nucl-th/9901085 27 Jan 1999

The Collective Excitation Spectra of σ, ω and π Mesons in Nuclear Matter^�

Liu Liang-gang^{1,2 †} 1Department of Physics, Zhongshan University, Guangzhou 510275, China 2CCAST (World Laboratory), P O Box 8730, Beijing 100080, China

January 27, 1999

Abstract

The recent progress on the study of the collective excitation in relativistic nuclear matter is reviewed. The collective excitation modes are derived by meson propagators in nuclear matter. The mesons we study are σ, ω, γ and π mesons. For pion, we derived not only the relativistic particle - hole, delta - hole excitations but also antiparticle excitations , such as particle - antiparticle, antidelta - particle, delta - antiparticle excitations. By calculating the dispersion relation and the spin - isospin dependent response function, the effects of all these excitation are studied.

Keywords ph, Δh and antiparticle excitations, relativistic formalism, meson propagators, collective excitation spectra PACS : 21.65.+f, 24.10.Jv, 14.40.Aq, 21.10.Dr

∗The project supported by the National Natural Science Foundation of China and Guangdong Province.

†Email:stdp05@zsu.edu.cn

1 Introduction

Recently, the study if the hadron properties changing in nuclear matter environment, such as the effective mass and so on, absorbs much attention [1]. It is reported that the experiment has shown a significant amount of strength of the dilepton production spectrum below the free ρ meson production threshold[2, 3], and this phenomena can be explained by a downshift of the ρ meson mass in nuclear matter [4]. There have been already a lot of theoretical studies on the effective mass of ρ meson and the light mesons ω, ϕ in nuclear matter[5, 6, 7, 8, 9]. Not only the vector mesons, the effective mass of σ meson is studied also extensively (see, e. g., ref.[10]).

On the other hand, the effective mass of meson is related to the collective excitation or dispersion relation of meson in nuclear matter. We have made a series of study on this subject for σ, ω meson [11, 12] and pion[13]. The collective excitation spectra of nuclear matter can be obtained by the trajectory of the pole of meson propagators. In vacuum, the vacuum fluctuation caused by meson propagation will modify the dispersion relation of a free physical meson. In nuclear matter, however, due to the medium effects, the appearance of the dispersion relation or the collective excitation spectra will be very different from that in the vacuum, that is, in addition to the meson branch there will be acoustic sound excitation spectra in the space-like region. The meson branch can be regarded as the usual meson propagation in nuclear matter, it can also be interpreted as a mode of collective excitation which have the same quantum number as the meson. The acoustic sound spectra, disappears when nuclear density is zero, can only be viewed as the mode of collective excitation of nuclear matter[14].

In this paper, we will review some of the progress in the studies of the collective excitation in nuclear matter. In the next section, we will demonstrate the derivation of the relativistic particle - hole (ph) excitation in nuclear matter, then give the dimesonic function and collective excitation spectra of σ, ω and electromagnetic field. In the 3rd sect., we will study the spin - isospin dependent collective excitation modes by pion propagator. The relativistic delta - hole (Δh) excitation, antiparticle excitations and spin - isospin dependent response function will be studied in the subsections. Finally, we give the summary and conclusions in the last section.

2 The collective excitation spectra of σ, ω mesons in nuclear matter

A systematic study of the collective excitation for ω meson in the Walecka model has been given in ref.[14]. But as we have pointed out[11, 12, 13] that the polarization insertion calculated in refs.[14] , and in other papers does not represent a real ph excitation neither a particle - antiparticle (NN̄) excitation, because the nucleon propagator they used is ”Feynman” propagator G_F and ”Density dependent” propagator G_D, instead of particle and hole propagators. The polarization insertion calculated in that way, includes a finite NN̄ excitation term which violates Pauli exclusion principle. The reason is that a divergent NN̄ excitation term is neglected in their calculation. In our approach, however, the ph and NN̄ excitations are split up clearly. The later is divergent and it is usually neglected in the nonrelativistic approach (see, for example[15]), but it can be taken into account when a appropriate renormalization is made. We will demonstrate this point in the following by taking the example of pion.

2.1 Relativistic ph excitation For pseudo - scalar PS πNN coupling, the polarization insertion (PI) of pion propagator in NM Π^{P S} (≡ Π^{P S}_F + Π^{P S}_D ) calculated by using G_F and G_D propagators:

G(p) = G_F (p) + G_D(p) (1)

G_F (p) = 1 p̸ − m̃_N + iϵ , (2)

G_D(p) = iπ Ep (p̸ + m̃_N )δ(p_0 − Ep)np, (3)

is as follows[16]:

Π^{P S}_F (q) = − g^2_{πNN} (2π)^3

Z_{dp}

EpEp_+q

[4Ep_+q + (4)

q^2( 1 Ep + Ep_+q − ω − iϵ + 1 Ep + Ep_+q + ω − iϵ )],

Π^{P S}_D (q) = g^2_{πNN} (2π)^3

Z_{dp}

EpEp_+q

{(1 − np)np_+q (5)

·q^2( 1 Ep − Ep_+q − ω − iϵ + 1 Ep − Ep_+q + ω − iϵ ) +np[4Ep_+q + q^2( 1 Ep + Ep_+q − ω − iϵ + 1 Ep + Ep_+q + ω − iϵ )]},

here p = (p_0, p), q = (ω, q), Ep = qp^2 + m̃^2_N , m̃_N is nucleon effective mass in nuclear matter. np is the nucleon distribution function at zero temperature. The subscripts F and D in above eqs. denote Feynman part and explicitly density dependent part, respectively. It is obvious Π^{P S}_F is divergent, it comes from the contribution of two G_F in the integrand of the nucleon loop integration. People usually omit this term and keep Π_D only (see ref.[17] , where πNN coupling is pseudo - vector (PV)), and tread it as ph excitation. Later we will see Π^{P S}_F can not be treated as NN̄ excitation, neither Π^{P S}_D is due to ph excitation.

On the other hand, G(p) can also be expressed as follows[18]:

G(p) = S_p(p) + S_h(p) + S_{p̄}(p) (6)

S_p(p) = m̃_N Ep (1 − np)Λ_+(p) p_0 − Ep + iϵ

, (7)

S_h(p) = m̃_N Ep npΛ_+(p) p_0 − Ep − iϵ , (8)

S_{p̃}(p) = − m̃_N Ep Λ_−(−p) p_0 + Ep − iϵ

, (9)

here S_p is antinucleon propagator, Λ_+(p), Λ_−(p) is the particle and antiparticle projection operator, respectively. When these propagators are used to calculate PI, the nonvanishing parts will be due to ph and NN̄ excitations, they are Π^{P S}_{ph} , Π^{P S}_{NN̄}:

Π^{P S}(q) = Π^{P S}_{ph} (q) + Π^{P S}_{NN̄} (q), (10)

Π^{P S}_{ph} (q) = g^2_{πNN} (2π)^3

Z_{dp}

EpEp_+q

(1 − np)np_+q[2(Ep − Ep_+q) (11)

+q^2( 1 Ep − Ep_+q − ω − iϵ + 1 Ep − Ep_+q + ω − iϵ )],

Π^{P S}_{NN̄} (q) = − g^2_{πNN} (2π)^3

Z_{dp}

EpEp_+q

(1 − np)[2(Ep + Ep_+q) (12)

+q^2( 1 Ep + Ep_+q − ω − iϵ + 1 Ep + Ep_+q + ω − iϵ )], The factor (1 − np)np_+q and (1 − np) in above equations correctly indicated the excitations they belong. It can be verified that the sum of Π^{P S}_{ph} and Π^{P S}_{NN̄} is equal to sum of Π^{P S}_F and Π^{P S}_D . Since Π^{P S}_{ph} is not equal to Π^{P S}_D , Π^{P S}_{NN̄} is not equal to Π^{P S}_F , so Π^{P S}_F does not stand for NN̄ excitation, neither Π^{P S}_D stands for ph excitation. That means, generally speaking, one can not get the correct expressions for ph and NN̄ excitation if one uses G_F , G_D propagators to calculate PI in NM. Neglecting Π_F and retaining Π_D only in the calculation is not a matter of approximation or a truncation of a full theory, explicitly speaking it is a wrong formula derived by a incorrect approach. But that is not the case for Π_{ph} and Π_N¯_N , because they are two independent excitation modes and the later is well known negligible in the nonrelativistic approximation[15]. So, we will no longer consider Π_F and Π_D again in the following formulae and numerical calculations.

2.2 isoscalar longitudinal and transverse collective excitation The propagation of isoscalar ω meson in nuclear matter will cause longitudinal and transverse collective excitation. It is well known that the isoscalar σ meson will mix with the longitudinal mode of ω meson[14]. To study these collective excitation modes, we start from the dimesonic function of nuclear matter[11], it is given as follows:

ϵ(q) = (ϵ^T (q))^2 · ϵ^L(q), (13)

ϵ^T (q) = 1 − Π^T_{ph}(q)Δ_ω(q), (14) ϵ^L(q) = (1 − Π^L_{ph}(q)Δ_ω(q))(1 − Π^S_{ph}(q)Δ_σ(q)) + q^2 q^2

(Π^0_{ph}(q))^2, (15)

Δ_ω(q) = −1 q^2 − m^2_ω

, Δ_σ(q) = 1 q^2 − m^2_σ

, (16)

here m_ω, m_σ are the mass of ω and σ mesons. The last term in ϵ^L(q) is due to σ − ω mixing, and

Π^S_{ph}(q) = g^2_σ[2C_0(q) + (q^2 − 4m̃^2_N )L_0(q)] (17)

Π^L_{ph}(q) = g^2_ω[2(

C_2(q) q^2

− C_0(q)) + q^2(

L_2(q) q^2

− L_0(q))], (18)

Π^T_{ph}(q) = − g^2_ω 2 [2( C_2(q) q^2

+ C_0) + (q^2 + 4m̃^2_N )L_0(q) + q^2 q^2

L_2(q)], (19)

Π^0_{ph}(q) = −2g_σg_ωm̃_N L_1(q), (20)

here g_σ, g_ω are the σNN and ωNN coupling constants, respectively,

C_n(q) = 1 (2π)^3

Z_{dp}

EpEp_−q

(1 − np)np_−q(Ep + Ep_−q)^n(Ep − Ep_−q), (21)

L_n(q) = 1 (2π)^3

Z_{dp}

EpEp_−q

(1 − np)np_−q(Ep + Ep_−q)^n ·( 1 Ep − Ep_−q − q_0 − iϵ + 1 Ep − Ep_−q + q_0 − iϵ

). (22)

The analytic expression for the real and the imaginary part of L_n(q) is given in ref. [23]. The eigen condition for determining the collective excitation spectra is ϵ(ω, q) = 0. There are three free parameters in the Walecka model, that is g_σ, g_ω, m_σ. The effective mass of nucleon is given by the condition that the energy per nucleon should be the minimum to the variation of nucleon effective mass. In ref.[14], m_σ = 550 MeV and g_σ, g_ω are chosen to fit the binding energy of nuclear matter at saturation density k_F = 1.42 fm^{−1}. The results are: in the mean field approximation (MFA) m̃_N m_N = 0.56, gσ = 9.59, gω = 11.7. In the relativistic Hartree approximation (RHA) m̃_N m_N = 0.72, gσ = 7.93, gω = 8.94. The masses of nucleon and ω meson are 938.5

MeV and 783 MeV, respectively. In Fig. 1. we show the results of collective spectra at nuclear saturation density, calculated in the MFA. There are the meson branches and acoustic sound branch indicated by letters ”S” and ”L”, ”T” which are due to σ meson, longitudinal and transverse ω meson. The longitudinal and transverse mode diverse at large energy and momentum, they are almost overlay for low momentum.

Fig. 1 Fig. 2

The acoustic sound spectrum forms a closed contour and most part of these acoustic sound spectra fall into the hatched region, namely, the corresponding modes are damped by ph decays. In the RHA, however, this acoustic sound mode disappears as shown in by Fig. 2, the meson branch spectra only changes slightly .

3 Pion propagator in nuclear matter

The pionic collective excitation and pion dispersion relation in nuclear matter (or in finite nuclei) is very important to many fields in nuclear physics. A typical example is the dilepton production in relativistic heavy - ion collision in the energy region of ρ meson production [19, 20, 21], where the production rate is determined by the pion dispersion relation and its derivative. The vanishing derivatives of the dispersion relation curve may lead to a huge enhancement of the dilepton production rate. In ref. [20], Xia et al calculated the rate by using nonrelativistic pion dispersion relation which has very good behavior for all momentum and energy. But it is not sure whether the nonrelativistic approximation is still applicable to very high energy - momentum transfer region. On the other hand, as far as pion dispersion relation is concerned, the imaginary part of the polarization insertion of pion propagator should not be ignored in the calculation. In ref. [13], we made a first microscopic study of the PI of the pion propagator and pion dispersion relation. We show in section 2.1 the relativistic ph excitation for PS πNN coupling. In fact, pseudo-vector πNN (PV) coupling is more frequently used instead of PS coupling. In this case, the ph excitation PI can be written as follows:

Π^{P V}_{ph} (q) = 2f^2_{πNN} m^2_π

[q^2C_0(q) − C_2(q) + 2m̃^2_N q^2L_0(q)], (23)

here f_{πNN} = 0.988 is PV πNN coupling constant[17].

3.1 Relativistic Δh excitation The Δh excitation is the most important excitation channel for pionic excitation in nuclear matter. There have been many studies in the nonrelativistic formalism[15, 22]. The relativistic study begins only recently[13, 17], and in fact, only ref. [13] gives the correct results for relativistic Δh excitation.

Similar to the nucleon propagator, The delta baryon Feynman propagator S^{μν}(p) can be expressed in terms of particle and antiparticle propagators, that is S^{μν}_Δ (p) and S^{μν}_{Δ̄} (p):

S^{μν}(p) = S^{μν}_Δ (p) + S^{μν}_{Δ̄} (p), (24)

S^{μν}_Δ (p) = m̃_Δ E_Δ(p) · Λ^{μν}_+ (p) p_0 − E_Δ(p) + iϵ

, (25)

S^{μν}_{Δ̄} (p) = − m̃_Δ E_Δ(p) · Λ^{μν}_− (−p) p_0 + E_Δ(p) − iϵ

, (26)

where p = (E_Δ(p), p). E_Δ(p) = qp^2 + m̃^2_Δ, m̃_Δ is effective mass of Δ-isobars in nuclear matter. (Here we implicitly assume there is no real Δ-isobars in the ground state, otherwise the decay of a real Δ-isobar will cause the instability of nuclear matter^{19}), for this reason we can omit the width of Δ-isobars.) Λ^{μν}_+ (p), Λ^{μν}_− (p) is particle and antiparticle projection operator, respectively[13].

The πNΔ interaction is given as follows[17]:

L_{πN Δ} = f_{πN Δ} √ 2m_π ψ̄^μ_Δ ⃗T · ψ_N ∂_μ⃗π + h.c., (27) here f_{πN Δ} = 2f_{πNN} . Using S_h, S^{μν}_Δ , L_{πN Δ} and Feynman rules, Δh polarization insertion can be given as follows:

Π_{Δh}(q_0, q) = −

4f^2_{πN Δ} 9(2π)^3m̃^2_Δm^2_π

Z_{dp}

E_Δ(p)Ep_−q np_−q{2(E_Δ(p) − Ep_−q)

[E_Δ(p)Ep_−qq^2_0 + m̃^2_Δq^2 − (p · q)^2] − 2(m̃^2_Δ − m̃^2_N − q^2)· E_Δ(p)q^2_0 + [(m̃_Δ + m̃_N )^2 − q^2][ 1 2 ((E_Δ(p) + Ep_−q)^2 + q^2_0 ) (E_Δ(p) − Ep_−q) + (m̃^2_N + q^2 − m̃^2_Δ)(E_Δ(p) + Ep_−q)] (28) +[q^2 − (m̃_Δ + m̃_N )^2][m̃^2_Δq^2 − 1 4 (m̃^2_Δ − m̃^2_N + q^2)^2]· ( 1 E_Δ(p) − Ep_−q − q_0 − iϵ + 1 E_Δ(p) − Ep_−q + q_0 − iϵ )}. Shown in Fig. 3 is the real part of the PI for normal nuclear density

Fig. 3 Fig. 4

ρ_0. The parameters are determined in RHA (the same for Fig. 4) without Δ isobars, so we can set m̃_Δ = m_Δ. It is clear that the ph excitation vanishes in the limit (ω, q) → 0 but not the Δh excitation. The short range correlation (SRC) effect is included in the standard way[13, 22], the Landau - Migdal parameter g′ is 0.6 in this calculation[17]. The ph excitation is suppressed by SRC in this case.

In Fig. 4, we show the pion dispersion relation in the RHA and g′ = 0.6 at ρ_0. The dispersion relation is obtained by the poles of pion propagator. The curves are much more different from that in the relativistic approach. The curve e and the lower part of curve g represent δh and π branch, respectively. The curve d and the upper part of curve g is due to SRC effect. The curve f is a noncollective Δh excitation mode, because it is mainly due to Δh excitation contribution.

3.2 NN̄; Δ̄N; ΔN̄ excitation The one of the advantage of our relativistic approach is that the antiparticle excitation can be separated from the conventional ph or Δh excitation. Therefore, their effect can be studied separately. The real part of the PI of the antiparticle excitation is divergent and the renormalization is needed. For PV πNN coupling, the divergence can not be renormalized by adding counter terms. The imaginary part of the PI describes the width of the corresponding decay process, is finite. The imaginary part of the PI for pion propagator is shown in Fig. 5. The parameters are the same as for Fig. 4. For fixed momentum q = 2.5k_F (k_F = 1.42 fm^{−1}), the threshold for different

Fig. 5 Fig. 6

excitation is different but it is the same for ΔN̄ and Δ̄N excitation. For ph and Δh excitations, the imaginary part is nonvanishing only for a finite energy range, but that is not the case for antiparticle excitations where the imaginary part will not vanish for any energy larger than the threshold, and the corresponding amplitude is much larger than ph or Δh excitation.

The imaginary part relates to the real part by the dispersion relation

ReΠ(q_0, q) = P π Z_∞ 0 dω^2 ImΠ(ω^2, q) ω^2 − q^2_0

, (29)

For antiparticle excitations, the imaginary part does not vanish for high energy and increases much faster than the denominator, so the integration or the real part is divergent. Our renoralization scheme is to make a form factor correction to the πNN and πNΔ vertices, (f_{πNN} , f_{πN Δ}) → F_π(q^2)(f_{πNN} , f_{πN Δ}),

F_π(q^2) = (

Λ^2_π − m^2_π Λ^2_π − q^2

)θ(q^2 ≤ m^2_π) + e^{− q} 2−m2 π Λ2 θ(q^2 > m^2_π), (30)

where Λ_π = 1200 MeV, Λ is a free parameter. Shown in Fig. 6 is the imaginary part of the response function of the charge exchange reaction (^3He, t) with T_3He = 2.0 GeV [26, 25]. We assume the density of the target nucleus is ρ = 0.17 fm^{−3} and m̃_N = m_N , m̃_Δ = m_Δ. The Landau - Migdal parameter g′ = 0.6. We can see that for antiparticle excitation and form factor correction enhance the response function especially at resonance energy at about 260 MeV. Increasing cut - off Λ, (softening of the form factor for high energy) will increase the antiparticle excitation effect. We can also see that all three curves start from ω ∼ 250 MeV which is the threshold of the Δh excitation for T_3H_e = 2.0 GeV.

4 Summary and conclusions

The ph and Δh, etc., are the elementary and important excitation modes in nuclear physics which were studied very well in the nonrelativistic case. We propose a new formalism and applied to the relativistic case successfully. The relativistic ph, Δh excitations are derived and the nonrelativistic results can be reproduced.

The antiparticle excitations, such as NN̄, ΔN̄, Δ̄N excitation are derived. To our knowledge, we are the first derived the antiparticle excitations. In this paper, we show the application of our formalism to meson propagator propagators only, but in fact, it can be generally applied to any of the processes including the PI. On the other hand, we are going to extend the formalism to finite temperature.

We thank H. Q. Chiang, M. Nakano, W. Chen, X. Q. Luo for valuable discussions and cooperation. We are very grateful to the National Natural Science Foundation (NNSF) of China for its continuous support. The project is also supported by the Natural Science Foundation of Guangdong Province.

References

[1] Quark Matter ’97, to be published in Nucl. Phys. A (1998). [2] P. Wurm for the CERES collaboration, Nucl. Phys. A590, 103c (1995). [3] M. Masera for the HELIOS collaboration, Nucl. Phys. A590, 93c (1995). [4] G. Chanfray, R. Rapp, J. Wambach, Phys. Rev. Lett. 76, 368 (1996). [5] T. Hatsuda and Su H. Lee, Phys. Rev. C46, R34 (1993). [6] M. Nakano et al, Phys. Rev. C55, 890 (1997).

[7] M. Asakawa, C.M. Ko, P. Lévai and X.J. Qiu, Phys. Rev. C46, R1159 (1992). [8] B. L. Friman AND W. Nörenberg, Nucl. Phys. A560, 411 (1993). [9] B. Friman, preprint GSI-98-7 (nucl-th/9801053).

[10] K. Saito, K. Tsushima A.W. Thomas AND A. G. Williams, nucl-th/9804015. [11] L. G. Liu, Q. F. Zhou, Y. Lu, Jou. Phys. G21, 1199 (1995). [12] L. G. Liu, Q. F. Zhou, T. S. Lai, Phys. Rev. C51, R2302 (1995). [13] L. G. Liu, M. Nakano, Nucl. Phys. A618, 337 (1997). [14] S. A. Chin, Ann. Phys. 108, 301 (1977).

[15] E. Oset, H. Toki AND W. Weise Phys. Rep. 83, 281 (1982). [16] L. G. Liu, W. Bentz AND A. Arima, Ann. Phys. 194, 387 (1989). [17] T. Herbert, K. Wehrberger, AND F. Beck, Nucl. Phys. A 541, 699 (1993). [18] W. Bentz, A. Arima, H. Hyuga, K. Shimizu AND K. Yazaki, Nucl. Phys. A436, 593 (1995).

[19] C. Gale AND J. Kapusta, Phys. Rev. C35, 2107 (1987).

[20] L. H. Xia, C. M. Ko, L. Xiong AND J. Q. Wu, Nucl. Phys. A485, 721 (1988).

[21] G. Chanfray AND P. Schuck, Nucl. Phys. A555, 329 (1993). [22] J. Helgesson AND J. Randrup, Phys. Rev. C52, 427 (1995). [23] L. G. Liu, Phys. Rev. C51, 3421 (1995). [24] K. Holinde, Phys. Rep. 68, 121 (1981). [25] V. F. Dmitriev, Phys. Rev. C48, 357 (1993).

[26] V. F. Dmitriev, AND T. Suzuki, Nucl. Phys. A438, 697 (1985).

Figure Captions

Fig. 1: The collective excitation spectra of σ, ω mesons in the MFA at normal nuclear density. The letters S, L, T stand for σ meson, longitudinal and transverse ω meson. The q and ω are in unit of m_ω.

Fig. 2: The same as Fig. 1 but in the RHA.

Fig. 3: The real part of the PI - Re Π(ω = 0, q) (in unit of m^2_π) as a function of momentum q (in unit of m_π) for nuclear density ρ_0. The ph and Δh contributions are shown by dotted and dashed lines. ”ph + Δh + SRC” is the total result.

Fig. 4: The pion dispersion relation calculated in the RHA at normal nuclear density including ph, Δh and SRC effect with g′ =0.6.

Fig. 5: -ImΠ(ω, q) (in unit of m^2_π) versus energy ω (in unit of m_π for fixed momentum q = 2.5 k_F . The meaning of the letters, which are explained in the text, indicate the corresponding excitations.

Fig. 6: The imaginary part of the spin - isospin dependent response function Im R(ω, q ≡ |q|) (in unit of m^2_π) as a function of energy transfer ω (in unit of GeV). The dashed and dotted lines are the result with cut - off parameter Λ = 1.4 GeV and 1.5 GeV, respectively. The solid line curve corresponds to the case without antiparticle excitation contribution Π_N¯_N = Π¯_{ΔN} = Π_Δ¯_N = 0, and no form factor correction, namely F_π(q^2_μ) = 1.