NIPNE-HH and Bucharest University, Romania 3 On leave from Sektion Physik, Universität München, Germany, supported by the German Ministry of Education and Science, BMBW, grant 06LM981.

Preprint submitted to Elsevier Science 27 December 2002

The high density behaviour of nuclear symmetry energy E_{sym} (ρ_B) is very important for understanding many interesting astrophysical phenomena, but it is absolutely not constrained by the predictions from several relativistic and non-relativistic [1,2] models of nuclear matter. The results can be roughly classified into two groups, i.e., one where the E_{sym}(ρ_B ) rises, Asy-stiff, and one in which it falls with increasing density, Asy-soft [3]. An increasing E_{sym}(ρ_B ) leads to a more proton-rich neutron star whereas a decreasing one would make it more pure in neutron content. As a consequence the chemical composition and cooling mechanism of protoneutron stars [4,5], mass-radius correlations [8,9], critical densities for kaon condensation in dense stellar matter [6,7] as well as the possibility of a mixed quark-hadron phase [10] in neutrons stars will all be rather different. It has recently been argued by means of simple thermodynamics considerations that the onset of the quark phase has a strong sensitivity to the behaviour of E_{sym}(ρ_B) even for not very large asymmetries [11].

The search for E_{sym} (ρ_B) around saturation density has driven a lot of theoretical and experimental efforts. It seems to be rather well established that heavy-ion collisions (HIC) at cyclotron energies can give the possibility to extract some information on the symmetry term of the nuclear Equation of State (EOS) in region below and/or sligthly above the normal density [3,12,13,14,15,16]. On the other hand it is quite desirable to get information on the symmetry energy at higher density, where furthermore we cannot have complementary investigations from nuclear structure like in the case of the low density behaviour. Indeed HIC provide a unique way to create asymmetric matter at high density in terrestrial laboratories. Calculations within transport theory show that HICs around 1AGeV allow to reach a transient state of matter with more than twice the normal baryon density. Moreover, although the data are mostly of inclusive type (and the colliding nuclei not very neutron rich), quite clearly a dependence of some observables on charge asymmetry is emerging.

In this paper we show that a relativistic description of the nuclear mean field can account for an enhancement of isospin effects during the dynamics of heavy-ion collision. In particular future experiments with radioactive should be able to provide information on the vector part of isovector mean fields from collective flow analyses.

The isospin dependence of collective flows has been already discussed in a non-relativistic framework [12,17] using very different EOS with opposite behaviours of the symmetry term at high densities, increasing repulsion (asystiff) vs. increasing attraction (asy-soft). The main new result shown here, in a fully relativistic scheme, is the importance at higher energies of the microscopic covariant structure of the effective interaction in the isovector channel: effective forces with very similar symmetry terms can give rise to very different flows in relativistic heavy ion collisions.

We start from the Relativistic Mean Field (RMF ) picture of the hadronic phase of nuclear matter [18] which has been extensively used to the study of the EOS for symmetric and asymmetric matter. The RMF describes an interacting system of nucleons (described as Dirac spinors) and meson classical fields. The most common treatment of the isospin dependent part of the interaction is based on the introduction of an effective ρ-meson field (vector-isovector) which can account for the known value of symmetry energy at normal density.

However, a full description in a relativistic framework in principle should rely on the balance between a scalar and a vector field as stressed in some papers within the Hartree approximation [20,19], and as naturally accounted for within the Dirac-Hartree-Fock (DHF ) [21,22] or the Dirac-Brueckener- Hartree-Fock (DBHF ) [23] schemes. One could argue that the scalar-isovector δ meson (a_0(980)) is too heavy or that the scalar field in the isoscalar channel may be due to the two pion correlation, while there is no equivalent possibility in the isovector channel. On the other hand we stress that the vector-isovector field in the RMF effective picture has not to be viewed as coming only from the exchange of the δ meson. In fact in the nuclear system contributions to the isovector channel are mostly due to isoscalar mesons, as clearly shown by DHF or DBHF scheme [22,23,24,25], through important exchange and correlation terms. Therefore when in the following we will refer to δ field indeed we mean a δ − like field, i.e. the scalar isovector part of the effective “interaction”.

In recent years some efforts have been devoted to the effects of the scalarisovector channel in finite nuclei, [26,27,28]. Such investigations have not shown a clear evidence for the δ-field and this can be understood considering that in finite nuclei one can test the interaction properties mainly below the normal density, where the effect of the δ−channel on symmetry energy and on the effective masses is indeed small [19] and eventually could be absorbed into non linear terms of the ρ field. Moreover even studies of the asymmetric nuclear matter by means of the Fermi Liquid Theory [19] and a linear response analysis have concluded that some properties, like the borderline and the dynamical response inside the spinodal instability region, are not affected by the δ field [29].

Here we show that heavy-ion collisions around 1AGeV with radioactive beams can provide instead a unique opportunity to spot the presence of the scalar isovector channel. In fact, due to the large counterstreaming nuclear currents one may exploit the different Lorentz nature of a scalar and a vector field.

All models, including RMF , allow to use the parabolic approximation for the description of the EOS of asymmetric nuclear matter:

E(ρ_B, I) = E(ρ_B) + E_{sym} (ρ_B) I^2 (1)

Fig. 1. Total (kinetic+potential) symmetry energy as a function of the baryon density. Solid: RMF − (ρ + δ). Dashed: RMF − ρ. Short Dashed: RMF − Dρ. In the insert the density behaviour of the ρ coupling, f_ρ, for the three models is shown.

where I =^{N −Z}_A is the asymmetry parameter. When both ρ-like and δ-like channels are considered E_{sym}(ρ_B ) can be written as [19]: E_{sym}(ρ_B) = 1 6 k^2_F E^⋆_F + 1 2 f_ρ − f_δ ( M^⋆ E^⋆_F )_2 ρ_B ≡ E^{kin}_{sym} + E^{pot}_{sym} (2)

with E^⋆ = √ k^2_F + M^{⋆2}, M^⋆ the effective Dirac mass and f_{ρ,δ} = (g_{ρ,δ}/m_{ρ,δ})^2 are the coupling constants of the isovector channels.

We see that, when δ is included, the observed a_4 = E_{sym} (ρ_0) value actually assigns the combination [f_ρ − f_δ(^{M ⋆}_{E⋆F} )^2] of the (ρ, δ) coupling constants, for futher details see ref.[19]. In Fig.1 we report the density dependence of the symmetry energy for three different models: one including only the ρ field (RMF − ρ), the other with (ρ + δ) fields (RMF − (ρ + δ)) and the last, (RMF − Dρ), including only ρ field but with a covariant density dependence of f_ρ, see ref. [26,30]. This is tuned just to give at high density the same

E_{sym}(ρ_B ) of the the (RMF − (ρ + δ)) case. As shown in the following, the latter is useful for disentagling in the reaction dynamics the effects due to the difference in E_{sym}(ρ_B ) from those directly linked to the strenght of the ρ vector field.

Thus these models parametrize the isovector mean field either by only the vector field with f_ρ = 1.1fm^2, or with a balance between a vector field with f_ρ = 3.3fm^2 and a scalar one with f_δ = 2.4fm^2, or finally by a normal density coupling f_ρ(ρ_0) = 1.1fm^2, but with an increasing density dependence as shown in Fig.1 (insert). We stress again that in RMF −(ρ+δ) the symmetry energy is coming from a balance between a scalar attraction, (δ − like), and a vector repulsion, (ρ − like), which is now roughly three times larger than in the RMF − ρ case.

The choice of f_δ is fixed relatively well by DBHF [23] and DHF [22] calculations. Therefore the effect described in the following is not artificially enhanced, but based on a reliable estimate available at the moment.

Collective flows in heavy ion collisions give important information on the dynamic response of excited nuclear matter [31,32]. In particular the protonneutron differential flow F^{pn}(y) [17] has been found to be a very useful probe of the isovector part of the EOS sine it appears rather insensitive to the isoscalar potential and the in medium nuclear cross section. The definition of the F^{pn}(y) is

F^{pn}(y) ≡ 1 N(y) N (y)∑

i=1 p_{xi} τ_i (3)

where N(y) is the total number of free nucleons at the rapidity y, p_{xi} is the transverse momentum of particle i in the reaction plane, and τ_i is +1 and -1 for protons and neutrons, respectively.

For the theoretical description of heavy ion collisions we solve the covariant transport equation of the Boltzmann type within the Relativistic Landau Vlasov (RLV ) method [33] (for the Vlasov part) and applying a Monte-Carlo procedure for the collision term. RLV is a test particle method using covariant Gaussians in phase space for the test particles. The collision term includes elastic and inelastic processes involving the production/absorption of the Δ(1232MeV ) and N^∗(1440MeV ) resonances as well as their decays into one- and two-pion channels. Details about the used cross sections for all possible channels can be found in Ref. [34]. An explicit isospin-dependent Pauli blocking term for the fermions is employed. Asymmetry effects are suitably accounted for in a self-consistent way with respect for the RMF models discussed above.

A typical result for the^{132}Sn +^{132} Sn reaction at 1.5AGeV (semicentral collisions) is shown in Fig.2. We notice that the differential flow in case of the RMF − (ρ + δ) (full circles and solid line) presents a stiffer behaviour relative to the RMF − ρ (open circles) model, as expected from the more repulsive symmetry energy E_{sym}(ρ_B) at high baryon densities, see Fig.1. On the other hand it is quite surprising that a relatively small difference at 2ρ_0 can result in a such different collective flows. Indeed, we will see below that this is not the whole story.

We have repeated the calculation using the RMF − Dρ interaction, i.e. with only a ρ contribution but tuned to reproduce the same EOS of the RMF − (ρ + δ) case. The results, short-dashed curve of Fig.2, are very similar to the ones of the RMF −ρ interaction. Therefore we can explain the large flow effect as mainly due to the different strengths of the vector-isovector field between RMF − (ρ + δ) and RMF − ρ, Dρ in the relativistic dynamics. In fact if a source is moving the vector field is enhanced (essentially by the local γ Lorentz factor)[36] relative to the scalar one.

In order to get the idea we write down, for an idealized situation, the “force” acting on a particle. From the isovector part of the interaction we get d⃗p^∗_i dτ = ±f_ρ E^∗_i M^∗_i ⃗∇ρ_3 ∓ f_δ ⃗∇ρ_{S3} (4)

for protons and (upper signs), respectively neutrons (lower signs). ⃗p^∗ is the effective momentum, τ the particle proper time (averaged) and ρ_3 = ρ_p−ρ_n the isovector baryon density (correspondingly ρ_{S3} the scalar one). Here we have simplified the problem neglecting the contribution from the current gradient in the transverse direction and the current derivative with respect to time. We are interested in the difference between the force acting on a neutron and on a proton, respectively. Oversimplifying the HIC dynamics we consider locally neutrons and protons with the same γ factor (i.e. with the same speed). Then Eq.4 can be expressed approximately by the following transparent form (ρ_{S3} =^{M ∗}_{E∗} ρ_3): d⃗p^∗_p dτ − d⃗p^∗_n dτ ≃ 2 [ γf_ρ − f_δ γ ] ⃗∇ρ_3 (5)

where γ is the Lorentz factor for the collective motion of a given ideal cell.

Keeping in mind that RMF − (ρ + δ) has a three times larger ρ field it is clear that dynamically the vector-isovector mean field acting during the HIC is much greater than the one of the RMF − ρ, Dρ cases. Then the isospin effect is mostly caused by the different Lorentz structure of the “interaction” which results in a dynamical breaking of the balance between the ρ vector and δ scalar fields, present in nuclear matter at equilibrium. This effect is analogous to the interplay between the isoscalar vector- and scalar-fields which is seen in the magnitude and energy dependence of the real part of the optical potential, ref. [37].

Fig. 2. Proton-neutron differential collective flow in the^{132}Sn +^{132} Sn reaction at 1.5 AGeV b=6fm for the three different model for the isovector mean fields. Full circles and solid line: RMF − (ρ + δ). Open circles and dashed line: RMF − ρ. Stars and short dashed line : RMF − Dρ.

In order to characterize the effect on differential collective flows we have calculated the slope dF^{pn}(y)/d(y/y_{proj}) at mid-rapidity. Its value is 46.7Mev/c for RMF − (ρ + δ) and 23.4MeV/c for RMF − ρ, i.e. a factor two difference.

We have also performed some calculations at lower beam energies. We have found that up to 500AMeV there is no valuable difference in the differential flow predictions among the models discussed here. The effect coming from the strength of ρ field starts to become important around 1AGeV , as expected from the relativistic mechanism.

Another interesting observable is the elliptic flow v_2(y, p_t), which is derived as the second coefficient from a Fourier expansion of the azimuthal distribution N(ϕ, y, p_t) = v_0(1 + v_1cos(ϕ) + 2v_2cos(2ϕ)). It can be expressed as

v_2 =< p^2_x − p^2_y p^2_t > where p_t = √ p^2_x + p^2_y is the transverse momentum [35,38].

Fig. 3. Difference between neutron and proton elliptic flow as a function of the transverse momentum in the^{132}Sn +^{132} Sn reaction at 1.5 AGeV b=6fm in the rapidity range −0.3 ≤ y/y_{proj} ≤ 0.3. Full circles and solid line: RMF − (ρ + δ). Open circles and dashed line: RMF − ρ. Stars and short dashed line: RMF − Dρ.

A negative value of v_2 corresponds to the emission of matter perpendicular to the reaction plane, sqeeze − out flow. The p_t-dependence of v_2, which has been recently investigated by various groups [38,39,37], is very sensitive to the high density behavior of the EOS since highly energetic particles (p_t ≥ 0.5) originate from the initial compressed and out-of-equilibrium phase of the collision, see e.g. Ref. [37].

For our purpose we focus on the proton-neutron difference of the elliptic flow. From Fig.3 we see that in the (ρ + δ) dynamics the high-p_t neutrons show a much larger squeeze − out. This is fully consistent with an early emission (more spectator shadowing) due to the larger repulsive ρ-field. We can expect this large effect since the relativistic enhancement discussed above is relevant just at the first stage of the collision. The v_2 observable, which is a good chronometer of the reaction dynamics, appears to be particularly sensitive to the Lorentz structure of the effective interaction.

In conclusion intermediate energy heavy-ion collisions with radioactive beams can give information on the symmetry energy at high baryon density and on its detailed microscopic structure. We have shown that such experiments provide a unique tool to investigate the strength of the δ field. The sensitivity is enhanced relative to the static property E_{sym}(ρ_B ) because of the more fundamental covariant nature of the fields involved in HIC dynamics.

Collective flows observables are found to be sensitive to isospin effects. Due to the time selectivity on the emitted particles the elliptic flow measurements appear to be the most appealing, especially for nucleons and light isobars at high transverse momentum.

References

[1] Isospin Physics in Heavy-ion Collisions at Intermediate Energies, Eds. Bao-An Li and W. Udo Schroeder, ISBN 1-56072-88-4, Nova Science Publishers, Inc. (2001, New York).

[2] B.Friedam et al., Nucl.Phys. A361, 502 (1981);

B.ter Haar and R. Malfliet, Phys. Rev. Lett. 59, 1652 (1987); H. Muther,M. Praksh and T.L. Ainsworth, Phys. Lett B199, 469 (1987); I. Bombaci and U. Lombardo, Phys. Rev. C44, 1892 (1991); H. Huber, F. Weber and M.K. Weigel, Phys. Rev. C57, 3484 (1998); C.H. Lee, T.T.S. Kuo, G. Q. Li and G.E. Brown, Phys. Rev. C57, 3488 (1998); W. Zuo, I. Bombaci and U. Lombardo, Phys. Rev. C60, 24605 (1999).

[3] M.Colonna, M.Di Toro, G.Fabbri and S. Maccarone, Phys.Rev. C57, 1410 (1998).

[4] J.M. Lattimer et al., Phys. Rev. Lett. 66, 2701 (1991).

[5] K. Sumiyoshi and H. Toki, Astro. Phys. Journal 422, 700 (1994).

[6] C.-H. Lee, Phys. Rep. 275, 255 (1996) and references there in.

[7] S. Kubis and M. Kutschera, Acta Phys. Polon. B30, 2747 (1999).

[8] M. Prakash, T.L. Ainsworth and J.M. Lattimer, Phys. Rev. Lett. 61, 2518 (1988).

[9] L. Engivik at al., Phys. Rev. Lett. 73, 2650 (1994).

[10] M. Kutschera and J. Niemic, Phys. Rev. C62, 025802 (2000)

[11] M.Di Toro, A. Drago, V. Greco and A. Lavagno, Isospin Dependence of the Critical Quark-Deconfinement Densities, arXiV:nucl-th/0210052.

[12] L.Scalone, M. Colonna, M. Di Toro, Phys. Lett. B461, 9 (1999).

[13] B.A. Li, C. M. Ko and W. Bauer, topical review, Int. Jou. Mod. Phys. E7, 147 (1998).

[14] B.A. Li et al., Phys. Rev. Lett. 82, 5004 (1999).

[15] V.Baran, M.Colonna, M.Di Toro and V.Greco, Phys.Rev.Lett. 86 4492 (2001).

[16] M. Di Toro et al.,Nucl. Phys. A681, 426c (2001); V. Baran, M. Colonna, V.

Greco, M. Di Toro, M.Zielinska Pfabé and H.H. Wolter, Nucl. Phys. A703, 603 (2002).

[17] B. A. Li,Phys. Rev. Lett. 85, 4221 (2000).

[18] B. D. Serot and J. D. Walecka, in Advances in Nuclear Physics, edited by J.

W. Negele and E. Vogt ( Plenum, New York, 1986 ) Vol. 16; Int. J. Mod. Phys. E 6, 515 (1997).

[19] B.Liu, V.Greco, V.Baran, M.Colonna and M.Di Toro, Phys.Rev. C65, 045201 (2002).

[20] S.Kubis and M.Kutschera, Phys.Lett. B399, 191 (1997).

[21] V. Greco, F. Matera, M. Colonna, M. Di Toro and G. Fabbri, Phys. Rev. C 63, 035202 (2001).

[22] V.Greco, M.Colonna, M.DiToro, G.Fabbri and F.Matera, Phys.Rev. C64, 045203 (2001) [23] F.Hofmann, C.M. Keil and H.Lenske, Phys.Rev. C64, 034314 (2001). [24] F. Matera and V. Yu. Denisov, Phys. Rev. C 49, 2816 (1994). [25] M. Lopez-Quelle, S. Marcos, R. Niembro, A. Boussy and N. Van Giai, Nucl.

Phys. A483, 479 (1988) [26] S. Typel and H.H. Wolter, Nucl. Phys. A656, 331 (1999). [27] R.J.Furnstahl and B.D.Serot, Nucl.Phys. A671, 447 (2000). [28] J.Buevernich, D.G.Madland, J.A.Marhun and P.G.Reinhard, Phys.Rev. C65, 044308 (2002).

[29] V. Greco, M. Colonna, M. Di Toro, F. Matera, Collective Modes of Asymmetric Nuclear Matter in Quantum Hadro-Dynamics, arXiV:nucl-th/0205046, Phys. Rev. C in press.

[30] Ch. Fuchs, H. Lenske and H.H. Wolter, Phys. Rev. C52, 3043 (1995). [31] H. Stoecker, W. Greiner, Phys. Rep. 137 277 (1986). [32] S. Das Gupta, Physics Today 46 34 (1993). [33] C. Fuchs, H.H. Wolter, Nucl. Phys. A589, 732 (1995). [34] S. Huber, J. Aichelin, Nucl. Phys. A573, 587 (1994). [35] J.Y. Ollitrault, Phys. Rev. D46, 229 (1992). [36] Apart from small corrections due to the Lorentz force.

[37] T. Gaitanos, C. Fuchs, H.H. Wolter, Amand Faessler, Eur. Phys. J. A12, 421 (2001).

[38] P. Danielewicz, Nucl. Phys. A673, 375 (2000).

[39] P. Danielewicz, R. Lacey, W.G. Lynch, Science 298, 1592 (2002).

A.B. Larionov, W. Cassing, C. Greiner, U. Mosel, Phys. Rev. C62, 064611 (2000).