hep-ph-9911451

FIUN-CP-99/2

Dispersion relations at finite temperature and density for nucleons and pions

R. Hurtado^1 Department of Physics, University of Wales Singleton Park, Swansea, SA2 8PP, United Kingdom

J. Morales^1 and C. Quimbay^1 Departamento de Física, Universidad Nacional de Colombia Ciudad Universitaria, Santafé de Bogotá, D.C., Colombia

November 21, 1999

To be published in Heavy Ion Physics

Abstract

We calculate the nucleonic and pionic dispersion relations at finite temperature (T ) and non-vanishing chemical potentials (μ_f ) in the context of an effective chiral theory that describes the strong and electromagnetic interactions for nucleons and pions. The dispersion relations are calculated in the broken chiral symmetry phase, where the nucleons are massive and pions are taken as massless. The calculation is performed at lowest order in the energy expansion, working in the framework of the real time formalism of thermal field theory in the Feynman gauge. These one-loop dispersion relations are obtained at leading order with respect to T and μ_f . We also evaluate the effective masses of the quasi-nucleon and quasi-pion excitations in thermal and chemical conditions as the ones of a neutron star.

Keywords: Chiral Lagrangians, Dispersion Relations, Finite Temperature, Chemical Potentials, Nucleons, Pions.

1Associate researchers of Centro Internacional de Física, Santafé de Bogotá, D.C., Colombia. E-mails: johnmo@ciencias.ciencias.unal.edu.co, carloqui@ciencias.ciencias.unal.edu.co

1 Introduction

Effective chiral theories have become a major conceptual and analytical tool in particle physics driven by the need of a theory to describe the low–energy phenomenology of QCD. The foundations were formulated originally by Weinberg [1] to characterise the most general S-matrix elements for soft pion interactions and later it was further developed by Gasser and Leutwyler [2]. Effective chiral theories have shown to be an adequate framework to treat low–energy phenomenology [3]-[6], as they reproduce, at lowest order in the chiral expansion, the most important results from current algebras including the low–energy theorems, and at next-to-leading order, they give precise corrections to these results [3]. They have been widely applied to different problems as meson–meson, meson–baryon, photon–photon, photon–meson and photon–baryon scattering, photoproduction processes and rare kaon decays [7, 18].

The propagation properties of relativistic particles in plasmas at finite temperature is also a subject of increasing interest. It is well known that the interaction of a particle with a plasma in thermal equilibrium at temperature T modifies the Dispersion Relations (DR) with respect to the zero temperature situation. This phenomenon has been extensively investigated for the non-dense plasma case [19]-[30], i.e. when the chemical potential (μ_f ) associated to the fermions of the thermal plasma is equal to zero: μ_f = 0 and T ≠ 0. In this case the Fermionic Dispersion Relations (FDR) have been studied for massless fermions in [19]-[22] and massive fermions in [23]-[30]. The FDR describe the propagation of the fermionic excitations of the plasma (quasifermions and quasi-holes) through the thermal background. These excitations are originated in the collective behaviour of the plasma system at low momentum.

On the other hand, DR describing the propagation of the fermionic excitations of a dense plasma at finite temperature can be found in literature [31]-[35]. For the dense plasma case at finite temperature, i.e. μ_f ≠ 0 and T ≠ 0, the FDR have been calculated both for massless fermions in [31]-[34] and for massive fermions in [35]. These FDR have been calculated in the context of realistic physical models, as for instance, the Minimal Standard Model [29, 34].

In the present work we calculate the DR for quasi–nucleons and quasi–pions propagating in a plasma at finite temperature and non–vanishing chemical potentials. The calculation is performed for a SU(2)_L × SU(2)_R effective chiral Lagrangian with the chiral symmetry broken into SU(2)_{L+R}. This Lagrangian, which we introduce in section 2, describe the strong and electromagnetic interactions of massive nucleons and massless pions. The calculation is performed using the real time formalism of the thermal field theory [36]-[38] in the Feynman gauge. The one–loop DR are calculated at lowest order in the energy expansion and obtained taking the T^2 and μ^2_f terms from the self–energy, as shown in section 3. As an application of the DR obtained, we evaluate the effective masses of the quasi–nucleon and quasi–pion excitations taking the following values: T =150 MeV, μ_p=100 MeV and μ_n = 2μ_p, being μ_p(μ_n) the chemical potential for protons (neutrons) [43]. This evaluation is shown in section 4, as well as the discussion of the main results and conclusions.

2 Effective chiral Lagrangian at leading order in the energy expansion

Effective chiral theories are founded in the existence of an energy scale Λ_χ at which chiral symmetry SU(N_f )_L × SU(N_f )_R, with N_f the number of flavours, breaks into SU(N_f )_{L+R} leading to N^2_f − 1 Goldstone bosons associated to the N_f broken generators. These Goldstone bosons are identified with the meson ground state octet for N_f = 3, and with the triplet of pions [2, 6] in the case of N_f = 2. The chiral symmetry of the Lagrangian is broken through the introduction of an explicit mass term for the nucleons.

A general form for a Lagrangian with SU(2)_{L+R} symmetry describing the strong and electromagnetic interactions for massive nucleons and massless pions is [39, 40]: L = F^2_π 4 T r [ D_μΣD^μΣ^† ] + L_{πN} − 1 4 F_{μν} F^{μν} , (2. 1)

where L_{πN} = N̄iγ^μ∂_μN − ieN̄γ^μA_μ (1 + τ_3 2 ) N + MN̄ N + iMg_AN̄ γ_5 τ · π 2F_π N + Mg^2_AN̄ ( τ · π 2F_π )_2 N + ..., (2. 2) with

F_{μν} = ∂_μA_ν − ∂_ν A_μ, (2. 3) Σ = e^{i τ ·πF}π , (2. 4)

where the covariant derivative and electromagnetic charge are defined as

D_μΣ = ∂_μΣ + ieA_μ[Q, Σ], (2. 5) Q = (_2 3 0 0^{−1}_3 ) . (2. 6)

Here π, N and A_μ represent the pion, nucleon and electromagnetic fields, F_π =93 MeV is the pion decay constant, e is the electromagnetic coupling constant, g_A = 1.26 is the axial coupling constant, and M is the average nucleon mass.

3 Dispersion relations for nucleons and pions

In this section we calculate the DR for nucleons and pions in the framework of the Lagrangian given by (2. 1). We consider the propagation of the nucleonic and pionic excitations in a dense thermal plasma constituted by protons, neutrons, charged pions, neutral pions and photons, being this plasma characterised by μ_{fi} ≠ 0, where f_i represents the different fermion species. The calculation is performed in the real time formalism of the thermal field theory in the Feynman gauge. The real part of the nucleonic and pionic self-energies are evaluated at lowest order in the energy expansion and at one-loop order (g_A/F_π )^2, considering only the leading contributions in T and μ_f .

The Feynman rules for the vertices at finite temperature and density (Fig. 1) are the same as those at T = 0 and μ_f = 0, while the propagators in the Feynman gauge for photons D_{μν} (p), pions D(p) and massive nucleons S(p) are [41]: D_{μν} (p) = −g_{μν} [ 1 p^2 + iϵ − iΓ_b(p) ] , (3. 1) D(p) = 1 p^2 + iϵ

− iΓ_b(p), (3. 2) S(p) = p/ p^2 + m^2_f + iϵ

+ ip/Γ_f (p), (3. 3)

where p is the particle four-momentum and the plasma temperature T is introduced through the functions Γ_b(p) and Γ_f (p), which are given by Γ_b(p) = 2πδ(p^2)n_b(p), (3. 4) Γ_f (p) = 2πδ(p^2)n_f (p), (3. 5) with

n_b(p) = 1 e^{(p·u)/T} − 1 , (3. 6)

n_f (p) = θ(p · u)n^−_f (p) + θ(−p · u)n^+_f (p), (3. 7) being n_b(p) the Bose–Einstein distribution function, and the Fermi–Dirac distribution functions for fermions (n^−_f (p)) and anti-fermions (n^+_f (p)) are:

n^∓_f (p) = 1 e^{(p·u∓μf )/T} + 1 . (3. 8)

In the distribution functions (3.6) and (3.7), u^α is the four–velocity of the CoM frame of the plasma, with u^αu_α = 1.

The broken chiral symmetry, with hadronic non zero densities, has been predicted to be restored at about the same temperature at which deconfinement sets in. This temperature is of the order of 200 MeV as it is indicated by lattice calculations [42].

3.1 Nucleonic Dispersion Relation

Using the Feynman diagrams given in Fig. (2), we calculate the FDR for quasi– protons and quasi–neutrons.

In order to apply a similar procedure to that followed in [21, 29, 34], we first consider the hypothetical case of massless nucleons. In this case, we obtain two solutions: one describing the propagation of quasi-fermions w(k) = M_{p,n} + k 3 + k^2 3M_{p,n} + O(k^3), (3. 9)

and another one describing the propagation of quasi-holes w(k) = M_{p,n} − k 3 + k^2 3M_{p,n} + O(k^3). (3. 10)

We observe that if k = 0, w(k) = M_{p,n}. Then M_p(M_n) can be interpreted as the effective mass of the quasi-protons (quasi-neutrons), and their expressions are:

M^2_p = ( 3g^2_A M^2 64F^2_π + e^2 8 ) T^2 + g^2_AM^2 32π^2F^2_π ( μ^2_n + μ^2_p 2 ) + e^2μ^2_p 8π^2

(3. 11) and M^2_n =

3g^2_AM^2 64F^2_π

T^2 + g^2_AM^2 32π^2F^2_π ( μ^2_n 2 + μ^2_p ) . (3. 12)

For the limit k >> M_{p,n} the FDR are:

w(k) = k + M^2_{p,n} k − M^4_{p,n} 2k^3 Log( 2k^2 M^2_{p,n} ) + .... (3. 13) w(k) = k + 2ke^{−2k2 /M 2p,n} + .... (3. 14) For very high momentum the relations (3.13) and (3.14) become the ordinary DR for a massless fermion propagating in the vacuum, i.e. w(k) = k.

It is easy to demonstrate that μ_f = ∫_∞ 0 dp [ n^−_f (p) − n^+_f (p) ] . This result shows that the chemical potential is associated with the difference between the number of nucleons over anti–nucleons. The later means that if a dense thermal plasma is characterised by μ_f > 0, then the plasma presents an excess of nucleons over antinucleons.

Now we consider the more realistic case where nucleons are massive. In this case the FDR are valid for T < T_c, where T_c ∼ 200 MeV is the critical temperature of the chiral phase transition in non–zero hadronic density [42]. We observe that m_{p,n} > M_{p,n}, where m_p(m_n) is the rest mass of the proton (neutron) and M_{p,n} are given by (3. 11) and (3. 12). In the limit m^2_{p,n} >> M^2_{p,n} the FDR become [24]: w(k)^2 = k^2 + m^2_{p,n} + M^2_{p,n}. (3. 15) Starting from relation (3. 15) and equations (3. 11), (3. 12), we obtain a general expression for the nucleon effective mass splitting ΔM^2_N :

ΔM^2_N = m^2_p − m^2_n + e^2T^2 8 + 1 8π^2 ( g^2_AM^2μ^2_n 8F^2_π − g^2_AM^2μ^2_p 8F^2_π

+ e^2μ^2_p ) . (3. 16)

3.2 Pionic Dispersion Relation

Using the Feynman rules given in Fig. (1), we obtain the following DR for quasipions:

w(k)^2 = k^2 + M^2_π±_{,π}0 , (3. 17) where M_π± (M_π0 ) is the effective mass for charged (neutral) quasi–pions, and their expressions are:

M^2_π± =

T^2 12 ( g^2_AM^2 F^2_π

+ e^2 ) + g^2_AM^2 8π^2F^2_π ( μ^2_n + μ^2_p ) (3. 18) and M^2_π0 = g^2_AM^2 8π^2F^2_π ( 2π^2T^2 3 + μ^2_n + μ^2_p ) . (3. 19)

From (3. 18) and (3. 19) we obtain the pion effective mass splitting ΔM^2_π :

ΔM^2_π = e^2T^2 12 . (3. 20)

4 Results and conclusions

We now give the results of the calculation for the effective masses of quasi–nucleons and quasi–pions. We have used the following values m_p =938.271 MeV, m_n =939.566 MeV, M =938.919 MeV, T =150 MeV, μ_p =100 MeV, μ_n =200 MeV, e^2 =0.095. The temperature and chemical potential values are of the order of those in a neutron star [43]. The results for the effective masses are: M_p = 1036.5133 MeV M_n = 1033.8394 MeV M_π± = 637.2312 MeV M_π0 = 637.0914 MeV where M_p, M_n, M_π± and M_π0 are the effective masses for the proton, neutron, charged pions and the neutral pion, including the strong and electromagnetic interactions.

The effective mass splitting for nucleons and pions are:

Δ(M_p − M_n) = 2.6740 MeV Δ(M_π± − M_π0 ) = 0.1398 MeV

where Δ(M_π± − M_π0 ) is due exclusively to the combined electromagnetic interaction and temperature effects, as shown at (3. 20). For the nucleons, from the total effective mass splitting Δ(M_p − M_n), the combined electromagnetic and temperature contribute is Δ_{em}(M_p − M_n) = 0.0058 MeV.

In conclusion, temperature effects enter into the effective mass splitting relations (3. 16) and (3. 20) exclusively in the electromagnetic interaction term, which at T =0 vanishes. Also, in the framework of our model we found that, for the chemical potentials and temperature used, the effective mass on the proton is bigger than the one of the neutron. Our results should be improved by considering massive pions and introducing the weak interaction, as well as using a realistic model for neutron stars, to be presented in short.

Acknowledgements

This work was supported by COLCIENCIAS (Colombia), Universidad Nacional de Colombia and Centro Internacional de Física. We want also to thank to Fernando Cristancho by invitation to participate in the Third Latinamerican Workshop on Nuclear and Heavy Ion Physics, San Andrés, Colombia.

References

[1] Weinberg, Physica A 96 (1979) 327.

[2] J. Gasser and Leutwyler, Ann. Phys (N.Y) (1984) 158; Nucl. Phys. B 250 (1985) 465.

[3] J.F. Donoghue, E. Golowich and B.R. Holstein, “Dynamics of the Standard Model”, Cambridge University Press, 1992.

[4] U.G. Meissner, Rep. Prog. Phys. 56 (1993) 903.

[5] A. Pich, Rep. Prog. Phys. 58 (1995) 563.

[6] G. Ecker, Prog. Part. Nucl. Phys. 35 (1995) 1; G. Ecker and M. Mojzis, Phys.

Lett. B 365 (1996) 312.

[7] M. Wise, Phys. Rev. D 45 (1992) R2188.

[8] G. Bardman and J. Donoghue, Phys. Lett. B 280 (1992) 287. [9] T.M. Yan, H.Y. Chang and C.Y. Cheung, Phys. Rev. D 46 (1992) 1148. [10] P. Cho, Phys. Lett. B 285 (1992) 145. [11] Chungsik Song, Phys. Rev. D 49 (1994) 1556.

[12] E. Oset, J.A. Oller, J.R. Pelaez and A. Ramos, Acta Phys. Polon. B 29 (1998) 3101.

[13] J.A. Oller and E. Oset, Nucl. Phys. A 620 (1997) 438. [14] N. Kaiser and P.B. Siegel, Nucl. Phys. A 594 (1995) 325. [15] N. Kaiser and T. Waas, Nucl Phys A 612 (1997) 297. [16] T.S. Park and D.P. Min, Phys. Rep. 233 (1993) 341.

[17] V. Bernard and N. Kaiser. Phys. Rep. 246 (1994) 315; J. Modern of Physics E 4 (1995) 193.

[18] U. Mosel, “Fields, Symmetries, and Quarks”. Springer (1998). [19] O.K. Kalashnikov and V.V. Klimov, Sov. J. Nucl. Phys. 31 (1980) 699. [20] V.V. Klimov, Sov. J. Nucl. Phys. 33 (1981) 934; Sov. Phys. JETP 55 (1982) 199. [21] H.A. Weldon, Phys. Rev. D26, 2789 (1982); Physica A 158 (1989) 169; Phys.

Rev. D 40 (1989) 2410.

[22] G. Gatoff and J. Kapusta, Phys. Rev. D 41 (1990) 611. [23] R. Pisarski, Nucl. Phys. A 498 (1989) 423c. [24] T. Altherr and P. Aurenche, Phys. Rev. D 40 (1989) 4171. [25] V.V. Lebedev and A.V. Smilga, Ann. Phys.(NY) 202 (1980) 229. [26] G. Baym, J.P. Blaizot and B. Svetitsky, Phys. Rev. D 46 (1992) 4043. [27] E. Petitgirard, Z. Phys. C 54 (1992) 673.

[28] K. Enqvist, P. Elmforms and I. Vilja, Nucl. Phys. B 412 (1994) 459. [29] C. Quimbay and S. Vargas-Castrillon, Nucl. Phys. B 451 (1995) 265. [30] A. Riotto and I. Vilja, Phys. Lett. B 402 (1997) 314. [31] E.J. Levinson and D.H. Boal, Phys. Rev. D 31 (1985) 3280. [32] J.P. Blaizot and J.Y. Ollitrault, Phys. Rev. D 48 (1993) 1390. [33] A. Erdas, C.W. Kim and J.A. Lee, Phys. Rev. D 48 (1993) 3901. [34] J. Morales, C. Quimbay and F. Fonseca, Nucl. Phys. B 560 (1999) 601. [35] O.K. Kalashnikov, Mod. Phys. Lett. A 12 (1997) 347; JETP Lett. 67 (1998) 1;

Phys. Scripta 58 (1998) 310; Mod. Phys. Lett. A 13 (1998) 1719. [36] S.L. Dolan and R. Jackiw, Phys. Rev. D 9 (1974) 3320. [37] A.J. Niemi and G.W. Semenoff, Ann. Phys. (N.Y.) 152 (1984) 105. [38] N.P. Landsman and Ch.G. van Weert, Phys. Rep. 145 (1987) 141. [39] M.K. Volkov and V.N. Pervushin, Yad. Fiz. 22 (1975) 346 [40] P. Chang and F. Gursey, Phys. Rev. 164 (1967) 1752. [41] R.L. Kobes, G.W. Semenoff and N. Weiss, Z. Phys. C 29 (1985) 371. [42] L.D. McLerran and B. Svetitsky, Phys. Lett. B 98 (1981) 195; J. Kogut at al., Phys. Rev. Lett. 48 (1982) 1140; J. Polonyi et al., Phys. Rev. Lett. 53 (1984), 664.

[43] J. Byrne, ”Neutrons, Nuclei and Matter and Exploration of the Physics of Slow Neutrons”, Institute of Physics Publishing, Bristol and Philadelphia, 1996.

Figure 1: Feynman Rules of the L_{πN} .

Figure 2: Self–energy contributions for the calculation of FDR for: (a) Protons (b) Neutrons.