arXiv:hep-ph/0105024 3 May 2001

Chiral Transition and the Scalar and Vector Correlations

Teiji Kunihiro Yukawa Institute for Theoretical Physics, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

May 3, 2001

Abstract

The properties of the scalar and vector correlations in the hot and/or dense hadronic matter close to chiral transition are discussed. Presuming that the linear realization of chiral symmetry will become appropriate at least near the critical point, we argue that the strength function in the I = J = 0 channel will soften near the critical point, and the sigma meson will accordingly become a clearer resonance in hot and/or dense medium than in the free space. It is shown that the steep rise of the baryon-number susceptibility ≻B around the critical point seen in the lattice simulations may suggest that the interactions between quarks in the vector channel become week near the critical point; this implies that the peculiar behavior of the ≻B does not necessarily imply a proliferation of baryons and antibaryons (Skyrmions) which is though a natural scenario of chiral transition in the non-linear realization of chiral symmetry.

1 The sigma meson and the soft modes

Chiral transition is a phase transition of the QCD vacuum with ⟨q̄q⟩ being the order parameter. When exploring a phase transition in any physical system, the study of fluctuations of physical quantities, especially ones related to the order parameter is as important as that of the phase diagram for the system in equilibrium. The fluctuations of observables are also related with dynamical phenomena such as the transport properties of the system.

If a phase transition is of 2nd order or weak 1st order, there exist soft modes, which are the fluctuations of the order parameter as is well known in condensed matter physics[1] and nuclear physics [2]. For the chiral transition, the fluctuation of the order parameter ⟨(q̄q)^2⟩ is a scalar-isoscalar meson which one calls the σ-meson. The σ meson may become the soft mode of chiral transition at T ≠ 0 and/or ρ_B ≠ 0[3, 4]. In fact, the existence of the sigma meson as the quantum fluctuation of the order parameter of the chiral transition is still controversial[5], though the recent active studies on the phase-shift analysis of the π-π scattering in the I = J = 0 channel, i.e., the sigma channel, have been confirming the existence of the pole deep in the second Riemann sheet with the real part ranging from 400 MeV to 800 MeV [6, 7]. If this pole is identified with the quantum fluctuation of the amplitude of the chiral condensate, it may imply that the linear realization of chiral symmetry is appropriate in the resonance energy region, although the chiral perturbation theory based on the non-linear chiral Lagrangians[8] works well in the rather low-energy region.

The first half of this report is concerned with the sigma meson and the precursory soft modes for chiral transition in nuclear medium, and is essentially a recapitulation of the talk presented at Tohoku university, a week before of the present workshop; the manuscript for the proceedings is now on the net[9]. Referring to the above proceedings for the detail of the content, here I only give a brief summary of the report and some comments:

(1) The existence of the σ meson as the quantum fluctuation of the order parameter of the chiral transition accounts for various phenomena in hadron physics which otherwise remain mysterious[10, 4, 11].

(2) There have been accumulation of experimental evidence of a low-mass pole in the σ channel in the pi-pi scattering matrix[6]. It should be emphasized that for obtaining this result, it is essential to respect chiral symmetry, analyticity and crossing symmetry even in an approximate way as in the N/D method[12].

(3)Partial restoration of chiral symmetry in hot and dense medium leads to an enhancement in the spectral function in the σ channel near the 2m_π threshold[13]. Such an enhancement has been observed in the reaction A(π^+, (π^+π^−)_{I=J=0})A^′

by CHAOS collaboration[14], which might be an experimental evidence of the partial restoration of chiral symmetry in heavy nuclei[16, 17]: The conventional approach without incorporating a partial restoration of chiral symmetry in the nuclear medium[18] failed to reproduce the CHAOS data.

(4) The spectral enhancement near the 2m_π threshold in the σ channel is predicted irrespective of the linear and nonlinear realization of chiral symmetry provided that the possible reduction of the quark condensate or f_π is taken into account[19].

(5) One should confirm that the near 2m_π -threshold enhancement observed in the (π^+, π^+π^−) reactions by CHAOS collaboration is surely due to a partial restoration of chiral symmetry in nuclear medium by other means[16]. For this purpose, the strength function in the σ channel in the wider two-dimensional (ω, q) plane should be measured. To obtain such strength functions in the (ω, q) plane, various nuclear and electro-magnetic probes as well as heavy-ion collisions should can be utilized; for instance, photo- or electro-production[11] of the σ as well as the production by (d,^3He) and (d, t) reactions are interesting [16, 20].

(6) Such experiments with nuclear targets for exploring the possible restoration of chiral symmetry in nuclear medium will automatically give clearer confirmation of the existence of the σ meson than is done in the free space.

(7) It should be emphasized that in any hadronic medium where the baryon density is finite, there arises a scalar-vector mixing[21, 11, 22], σ ↔ γ, ω, as is familiar in the σ-ω model[23], which may cause a possible softening of the spectral functions at finite three momenta q, even in the vector channel, due to the softening of that in the sigma channel associated with the partial restoration of chiral symmetry in the hadronic medium. Such a softening may reflect in the spectral functions extracted in any experiment to try to see the spectral functions in the vector channel by seeing the lepton pairs from heavy-ion collisions such as CERES/NA45[24], proton-[25], electro- or gamma-nucleus reactions and so on.

(8) The formation of σ mesic nuclei by (d,^3He) and (d, t) reactions are proposed as was done to produce the deeply-bound pionic atoms[20]. To identify the σ meson and the spectral function in that channel, detecting 2π^0 and lepton pairs with q ≠ 0 are interesting[11].

2 Enhancement of the baryon-number susceptibility and the density fluctuations

The discussions in the preceding section put an emphasis on the sigma meson as a quantum fluctuation of the amplitude of the order parameter; this presumed that the linear realization of the chiral symmetry is appropriate at least near the critical point. I personally take it for granted that the linear realization is natural at least in the vicinity of the chiral critical point.

Nevertheless some stick to the nonlinear realization even in the vicinity of the critical point of the chiral transition. If the non-linear realization is appropriate even in the vicinity of the critical point, the chiral restoration might be associated with an anomalous proliferation of the baryons and the anti-baryons as Skyrmions and anti-Skyrmions near the critical point at finite temperature[26], which may account for a steep rise of the baryon-number susceptibility, χ_B [27] obtained in the lattice simulations[28, 29].

It has also been suggested that the vector-realization [30, 31], which is based on the non-linear sigma model with the vector mesons incorporated based on the ansatz of the hidden-local symmetry[32] and similar to the Georgi’s vector limit[33], could be realized; then the decrease of the vector meson masses was conjectured[31].

In the second half of the present report, I showed that the baryon-number susceptibility give some information on the vector correlations at finite temperature[22], thereby the steep rise of χ_B seen in the lattice simulations may be accounted for without sticking to the non-linear realization of chiral symmetry.

The baryon-number susceptibility χ_B is the measure of the response of the baryon number density

ρ_B = ∑ ı=1∼Nf ρ_i

to infinitesimal changes in the quark chemical potentials μ_i [27, 22]:

χ_B(T, μ) = [^{Nf}∑ i=1 ∂ ∂μ_i ] ( Nf∑ i=1 ρ_i) = ⟨⟨N^2_B ⟩⟩/V T, (1)

where N_B is the baryon-number operator given by N_B ≡ ∑_{Nf} i=1 N_i, with

ρ_i = TrN_i exp[−β(H − ∑ i=u,d μ_iN_i)]/V ≡ ⟨⟨N_i⟩⟩/V (2)

the i-th quark-number density, V the volume of the system and β = 1/T .

It is readily recognized that χ_B is the density-density correlation which is nothing but the 0-0 component of the vector-vector correlations[22];

χ_B(T, μ_q ) = β ∫ dxS_{00}(0, x), (3)

where S_{μν} (t, x) = ⟨⟨j_μ(t, x)j_ν (0, 0)⟩⟩, with j_μ(t, x) = q̄(t, x)γ_μq(t, x) being the current operator. Using the fluctuation-dissipation theorem, one has

χ_B(T, μ_q ) = − lim_{k→0} L(0, k), (4)

where L(ω, k) is the longitudinal component of the retarded Green’s function or the response function in the vector channel; R_{μν}(ω, k) = F.T.(−iθ(t)⟨⟨[j_μ (t, x), j_ν (0, 0)]_−⟩⟩). These formula clearly show the relevance of the vector correlations to the baryon-number susceptibility.

I also discussed the density fluctuations around the critical point of the chiral transition at finite temperature T and baryon density ρ_B . We notice that the baryon-number susceptibility at ρ_B ≠ 0 is related with the (iso-thermal) compressibility of the system [22], κ_T ≡ −N^{−1}_B (∂V /∂μ)_{T,NB} = χ_B ρ^2

, (5)

which tells that if χ_B is large and so is the density fluctuation, the system is easy to compress. One can then see that the stronger interaction in the vector channel suppress χ_B .

This part was largely based on a previous report by myself[34], so I only give a brief summary of this part here, referring to [34] for the details:

(1) The baryon-number susceptibility χ_B as an observable which reflects the confinement-deconfinement and the chiral phase transitions in hot and/or dense hadronic matter[27].

(2) The suppression of χ_B at low temperatures and steep rise around the critical temperature as shown in the lattice QCD may be roughly attributed to the confinement-deconfinement transition[29]. Nevertheless such a behavior of χ_B is also affected by the chiral transition[22].

(3) Noting that χ_B is a measure of the rate of the density fluctuation in the system, one can see that the chiral transition at finite chemical potential especially leads to an interesting phenomenological consequence to χ_B. When the vector coupling is small, the chiral transition at low temperatures is of first order in the density direction[35, 36, 37]. This implies a divergent behavior of χ_B , accordingly a huge density fluctuations[34].

(4) A large enhancement of the fluctuation can be also expected for the scalar density fluctuations due to the scalar-vector mixing at finite density mentioned above[22, 34]. Such a large enhancement may leads to an enhancement of the sigma-meson production due to the scalar-vector mixing at finite density. The above phenomena all have relevance to experiments to be done in RHIC and LHC[38, 39].

(5) The nature of the chiral transition as to the first order or not etc is sensitively dependent on the strength of the vector coupling[35]. An analysis of the lattice data suggests that the vector coupling is small in comparison with the scalar coupling at high temperature[22, 40].

(6) The susceptibility χ_B is nothing but the generalized susceptibility χ(ω, k) at ω = k = 0. One should examine χ(ω, k) in the whole region of ω and k to get more information about the vector correlations and the density fluctuations theoretically and experimentally.

Acknowledgments

I thank the organizers of this symposium for inviting me to the symposium which was organized to celebrate the retirement of Prof. I.-T. Cheon from Yonsei University. I was very much pleased that I had a chance to present a talk at such a memorable symposium. Some part of this report is based on the works done in collaboration with T. Hatsuda, D. Jido and H. Shimizu, to whom I am grateful. This work is partially supported by the Grants-in-Aid of the Japanese Ministry of Education, Science and Culture (No. 12640263 and 12640296).

References

[1] See e.g., P. W. Anderson, Basic Notion of Condensed Matter Physics (Benjamin, California, 1984).

[2] See e.g., P. Ring and P. Schuck, The Nuclear Many-Body Problem, p. 450, (Springer-Verlag 1980); see also, T. Kunihiro, Prog. Theor. Phys. 65, 1098 (1981), where it is suggested that spin-dependent isovector giant resonances with higher angular momenta could be precursory soft modes for the pion condensation in finite nuclei.

[3] T. Hatsuda and T. Kunihiro , Phys. Lett. B145, 7 (1984); Prog. Theor. Phys. 74, 765 (1985);

Phys. Rev. Lett. 55, 158 (1985); Phys. Lett. B185, 304 (1987).

[4] T. Hatsuda and T. Kunihiro ,Phys. Rep. 247, 221(1994).

[5] See for example, T. Kunihiro, hep-ph/0009116, contained in [6].

[6] The proceedings of Workshop at Yukawa Institute for Theoretical Physics, “Possible Existence of the σ-meson and Its Implications to Hadron Physics”, KEK Proceedings 2000-4, (December, 2000), ed. by S. Ishida et al.

[7] N. A. Törnqvist and M. Roos, Phys. Rev. Lett. 76, 1575 (1996); M. Harada, F. Sannino and J.

Schechter, Phys. Rev. D54, 1991 (1996); S. Ishida et al., Prog. Theor. Phys. 98, 1005 (1997); J. A. Oller, E. Oset and J. R. Peláez, Phys. Rev. Lett. 80, 3452 (1998); K. Igi and K. Hikasa, Phys. Rev. D59, 034005 (1999).

[8] J. Gasser and H. Leutwyler, Nucl. Phys. B250, 465 (1985).

[9] T. Kunihiro, the proceedings for LNS International Workshop on Physics with GeV electrons and γ-rays, Feb. 13 - 15, 2001, nucl-th/0103056; see also [11].

[10] V. Elias and M. D. Scadron, Phys. Rev. Lett. 53, 1129 (1984).

[11] T. Kunihiro, Prog. Theor. Phys. Supple. 120, 75 (1995); nucl-th/0006035; nucl-th/9604019;

hep-ph/9905262.

[12] K. Igi and K. Hikasa, Phys. Rev. D59, 034005 (1999);

J. A. Oller, E. Oset and J. R. Peláez, Phys. Rev. Lett. 80, 3452 (1998). [13] S. Chiku and T. Hatsuda, Phys. Rev. D58, 076001 (1998);

M. K. Volkov, E. A. Kuraev, D. Blaschke, G. Roepke and S. M. Schmidt, Phys. Lett. B424, 235 (1998).

[14] F. Bonutti et al. (CHAOS Collaboration), Phys. Rev. Lett. 77, 603 (1996); Nucl. Phys. A677, (2000), 213. The experminet was motivated to explore the possible strong pi-pi correlations in the nuclear medium[15].

[15] P. Schuck, W. Norönberg and G. Chanfray, Z. Phys. A330, 119(1988); G. Chanfray, Z. Aouissat, P. Schuck and W. Nörenberg, Phys. Lett. B256, 325 (1991).

[16] T. Hatsuda, T. Kunihiro and H. Shimizu, Phys. Rev. Lett. 82, 2840 (1999). [17] Z. Aouissat, G. Chanfray, P. Schuck and J. Wambach, Phys. Rev. C61, 012202 (2000); D. Davesne, Y. J. Zhang and G. Chanfray, Phys. Rev. C62, 024604(2000).

[18] R. Rapp et al, Phys. Rev. C 59, R1237 (1999); M. J. Vicente-Vacas and E. Oset, Phys. Rev.

C60, 064621 (1999).

[19] D. Jido , T. Hatsuda and T. Kunihiro, Phys.Rev. D63,011901 (2000).

[20] S. Hirenzaki, T. Hatsuda, K. Kume, T. Kunihiro, H. Nagahiro, Y. Okumura, E. Oset, A. Ramos, H. Toki, Y.Umemoto Nucl.Phys. A663, 553 (2000).

[21] H. A. Weldon, Phys. Lett. B274, 133 (1992) [22] T. Kunihiro, Phys. Lett. B271, 395 (1991).

[23] B. D. Serot and J. D. Walecka, Adv. Nucl. Phys. 16, 1 (1986).

[24] CERES Collaboration, Phys. Rev. Lett. 75, 1272 (1995); Phys. Lett. B422, 405 (1998); Nucl.

Phys. A638, 159c, (1998).

[25] K. Ozawa et al, nucl-ex/0011013. [26] C. DeTar, Phys.Rev. D42,224 (1990) [27] L. McLerran, Phys. Rev. D36, 3291(1987).

[28] S. Gottlieb, W. Liu, D. Toussaint, R. L. Renken and R. L. Sugar, Phys. Rev. Lett. 59, 2247 (1987); Phys. Rev. D38, 2888 (1988); R. V. Gavai, J. Potvin and S. Sanielevici, Phys. Rev. D40, 2743(1989); see [29] for recent lattice data.

[29] C. DeTar, in Quark Gluon Plasma 2 ed. by R.C. Hwa (World Scientific 1995). [30] M. Harada and K. Yamawaki, Phys. Rev. Lett. 86, 757 (2001).

[31] G.E. Brown and M. Rho, nucl-th/0101015, hep-ph/0103102.

[32] M. Bando, T. Kugo, S. Uehara, K. Yamawaki and T. Yanagida, Phys. Rev. Lett. 54, 1215 (1985);

M. Bando, T. Kugo and K. Yamawaki, Phys. Rept. 164,217 (1988).

[33] H. Georgi, Phys.Rev.Lett. 63, 1917 (1989); Nucl.Phys. B331, 311 (1990).

[34] T. Kunihiro, the proceedings for International Symposium on Quantum Chromodynamics (QCD) and Color Confinement (Confinement 2000), Osaka, Japan, 7-10 Mar 2000, ed. by H. Suganuma, M. Fukushima and H. Toki, hep-ph/0007173.

[35] Y. Asakawa and K. Yazaki, Nucl. Phys. A504, 668 (1989); M. Lutz, S. Klimt and W. Weise, Nucl.

Phys. A542, 521 (1992) and references cited therein. See also, T.M. Schwarz, S.P. Klevansky, G. Papp, Phys.Rev.C60, 055205 (1999); T. Kunihiro, Nucl. Phys. B351, 593 (1991).

[36] T. Schaefer and E. Shuryak, Rev. Mod. Phys. 70, 323 (1998), and the references cited therein.

[37] As a review, J.I.M. Verbaaschot and T. Wettig, hep-ph/0003017, to be published in Ann. Rev.

Nucl. Part. Sci.

[38] K. Kumagai, O. Miyamura and T. Sugitate, the proceedings of the International Mini-symposium on High-Energy Heavy-Ion Reactions, 2-4 March, 1992, Hiroshima Univ., ed. by Y. Sumi.

[39] M. Stephanov, K. Rajagopal and E. Shuryak, Phys. Rev. Lett. 81, 4816 (1998);

G. Baym and H. Heiselberg, Phys. Lett.B 469, 7(1999); S. Gavin, nucl-th/9908070.

[40] G. Boyd, S. Gupta, F. Karsch and E. Laermann, hep-lat/9405006.