arXiv:nucl-th/0502078 v1 24 Feb 2005

PROPERTIES OF MESONS AND NUCLEONS IN CHIRAL TOPOLOGICAL MODELS OF QCD.

(Thesis of the doctoral dissertation - second degree)

Abdulla Rakhimov

Institute of Nuclear Physics, Tashkent - 700132, Uzbekistan^1

Abstract

The problem under consideration has, actually, two aspects. The first one concerns the case when a nucleon is in free space that is in vacuum, while the second one studies a nucleon embedded into a nuclear environment. Both of these two aspects have been considered in the framework of chiral topological models of QCD. In this sense the whole content of the thesis may be divided into two main parts.

In the first part the original Skyrme model (with m_π ≠ 0) has been extended by inclusion of the light scalar - isoscalar σ - meson. The lagrangian has following advantages: It satisfies the scale invariance and trace anomaly constraint of QCD; It gives a realistic nucleon - nucleon (NN) interaction potential, which is quite close to the phenomenological one.

The lagrangian has been further extended by explicit inclusion of σ, ρ and ω - mesons as well. In order to get a more complete picture of NN potential the appropriate meson - nucleon vertex form - factors were obtained.

The second part of the thesis considers a nucleon immersed into a nuclear medium. For this purpose a medium modified Skyrme lagrangian has been proposed. The lagrangian describes well such well known medium effects as decreasing of nucleon mass and increasing of its size ( swelling). We studied also a system with finite temperature (T ≠ 0) also. The temperature effects were taken into account by using the method of termofield dynamics (TFD). The explicit calculations show that the temperature dependence of meson - nucleon vertex form - factors is not simple. When the temperature increases they remain almost unchanged until a certain temperature T_C then start to decrease dramatically. The corresponding critical temperatures for each meson - nucleon system were calculated and the appropriate conclusion about their origin was brought.

The methods and results of this thesis may be used in the studies of heavy - ion collisions as well as of cosmology and of astrophysics.

1E-mail: rakhimov@rakhimov.ccc.uz; rakhimovabd@yandex.ru

Contents

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1 The physics of Skyrme solitons.

(A brief review) 6 1.1 The σ model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 1.2 The Skyrme Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.2. 1 The Baryonic Current. . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.2. 2 Quantization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.2. 3 The Spin and Isospin Operators . . . . . . . . . . . . . . . . . . . . . 9 1.2. 4 Results for the Static Properties of Baryons . . . . . . . . . . . . . . 9 1.3 Two baryon system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.4 Scaling behavior of the Skyrme model . . . . . . . . . . . . . . . . . . . . . . 11 1.5 PCAC and Goldberger - Treiman relations . . . . . . . . . . . . . . . . . . . 13

2 Scalar dilaton - quarkonium meson in nucleon - nucleon interaction. 14 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.2 The Lagrangian . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.3 The nucleon – nucleon interaction . . . . . . . . . . . . . . . . . . . . . . . . 17 2.4 Results and discussions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 The deformation of the interacting nucleon in the Skyrme model 21 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.2 The interaction of deformed nucleons . . . . . . . . . . . . . . . . . . . . . . 21 3.3 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 The nucleon–nucleon interaction and properties of the nucleon in a πρω soliton model including a dilaton field with anomalous dimension 28 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 4.2 The πρωσ model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 4.3 Results and discussions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 4.3. 1 Static and electromagnetic properties of the nucleon. . . . . . . . . . 31 4.3. 2 Meson–nucleon form factors. . . . . . . . . . . . . . . . . . . . . . . . 32 4.3. 3 Nucleon - Nucleon central interaction . . . . . . . . . . . . . . . . . . 36 4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5 Density dependence of nucleon properties in nuclear matter. 39 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 5.2 The modified Skyrme Lagrangian . . . . . . . . . . . . . . . . . . . . . . . . 39 5.3 Inclusion of scalar meson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 5.4 Meson - nucleon form factors and Goldberger - Treiman relation . . . . . . . 42 5.5 Renormalization of hadron masses . . . . . . . . . . . . . . . . . . . . . . . 44

5.6 Renormalization of coupling constants and form - factors . . . . . . . . . . . 45 5.7 Discussions and summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6 Nucleon electromagnetic form - factors in a nuclear medium at zero temperature. 52 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 6.2 Electromagnetic properties of nucleons . . . . . . . . . . . . . . . . . . . . . 52 6.3 Input Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 6.4 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 6.5 Conclusions and Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7 Meson - nucleon vertex form - factors at finite temperature. 61 7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 7.2 Finite temperature formalism for meson and nucleon propagators. . . . . . . 62 7.3 Vertex form factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 7.4 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Appendices 72 Appendix 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 Appendix 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 Appendix 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Bibliography 79

Introduction

The main goal of this thesis is the investigation of hadron properties in free space as well as in nuclear medium. It has been generally believed that, properties of hadrons and their interaction should be described in framework the of Quantum Chromodynamics (QCD) which is the underlining fundamental theory of hadron physics. However, in this theory one is failed with the difficulty related to the running coupling constant α(q^2). In fact, for large momentum transfer q, as in the deep inelastic scattering of leptons by hadrons, α(q^2) is small, and hence one can use the perturbation theory to make theoretical predictions which turned out to be in good agreement with the experiment. On the other hand, for the processes of interest in nuclear physics or low energy hadron physics, the length scale is typically ∼ 1fm, that corresponds to small momentum transfer q. The running coupling constant α(q^2) is then large and perturbation theory is useless. In this strong coupling regime, non perturbative methods are indispensable, but so far, not much successes has been achieved in this respect. In this regime one is led to modelling non - perturbative QCD. So, the challenge to nuclear physicist is thus to find models which can bridge the gap between the fundamental theory and our wealth of knowledge about low energy phenomenology.

Our choice of models should be inspired by QCD, perhaps one day will be derived from it, and embody its important features, such as confinement and chiral symmetry, while avoiding the full complexity of a non - abelian guage theory. The parameters of these models must, for now at least, be determined phenomenologically, although the hope is that eventually they should be calculated from QCD.

At present there is no systematic method for treating continuum QCD in the perturbative regime. With the exception of lattice Monte Carlo methods which still encounter both conceptual and technical problems mainly related to chiral fermions, the understanding of low - energy physics at the hadronic scale is mostly qualitative and relies heavily on the use of such phenomenological models as potential models [1], bag models [2], hybrid- bag models [3] and effective chiral models [4].

In the non relativistic potential models of Isgur and Karl [1] the quarks are treated as constituent of protons much like in the conventional parton model. The confinement character of QCD is put in by hand using a linearly rising potential between the constituent quarks at large distances. The remaining gluonic effects are treated perturbatively, leading to Breit - Wigner hyperfine interactions. While these models are justified for the heavy flavor hadrons such as charmonium and bottonium, they are questionable for the light hadrons such as N and Δ, where we know that, the constituent quarks are highly relativistic.

In the usual bag models, for instance, in the MIT bag model, the quarks are confined into a region of hadronic size V ≈ Λ^3, inside of which the quarks carry their current masses and are treated fully relativistically. The bag is assumed to be a bubble of perturbative vacuum immersed into a non perturbative environment characterized by a bulk parameter B ( the bag pressure) [5]. Because of asymptotic freedom the remaining gluonic effects are treated perturbatively inside the bag. Although rather successful in describing the spectroscopy of the lightest hadrons, the MIT bag model suffers from a serious drawback, namely, axial - vector conservation. The confining bag wall breaks explicitly chiral symmetry, allowing left and right- handed quarks to mix at the boundary. We know that, in the chiral limit (m_f = 0 ) QCD is chirally symmetric. The standard treatment of the MIT and cloudy bag model (CBM) lack translational invariance and they do not provide a dynamical description of hadron. This makes center of mass (c.m.) and recoil corrections difficult to calculate [6, 7, 8, 9]. Besides, these models are not convenient to describe nucleon - nucleon dynamics as they make explicit use of the quark degrees of freedom.

On the other hand, since the fundamental constituents in QCD, quarks and gluons are confined, it might be more suitable to eliminate their degrees of freedom which are not directly observable and incorporate their effects into an effective theory framed in terms of observable hadronic degrees of freedom including as many relevant features of QCD as possible.

This alternative theoretical route can be traced back to the works of ’t Hooft [10] and Witten [11]. ’t Hooft proposed to look for the parameter in QCD, other than the coupling ”constant” -α(q^2) in terms of which one can perform expansions and arrived at the 1/N_c expansion, N_c being the number of colors. Here one can note that, there is nothing fundamental in the value N_c = 3; this is required by phenomenological considerations as the fit to the π_0 → 2γ decay rate or to the ratio of e^+e^− cross sections, σtot(e^+e^−)/σ(e^+e^− → μ^+μ^−).

In a detailed analysis of QCD diagrams in the 1/N_c expansion Witten [11] was led to the conjecture that in the large N_c limit, QCD is equivalent to an effective field theory involving only mesons (and glueballs). Soon after this result, Witten [12] also recognized that baryons can be regarded as solitons of this meson theory in the manner first proposed by Skyrme [13].

All this results give support to the idea that low energy hadron physics can be described by effective theories constructed from meson fields alone. Therefore nonlinear chiral models including only meson degree of freedom will be used to study hadron properties in free space and in nuclear medium. Before entering into more details, we would like first to clearly identify what we mean by nuclear medium. There are obviously two different regimes, leading to two different physical representations of the medium. At very high density one expects a phase transition in which quarks and gluons are deconfined and more or less at the same time chiral symmetry is restored. Above the critical density ρ_c - which is expected to be of order of several normal nuclear matter density ρ_0 - one thus expects a uniform medium of weakly interacting (almost) massless quarks and gluons.

Below this critical density, quarks and gluons are confined and one is dealing with a medium composed of more or less densely packed hadrons. Near the critical density it may be difficult to clearly identify nucleons in the medium dominated by all types of hadrons ( mainly mesons and baryon resonances). At normal nuclear density or less the situation is however much simpler. We know that, the relevant degrees of freedom are nucleons interacting by the exchange of many correlated mesons [14].

We shall concentrate in this thesis on the low energy regime. One of the most exiting topics in this regime is the study of variation of hadron properties as the nuclear environment changes. Recent experiments from HELIOS-3 [15] and the CERES [16] at SPS/CERN energies have shown that there exists a large excess of e^+e^− pairs in central S +Au collisions. Those experimental results may give a hint of some change of a hadron properties in nuclei. Ultrarelativistic heavy - ion experiments ( e.g. at RHIC) [17] are also expected to give significant information on the strong interaction (QCD) through the detection of changes in hadronic properties.

Theoretically lattice QCD simulations may eventually give the most reliable information on the density and or temperature dependence of hadron properties in matter. However current simulations have been performed only for finite temperature (T ≠ 0). Therefore many authors have studied hadron masses in matter using effective theories and have reported that the mass decreases in nuclear medium. In the present thesis we shall make an attempt to modify Skyrme model to study the changes in mass of hadrons and in their interaction.

The present thesis is organized as follows. In Chapter 1 the basic ideas and techniques of the Skyrme model ”for beginners” is reviewed. In Chapters 2 - 4 we shall consider nucleon properties and nucleon - nucleon (NN) interaction in free space. Here the original Skyrme model is extended by inclusion of scalar - isoscalar meson which plays a crucial role in central the nucleon - nucleon interaction.

It is believed that the nucleon properties and NN interaction may change in the nuclear medium. This modification is considered in Chapters 5-7. The main conclusion of the present thesis are summarized in the last chapter.

Chapter 1

The physics of Skyrme solitons.

(A brief review)

An important property of QCD is its chiral symmetry. This invariance must be preserved in the corresponding effective field theories^1.

1.1 The σ model

The simplest chirally invariant effective field theory is the σ model proposed by Gell Mann and Levy [22]. Its version without fermions falls precisely in the class of effective field theories contemplated by Witten. This version of the σ model can be formulated in the following way. Consider a 2 × 2 matrix field U(r) = 1 f_π [σ(r) + i⃗τ⃗π(r)] (1.1) where σ(r) is a scalar and isoscalar field, ⃗π(r) is a pion field and f_π is the pion decay constant. The Lagrangian density can than be written as

L2(r) = 1 2 (∂_μσ)^2 + 1 2 (∂_μπ)^2 = f^2_π 4 Tr [∂_μU(r)∂^μU^+(r)] (1.2)

In the non-linear realization of the σ model, the σ field is eliminated from the model via the chirally invariant constraint, σ^2 + ⃗π^2 = f^2_π (1.3)

implying that U is unitary. Defining σ = f_π cosθ(r) and ⃗π = f_ππ̂sinθ(r), we can write U = ei⃗τπ̂θ(r) with π̂ = ⃗π/|π| . The Lagrangian (1.2) possesses chiral SU(2)_V ⊗ SU(2)_A symmetry. Left and right transformations are associated with left and right multiplication by elements of SU(2) group. The chiral SU(2)_R ⊗ SU(2)_L group of transformations of the field U will correspond to the direct product of left and right transformations of the elements of SU(2) group: U → AUB^+ with arbitrary constant SU(2) matrices A and B. The chirally invariant action is usually written by means of left (or right) invariant Cartan forms: L2 = − f^2_π 4 Tr (L_μL^μ),

L_μ = U^+∂_μU, R_μ = U∂_μU^+.

(1.4)

1A reader is referred to more extended review articles [18, 19, 20, 21]

In terms of basic π and σ fields the corresponding vector ⃗V_μ = [⃗π∂_μ⃗π] and axial currents ⃗A_μ = σ∂_μ⃗π − ⃗π∂_μσ may be obtained by infinitesimal rotations in isospin space σ → σ, ⃗π → π − [⃗ε⃗π] and σ → σ − (⃗ε⃗π), ⃗π → ⃗π + ⃗εσ respectively. Clearly ∂_μV^μ = 0 and ∂_μA^μ = 0 in accordance with chiral invariance.

The trouble with the non-linear σ model is that it leads to energetically unstable solutions; by dimensional arguments, one can see that the energy scales like R, where R is the size of the system, and it vanishes when the system shrinks to zero size.

1.2 The Skyrme Model

To remedy this shortcoming, Skyrme [13] proposed the addition of higher-order terms in the derivative ∂_μU to the form L2(r). He suggested to introduce additional term of the form

L4a(r) = 1 32e^2

Tr [(∂_μU)U^+, (∂_ν U)U^+]^2 = 1 32e^2

Tr [L_μ, L^ν ]^2, (1.5)

with the four derivative term. The resulting Lagrangian density

Lsk(r) = L2(r) + L4a(r) (1.6)

yields a complicate non-linear Euler-Lagrange equation which is difficult to solve. However, if one makes the ansatz that the pion field is directed radially in configuration space, π̂ = r̂, r̂ being a unit vector in coordinate space r̂ = ⃗r/|r|, the U field is of the ”hedgehog” form [3, 13] U = U_0 = exp (i⃗τ⃗rθ(r)). (1.7) In this case, the Lagrangian is L = ∫ d^3rLsk(r) = πf_π e ∫_∞ 0 dxdx[x^2(θ^{′2} + 2 sin^2 θ

x^2 )+ +4 sin^2 θ( sin^2 θ x^2

+ 2θ^{′2})]

(1.8)

with the choice of length scale x = 2ef_π r and θ^′ = dθ/dx. Minimizing L with respect to θ, i.e. using^d_{dx} (^{∂L}_{∂θ′} ) =^{∂L}_{∂θ} one gets the following Euler-Lagrange equation θ^{′′}( x^2 4 + 2 sin^2 θ) + xθ^′ 2 − sin 2θ 4 + +θ^{′2} sin 2θ − sin^2 θ sin 2θ

x^2

= 0.

(1.9)

Soliton solutions can be found with the boundary conditions θ(∞) = 0 and θ(0) = nπ, n− integer. This solution is now energetically stable since the contribution of the term L4a of (1.6) to the energy is proportional to 1/R so that the total energy can be minimized with respect to R to give a finite value. It can also be shown [13] that the solutions characterized by this boundary conditions are topological solitons whose winding number is n.

1.2. 1 The Baryonic Current.

Besides the usual Noether currents, such as V_μ and A_μ, associated with various symmetries fulfilled by the Lagrangian Lsk(r), Skyrme showed that one can construct an ”anomalous” current B_μ = 1 24π^2 ε_{μαβγ} Tr L^αL^β L^γ , (1.10) which is automatically conserved. A new quantum number can be therefore associated with B_μ since this current does not correspond to any initial symmetry of the Lagrangian. With the hedgehog solution, the time component of B_μ is

B_0(r) =

(cos 2θ − 1) 4π^2r^2 dθ dr . (1.11)

Integrating this density over all space ⃗r and taking into account the boundary conditions one gets B = ∫ d^3rB_0(r) = n where n is winding number characterizing the solution U. At this point Skyrme identified n with the byron number, or equivalently B_μ with the byronic current. Baryons therefore emerge from the model as topological solitons.

1.2. 2 Quantization.

So far, the Lagrangian as well as the Euler-Lagrange equation are classical. U is a classical field and therefore carries no definite spin and isospin values. A simple quantization method starting from the classical solution U = U_0 = exp (i⃗τ⃗rθ(r)) was proposed by Adkins, Nappi and Witten [12]. These authors introduce collective coordinates through the unitary transformation A = a_4 + i⃗τ⃗a where the a_μ’s are independent of ⃗r but can depend on time t. The a_μ’s also satisfy the constraint a^2_4 +⃗a^2 = 1 since A is unitary. Under this transformation, U_0 becomes U = A(t)U_0A^+(t). Substituting U into the Lagrangian yields L = ∫ d^3rLsk[U = A(t)U_0A^+(t)] = −M + λTr (ȦȦ^+) = = −M + 2λ 4∑ μ=1 (ȧ_μ)^2

(1.12)

where e.g. ȧ = da/dt, M is given by eq. (1.8) and λ = π 3f_πe^3 ∫_∞ 0 dxx^2 sin^2 θ[1 + 4(θ^{′2} + sin^2 θ/x^2)] (1.13)

From the Lagrangian one gets the Hamiltonian

H = Π_μȧ_μ − L, (1.14)

where Π_μ ’s are the conjugate momenta Π_μ = ∂L/∂ȧ_μ = 4λȧ_μ Substitution of this equation into the previous one yields

H = M + 1 8λ 4∑ μ=1 Π^2_μ . (1.15)

With the usual canonical quantization procedure Π_μ = −i ∂ ∂a_μ , the Hamiltonian takes the form H = M + 1 8λ 4∑ μ=1 (− ∂^2 ∂a^2_μ ) (1.16)

with the constraint a^2_4 + ⃗a^2 = 1. Because of this constraint the term 4∑ μ=1 ∂^2 ∂a^2_μ is to be inter-

preted as the Laplacian on a 3-dimensional sphere. The wave functions of H are polynomials in a_μ.

1.2. 3 The Spin and Isospin Operators

Under a rotation about the z-axis in configuration space by a small angle δ, it is easy to show that ei⃗τ⃗r → eiδτ^z/2ei⃗τ⃗re−iδτ^z/2 (1.17) Hence, under this rotation the field configuration AU_0A^+ transforms into a new one with A → Aeiδτ^z/2, (a_4 + i⃗τ⃗a) → (a_4 + i⃗τ⃗a)(1 + iδτ_z/2) (1.18)

This gives after some algebra

a_4 → a_4 − δa_z/2, a_z → a_z + δa_4/2, a_x → a_x − δa_y/2, a_y → a_y + δa_x/2. (1.19)

Identifying this transformation with the initial rotation written in terms of the spin operators, i.e. a_μ → (1 + iδJ_z)a_μ one finds

J_z = i 2 [−a_4 ∂ ∂a_z + a_z ∂ ∂a_4 − a_x ∂ ∂a_y + a_y ∂ ∂a_x ] (1.20)

Under a rotation about the z-axis of isospin space by a small angle δ A → e−iδτ^z/2A and the same calculation as before leads to

I_z = i 2 [a_4 ∂ ∂a_z − a_z ∂ ∂a_4 − a_x ∂ ∂a_y + a_y ∂ ∂a_x ] (1.21)

It is easy to verify that the spin-isospin wave functions for various baryons are: |p ↑⟩ = (a_x + ia_y)/π , |p ↓⟩ = −i(a_4 + ia_z )/π , |n ↑⟩ = i(a_4 + ia_z)/π , |n ↓⟩ = −(a_x − ia_y)/π . (1.22)

The calculation of observables is then reduced to the evaluation of appropriate matrix element of operators (constructed from the field configuration) with these spin-isospin wave functions. For example, the proton mass is ⟨p ↑|H|p ↑⟩ = 1 π^2 ∫ d^4aδ( ∑ μ a^2_μ − 1)(a_x − ia_y)H(a_x + ia_y) =

= M + 3 8λ (1.23)

where the expression (1.16) for H(U = AU_0A^+) has been used.

1.2. 4 Results for the Static Properties of Baryons

The previous procedure has been applied by Adkins, Nappi and Witten [12] to the calculation of baryon masses (nucleon and delta resonance), charge radii, magnetic moments and coupling constants. The results are listed in Table 1.1. These authors adjust f_π and e to fit the nucleon and Δ masses obtaining f_π = 64.5 MeV and e = 5.45. The other quantities are predicted. They are in qualitative agreement with experiment (within 30% ) except for g_A.

Table 1.1: Baryon properties in the original Skyrme model [12].

Quantity Prediction Experiment M_N input 939 MeV M_Δ input 1232 MeV f_π 64.5 MeV 93 MeV ⟨r^2⟩^{1/2}_{I=0} 0.59 fm 0.72fm

⟨r^2⟩^{1/2}_{M,I=0} 0.92 fm 0.81 fm μ_p 1.87 2.79 μ_n -1.31 -1.91 g_A 0.61 1.23 g_{πN N} 8.9 13.5

1.3 Two baryon system

The principal goal of studying the B = 2 sector of the Skyrme model is to apply it to the nucleon nucleon (NN) interaction. Characteristic features of the nuclear force shared by various semiphenomenological potentials are as follows:

a) a long range (≥ 1.4 fm ) interaction dominated by one - pion exchange potential (OPEP),

b) a medium - range (∼ 1fm) attraction in the central force, and

c) a strong short - range repulsion (≤ 0.7fm).

The OPEP is well established, while the microscopic origins of the medium - and short range interactions are less well understood.

A simple study has already been made by Skyrme himself, which surprisingly contains many essential features, at least qualitatively. He proved that a matrix product of two B = 1 configurations, U = U_1U_2, belongs to the B = 2 sector. Then he proposed the ”product ansatz” for two Skyrmions separated by ⃗R individually iso - rotated by A and B :

U_{12} = AU_0(⃗r + ⃗R/2)A^+BU_0(⃗r − ⃗R/2)B^+ (1.24)

The classical energies calculated using this ansatz giving

E_{12} = 2E_0 + V ( ⃗R, C), (1.25)

where the static potential V depends of the relative distance ⃗R and the relative orientation C = A^+B. A global rotation of U does not change the total energy. Skyrme pointed out the following two facts:

i. For large R = | ⃗R|, V ( ⃗R, C) approaches the one - pion - exchange potential (OPEP): V ( ⃗R, C) ≈ T_{ab}∇_a∇_b{exp(−m_πR)/R} (1.26) with T_{ab} = Tr [τ_aCτ_bC^+]/2. The Yukawa function in eq. (1.26) is replaced by 1/R for the massless pion. This is natural since the Skyrmion contains a one pion cloud in the tail region.

ii. At R = 0 and A = B = 1, the configuration U_{12} takes the form of hedgehog with B = 2 and its energy is about 1 GeV higher than the two Skyrmion threshold. This excess of energy at R = 0 suggests a short range repulsion between two nucleons.

More quantitative analyses using the product ansatz have been performed by several authors and the precise form of the potential V ( ⃗R, C) was worked out. The NN interaction is then obtained by the semiclassical method from V ( ⃗R, C). Each Skyrmion is rotated by the collective coordinate A or B, and the relevant spin - isospin component is extracted. One finds that the NN potential consists of three terms, given by

V_{N N} ( ⃗R) = V_0(R) + (⃗τ_1⃗τ_2)(⃗σ_1⃗σ_2)V_σ (R) + (⃗τ_1⃗τ_2)S_{12}V_T (R) (1.27)

where S_{12} is the standard tensor operator for nucleons:

S_{12} = 3(⃗σ_1R̂)(⃗σ_2R̂) − (⃗σ_1⃗σ_2) (1.28)

The last two terms in (1.27) tend asymptotically to the OPEP, as expected, while the first term has a shorter range. Unfortunately, it is found that the spin - isospin - independent part of the central force V_0 is strongly repulsive at medium distances so that V_{N N} in Eq. (1.27) does not account for nuclear binding.

1.4 Scaling behavior of the Skyrme model

The second shortcoming of the Skyrme model was revealed by Shehter [23]. He proved that the chiral effective Lagrangian such as the Skyrme model have different scaling behavior than QCD. Classically the QCD Lagrangian (with massless quarks) is invariant under scale transformations x_μ → e−λx_μ with λ real. The corresponding conserved current is the dilaton current, S_μ = T_{μν} x^ν where T_{μν} is the energy-momentum tensor. At the quantum level, however S_μ has nonvanishing divergence [24]

∂^μS_μ = ( β(g) 2g )F^a_{μν} F^{μν}_a , (1.29)

where g is the coupling constant, β(g) the QCD beta function and F^a_{μν} the gluonic field strength tensor. Since ∂^μS_μ = T^μ_μ the trace of T_{μν} in Eq. (1.29) is called the ”trace anomaly”. To restore the anomalous scaling behavior of QCD at the effective Lagrangian level one introduces a scalar field χ(x) [23] such that ∂^μS_μ = −bχ^4. Fluctuations in χ around χ_0 may be interpreted as a scalar glueball or a quarkonium.

In the next chapter we shall take into account scalar dilaton field to restore the anomalous scaling behavior and consider NN interaction. Meanwhile, to make this point clearer and for further references we briefly outline the meaning of ”scale dimension” below. Let’s consider the kinetic terms of a fermion field (e.g. quark field in QCD)

L^ψkin(x) = iψ̄(x)∂^μγ_μψ(x) (1.30)

and a boson (pion) field L^πkin(r) = 1 2 ∂_μπ∂^μπ. (1.31)

The scale invariance demands that the action S = ∫ d^4xL should be invariant under scale transformations x_μ = e−λx^′_μ : S = ∫ d^4xLkin(x) = ∫ d^4x^′L^′kin(x^′) (1.32)

Let the fermion and boson fields scale as ψ(x) = exp (nλ)ψ^′(x^′) and π(x) = exp (mλ)π^′(x^′) respectively. For fermions we get S = i ∫ d^4xψ̄(x)∂^μγ_μψ(x) = i ∫ d^4x^′ψ̄^′(x^′)∂^μγ_μψ^′(x^′)eλe2nλe−4λ = = ∫ d^4x^′L^′kin(x^′)

(1.33) and hence −4λ + λ + 2nλ = λ(2n − 3) = 0. Since λ is arbitrary then n = 3/2. Similarly, for boson fields one can show that m = 1. Therefore we may conclude that x_μ → e−λx_μ, ψ(x) → e3λ/2ψ(x), π(x) → eλπ(x). (1.34) i.e. the scale dimension d equals to d_f = 3/2 and d_b = 1 for fermions and bosons respectively. Obviously, the scale dimension of chiral nonlinear field U(x) is zero. For this reason the four derivative term of the Skyrme Lagrangian L4a is scale invariant by itself: ∫ d^4xL4a(x) → ∫ d^4x^′e−4λL^′4a(x^′)e4λ = ∫ d^4x^′L^′4a(x^′) (1.35)

whereas the kinetic term L2(x) = f^2_π 4 Tr [∂_μU(x)∂^μU^+(x)] (1.36)

is not: ∫ d^4xL2(x) → f^2_π 4 ∫ d^4x^′e−4λe2λTr [∂_μU^′(x^′)∂^μU^{′ +}(x^′)] = = e−2λ ∫ d^4x^′L^′2(x^′)

(1.37)

How can the invariance be restored? According to Shehter [23] an additional boson field χ(x) should be included into the Skyrme Lagrangian. As a result the minimal version of scale invariant Skyrme Lagrangian will be given by L(U, χ) = 1 2 ∂_μχ∂^μχ + f^2_π 4 ( χ χ_0

)^2Tr [∂_μU∂^μU^+]+ + 1 32e^2

Tr [(∂_μU)U^+, (∂_ν U)U^+]^2

(1.38)

where χ_0 is the vacuum expectation value of a dilaton field χ(x).

But unfortunately this is not the whole story. The basic QCD Lagrangian whose main features should be reflected in an effective one has the ”trace anomaly” mentioned above. To restore the anomalous scaling behavior of QCD at the effective Lagrangian level one has to introduce an effective potential V (χ), describing the self interaction of dilaton fields. It was shown that, the effective potential could be uniquely determined by the vacuum energy density bχ^4_0/4 and the condition that the minimum should occur at χ = χ_0 which yield [24]

V (χ) = bχ_0 16 {1 + ( χ χ_0

)^4[4 ln(χ/χ_0) − 1]}. (1.39)

The parameters b and χ_0 are obtained from the value of the gluon condensate Cg ⟨0|∂^μS_μ|0⟩ = ⟨0|( β(g) 2g )F^a_{μν} F^{μν}_a |0⟩≡Cg = bχ^4_0 (1.40)

and the dilaton mass m^2_χ =

∂^2V ∂χ^2 |_{χ=χ0} = 4bχ^2_0 (1.41)

which together with f_π and e specify the parameters of the Lagrangian. It has been shown that, the suitable choice of parameters χ_0 ≈ 120MeV , Cg ≈ (300MeV )^4, e ≈ 4.5 and f_π = 93MeV leads to a large dilaton mass m_χ ≈ 1500MeV , which may be identified with a glueball. Although this scalar field has nothing to do with a scalar σ meson (m_σ ≈ 600MeV ), its inclusion into the Skyrme Lagrangian proved to solve a long standing problem of missing of intermediate range attraction in the central NN interaction [25, 26].

Nevertheless, it would be quite desirable to include into the Skyrme Lagrangian a dilaton field with lower mass e.g. m_χ = m_σ ≈ 600MeV . This goal has been achieved by using the method of bosonization in ref.s [21, 27]. As a result, a modified Lagrangian which differs from Shehters one [23] mainly due to the self interaction potential:

V (χ) = bχ_0 24 {1 − ( χ χ_0

)^4 − 4 ε [1 − ( χ χ_0

)^ε]} (1.42)

has been proposed. We shall use this model to study NN interaction in the next chapter.

1.5 PCAC and Goldberger - Treiman relations

The chiral invariance of Skyrme model leads to well known relations. Here we show how these relations can be derived in a rather model independent way. Considering pion - nucleon system we start with the interaction Hamiltonian: H_{int} = −ig_{πN N} ψ̄(x)γ_5⃗τψ(x)⃗φ_π(x) (1.43) where g_{πN N} is the pion - nucleon coupling constant, ψ(x) and ⃗φ_π (x) are nucleon and pion fields respectively. The latter satisfies Klein - Gordon equation:

(∂_μ∂^μ + m^2_π)⃗φ_π(x) = −ig_{πN N}ψ̄(x)γ_5⃗τ ψ(x) (1.44)

Axial current of this system is the sum of the nucleonic, ⃗A^N_μ ,

⃗A^N_μ = g_Aψ̄(x)γ_μγ_5⃗τ ψ(x)/2 (1.45)

and pionic, ⃗A^π_μ, ⃗A^π_μ = f_π ∂_μ ⃗φ_π(x) (1.46)

axial currents:

⃗A_μ = ⃗A^N_μ + ⃗A^π_μ (1.47)

Using Dirac (iγ_μ∂^μ − M)ψ(x) = 0 and Klein - Gordon equations one may obtain ∂^μ ⃗A^N_μ = Mg_Aψ̄(x)iγ_5⃗τ ψ(x), ∂^μ ⃗A^π_μ = −f_πm^2_π ⃗φ_π (x)

(1.48)

Note that, the last second equation in (1.48) is called as PCAC (partial conservation of axial current) relation. Now, the requirement of conservation of the total axial current ∂^μ ⃗A_μ = 0 gives following equation for the divergent of ⃗A_μ:

(∂_μ∂^μ + m^2_π )⃗φ_π(x) = −g_AMψ̄(x)iγ_5⃗τ ψ(x) (1.49)

Finally, comparing right hand sides of the Eq.s (1.44) and (1.49) one easily gets Goldberger - Treiman relation:

Mg_A = f_πg_{πN N} (1.50) This utmost important relation between axial coupling constant g_A and pion - nucleon coupling constant g_{πN N} is in good agreement with the experiment: g_{πN N} = 13.4 ± 0.1, Mg_A/f_π = 12.78 ± 0.1. The small deviation reflects the accuracy of the relation. We shall come back to this point considering in - medium modification of this relation in Chapter 5.

Chapter 2

Scalar Dilaton - Quarkonium Meson in Nucleon - Nucleon Interaction.^1

2.1 Introduction

Skyrme - like models allow for the study of the properties of individual baryons and offer a framework for investigating interactions between classical baryons. The simplicity of calculations and the existence of a transparent connection between NN and NN̄ interactions within the Skyrme model are distinct advantage over the models such as nonrelativistic quark models or the bag models. The most of calculations based on the product approximation within Skyrme - like models lead to projected potentials that are in qualitative agreement with empirically motivated NN potentials at short and long distances. However many of them does not take into account the scale anomaly of the QCD omitting scalar particles and fail to reproduce the intermediate range attraction in the scalar channel.

At the present time there are two different approaches to include scalar meson - dilaton into the Skyrme model. In both approaches the interaction of dilaton field with the chiral field is dictated by the scale invariance. The main difference is in the origin of dilaton. On the one hand, there is the approach in which dilaton is associated with the glueball [31]. In this approach the glueball field saturates the scale anomaly completely. In the other approach the dilaton is treated as a quarkonium arising due to fluctuations of the quark condensate [27], which is an order parameter for the chiral symmetry breaking. In this approach the dilaton - quarkonium saturates a part of the scale anomaly, namely by the part which is produced by the quark loops. This choice of the quarkonium as a dilaton is based on two principal observations:

a) The experimental studies of scalar resonances [32] show that the real lightest candidate for the glueball state is f_0(1590) which does not appear in ππ and KK̄ productions.

b) Consideration of the chiral anomaly [27] shows that the only guage - invariant combination of the gluon field G_{μν} G_{λρ} can contact only with a total antisymmetric tensor ε^{μνλρ}. Thus this combination has J^{P C} = 0^{−+} quantum number and contributes to Wess - Zumino - Witten action producing U(1) anomaly. It suggests that the 0^{++} glueball field as a fluctuation of G^2_{μν} cannot interact directly with chiral field, but only through the mixing with the dilaton – quarkonium. The estimate gives small values for the mixing angle of glueball and quarkonium states.

In the present chapter we calculate the central NN potential within a Skyrme model suggested by Andrianov and Novozhilov in ref. [27]. The model is based on effective low

1The present chapter is based on following articles by the author and his collaborators: [28, 29, 30]

energy action for pseudoscalar and scalar (dilaton - quarkonium) meson which has been derived starting directly from the QCD generating functional by the joint chiral and conformal bozonization method.

2.2 The Lagrangian

The Lagrangian suggested by Andrianov and Novozhilov [27] is

L_{AN} (U, σ) = L2 + L4a + W_σ,

L_2 = − f^2_π 4 [Tr L_μL^μ − 2(∂_μσ)^2]e^{−2}σ,

L4a = 1 32e^2

Tr [L_μ, L^ν ]^2,

W_σ = − Cg 24 [e−4σ − 1 + 4 ε (1 − e−εσ)]

(2.1)

where f_π = 93MeV is pion decay constant, e− dimensionless parameter, Cg - gluon condensate parameter : Cg = ((300 − 400)MeV )^4, σ - scalar meson field , L_μ = U^+∂_μU , Uis an SU(2) matrix chiral field. It is a generalization of the well - known original Skyrme model [12, 13] (OSM) and takes into account the conformal anomaly of the QCD. The term L2 includes the kinetic term of the chiral field and scalar fields. The L4a is a well known Skyrme term. The effective potential for the scalar field is a result of the extrapolation of the low energy potential into the high energy region in one - loop approximation to the Gell - Mann - Low QCD β - function. The parameter ε depends on the number of flavors N_f : ε = 8N_f /(33 − 2N_f ). Note that in the limit of heavy σ– meson the potential becomes equal to the symmetric quartic term L4s = γ 8e^2

[Tr L_μL^μ]^2 , which is necessary to reproduce the ππ scattering data [33]. We extend the Lagrangian (2.1) by adding chiral symmetry breaking term: Lχsb = e^{−3}σm_π^2f_π^2 2 Tr (U − 1) (2.2)

to provide the correct asymptotic behavior of the soliton field. Thus our model is given by:

L = LAN + Lχsb (2.3)

In the static approximation when some parts of the Lagrangian have simple form

L2 = f^2_π 4 [ρ^2Tr L^2_i − 2ρ^{′2}],

L4a = 1 32e^2

Tr [L_i, L_j ]^2,

(2.4)

where ρ ≡ exp (−σ(r)) we may use the most popular hedgehog ansatz: U = U_0 = exp (i⃗τ⃗rθ(r)), r̂ = ⃗r/|r| and propose spherical symmetry for the scalar field σ(r). Then the mass functional for classical soliton is given by:

M_H = 8πf_π e ∫_∞ 0 dx(M̃_2 + M̃4a + M̃w + M̃π), M̃_2 = ρ^2(θ^{′2}x^2/2 + s^2)/4 + ρ^{′2}x^2/8, M̃4a = s2(d/2 + θ′2), M̃w = D

eff x^2[ρ^4 − 1 + 4 ε (1 − ρε)] M̃π = ρ^3(1 − c)x^2β^2/4

(2.5)

where x = 2ef_πr, c ≡ cos(θ), s ≡ sin(θ), d = (s/x)^2, β = m_π/(2f_π e), Deff = Cg/384e^2f_π^4. The Euler – Lagrange equations for the chiral angle θ(x) and scalar meson shape function ρ(x) follow to be θ^{′′}[ 1 4 x^2ρ^2 + 2s^2] + 1 4 [2x^2θ^′ρρ^′ + 2xθ^′ρ^2 − ρ^2s_2]+ +s_2(θ^{′2} − d) − ρ^3x^2βs/4 = 0,

(2.6)

x^2ρ^{′′}/4 − ρx^2(θ^{′2}/2 + d)/2 + xρ^′/2 − 4Deffx^2(ρ^3−

−ρε − 1) − 3ρ^2(1 − c)x^2β^2/4 = 0 ,

(2.7)

where s_2≡ sin(2θ) and a prime corresponds to the derivative with respect to x. For the asymptotic behavior of θ(x) at large distances when ρ → 1 we get from (2.6) and (2.7) a familiar formula: [34] θ(x) ∼ 3g_{πN N} f_πe^2 2πM_N x^2 (1 + βx) exp (−βx)≡A (1 + βx) x^2 exp (−βx) (2.8)

where M_N is the nucleon mass, g_{πN N} = 13.5 – the pion-nucleon coupling constant. This formula gives connection between g_{πN N} and Skyrme parameter e and reveals that e is not a free parameter of Skyrme model in some sense. The behavior of ρ(x) at large x exhibits a rapid decrease from the unity: ρ(x) ∼ 1 − γ e− D̃x x , D̃ = √ 16Deff(4 − ε) (2.9)

At small distances the behavior of θ(x) and ρ(x) is given by: θ(x)∼π − αx ρ ∼ ρ_0 − ax^2 (2.10)

with a = [3α^2ρ_0 + 16Deff(ρ_0^3 − ρ_0ε − 1) + 6ρ_0^2β^2]/6.

Thus Eq.s (2.6) and (2.7) may be solved numerically using well known methods [35, 36] and the parameters A, α, γ and ρ_0 in Eqs. (2.6), (2.10) may be adjusted to yield continuity in θ, ρ, θ^′, ρ^′ at a merging point. In addition, the consequence of the virial theorem: ∫_∞ 0 dx[M̃_2 − M̃_{4a} + 3(M̃w + M̃π)] = 0 (2.11)

may be used to control the accuracy of stable solutions of Eq.s (2.6), (2.7). The resulting solution, θ(r), is similar to that one in the original Skyrme model (OSM) [12] while ρ(r) rapidly goes to the unity starting from ρ_0 at r = 0 .

Masses of nucleon M_N and Δ - isobar - M_Δ may be calculated from the following expressions:

M_N = M_H + 3/8λ_M M_Δ = M_H + 15/8λ_M

(2.12)

where M_H - soliton mass (5), λ_M is momentum inertia of the rotating skyrmion:

λ_M = 4π 3e^3f_π ∫_∞ 0 dxx^2s^2[ρ^2/4 + θ^{′2} + d] (2.13)

2.3 The nucleon – nucleon interaction

We investigate the skyrmion-skyrmion interaction by using the product approximation:

U(⃗x; ⃗r_1, Â_1; ⃗r_2, Â_2) = Â_1U_0(⃗x − ⃗r_1)Â^+_1 Â_2U_0(⃗x − ⃗r_2)Â^+_2 ≡ U_1U_2 ρ(⃗x, ⃗r_1, ⃗r_2) = ρ(⃗x − ⃗r_1)ρ(⃗x − ⃗r_2) ≡ ρ_1ρ_2 (2.14)

where U_0(⃗x − ⃗r_i) for i = 1, 2 is the hedgehog solution (U_0(⃗r) = exp (i⃗τ⃗rθ(r)), r̂ = ⃗r/|r|) located at ⃗r_i, and A_i the collective coordinate to describe the rotation. The skyrmionskyrmion potential is defined by: V (⃗r) = − ∫ d⃗x[L(U_1U_2, ρ_1ρ_2) − L(U_1, ρ_1) − L(U_2, ρ_2)] (2.15)

where ⃗r is the relative coordinate between two skyrmions (⃗r = ⃗r_1 − ⃗r_2). The product approximation has reasonable properties: a) the baryon number is additive, b) it gives a correct behavior at the asymptotic region, i. e., the one-pion exchange potential, c) at ⃗r = 0 the product form is very close to the hedgehog solution of the baryon number B = 2.

The static NN potential may be obtained by using a standard technique [37, 38, 39, 40] which gives the following expressions for the scalar-isoscalar part of central NN interaction:

V_C (r) = 8πf_π e ∫_1 0 dt ∫_∞ 0 dxx^2[V_2(x, x_1) + V_{4a}(x, x_1) + V_W (x, x_1)+ +Vχsb(x, x_1) + 1 → 2]

(2.16)

Here the contributions from L2 , L4a , Lχsb and W_σ are denoted by V2, V_{4a}, V_{χsb} and V_W respectively:

V_2(x, x_1) = {ρ(x)ϕ(x)ρ_1ϕ_1z_1 + (ρ_1^2 − 1)× ×[ρ^2(x)(θ̃(x) + 3d(x)) + ϕ^2(x)]}/8 V_W (x, x_1) = Deff{[ρ^4(x)(ρ_1^4 − 2) + 1] − 4[ρ^ε(x)(ρ_1^ε − 2) + 1]/ε}/2 V_{4a}(x, x_1) = {d_1[3d(x) + 2θ̃(x)] + θ̃(x)θ̃_1(1 − z_1^2)/2}/3 Vχsb(x, x_1) = −ρ^3(x)d^2(x){ρ_1^3[c(x)c_1 − 1]/2 − c(x) + 1}/4

(2.17)

where the following notations are introduced: θ̃(x) = θ^{′2}(x) − d(x) , ϕ(x) = ρ^′(x) , (x_{1,2})^2 = x^2 + r̃^2±2xtr̃ , z_{1,2} = (x ± r̃t)/x_{1,2} , r̃ = 2ref_π , r is a relative distance between the two nucleons, ρ_i ≡ ρ(x_i), d_i≡d(x_i), (i = 1, 2) e.t.c.

2.4 Results and discussions.

As a starting point we make an attempt to describe the pion – nucleon coupling constant g_{πN N} and N − Δ mass splitting: M_{N Δ} = M_Δ − M_N optimizing the only free parameter of the model - Cg. In fact, the value of f_π should be fixed to its experimental value, and the Skyrme parameter e must be defined by Eqs. (2.6) - (2.8) with g_{πN N} = (g_{πN N} )^{exp} = 13.5 during the numerical solving procedure of corresponding equations of motion. The typical solutions could be seen from Fig.2.1 where solid and dotted curves display the profile function

Figure 2.1: The radial dependence of chiral angle θ(r) - solid line and shape function ρ(r) = exp(−σ(r)) - the dotted lines for the soliton corresponding to the set of parameters f_π = 93MeV , e = 4.69 , Cg = (122.3MeV )^4.

θ(r) and the shape function ρ(r) ≡ exp (−σ(r)) respectively. It is well known [27] that the Lagrangian (2.1) with Cg = (300MeV )^4 gives a large value for the soliton mass. Our precise analysis [29] show that the gluon condensate should be reduced up to the Cg = (122.3MeV )^4 to reproduce g_{πN N} and the masses (M_Δ − M_N = 293MeV, M_N = 954.5MeV ) [29].

In this case the calculated value of axial coupling constant g_A, which is given by the following expression:

g_A = − π 3e^2 ∫_∞ 0 dx x^2{ρ^2(θ^′ + s_2/x) + 4[s_2(θ^{′2} + d)/x + 2θ^′d]} (2.18)

is equal to 1.01 i.e. much better then that in OSM [12] (g_A^{OSM} = 0.61). It is clear from Eq. (2.18) that g_A is very sensitive to the Skyrme parameter e which is connected to g_{πN N} through the equations (2.6) - (2.8), since Goldberger Treiman relation does not work due to Lχsb term.

Thus by using the following optimal set of parameters: f_π = 93MeV , e = 4.69 , Cg = (122.3MeV )^4 in Eqs. (2.16),(2.17) we calculated the scalar - isoscalar part of central nucleon - nucleon potential – the solid line in Fig. 2.2. It may be compared with corresponding

Figure 2.2: Central isospin-independent potential as a function of internucleon distance r calculated from Eqs. (2.16),(2.17) . The dashed curve is the corresponding interaction component in the ”Paris” potential [41].

interaction component of the realistic phenomenological ”Paris” potential [41], displayed there with the dashed line. It is seen from the figure that the attraction is shifted to larger separations and much stronger. The similar result was obtained in ref. [42] within the framework of realistic pseudoscalar - vector chiral Lagrangian where the σ - meson exchange was simulated by a correlated two-pion exchange between the two solitons.

To discuss this effect in a more detail we bring in figures Fig.2.3 (a) and Fig.2.3(b) the net contributions from each term. It is well known that in the OSM the second order derivative term L2 does not contribute to the central potential at all [ρ(x) = 1 in Eqs. (2.16), (2.17)], whereas the contribution from L4a is strongly repulsive (see Fig.2.3(b)). After the inclusion of scalar dilaton this repulsion may be compensated by an attractive contribution arising from the kinetic term L2 [see Fig.2.3(a)] in the region r ≥ 1.5fm. As to the contributions from Lχsb and W_σ terms they are not large, especially, at short and medium distances [see Fig.2.3(a) and Fig.2.3(b)].

Note that the relevance of product approximation in the short range region of the interaction may be doubtful. However, the considering attraction appears at separations greater than 1.2fm where the approximation is valid.

Figure 2.3: The net contributions to the central NN potential given by the Eqs. (2.16), (2.17). The V_2, V_{sb}, V_4, and V_W curves are the contributions from L2, Lχsb, L4a and W_σ terms respectively.

We conclude that the model we have presented here leads to a correct values of f_π, g_{πN N} , M_{N Δ} and gives a desired attraction in the central part of NN interactions. On the other side, by comparing this result with a result of Yabu et al. [25] where no attempt had been made to optimize the parameters we may affirm that the attraction appears in a natural way in both cases regardless the origin of dilaton. One may expect that the inclusion of ω− meson coupling term to the Lagrangian [43] and taking into account of deformation effects [44, 45, 46] will give a better description of NN and NN̄ interactions.That will be the subject of the next chapter.

Chapter 3

The Deformation of the Interacting Nucleon in the Skyrme Model.^1

3.1 Introduction

The possible changes in the radius of a nucleon in interaction with another nucleon was investigated in the skyrmion model by Kalbermann et. al. [49]. It was found that there is a swelling of the nucleon at intermediate distances between the nucleons which were assumed to preserve their spherical shape. On the other hand Hajduk and Schwesinger [50] considering the skyrmion to be soft for the deformation showed that there are several deformed states of rotating skyrmions. In particular, besides the ground state of a spherical shape there exist a degenerate doublet exotic states with the same quantum numbers of the nucleon (s = t = 1/2) of oblate and prolate shapes. One may therefore wonder whether the nucleon can change its shape under the action of strong interactions.

Certainly, several studies have been made of the deformation effects on the Skyrmions [44, 45, 46], but these were carried out to obtain a better understanding of the possible sources of attraction in the central nucleon - nucleon potential. As a result it was shown that the deformation effect is very important and may reduce the central repulsion by about 40%.

In the previous chapter the problem of missing central attraction in the NN - interaction has been investigated within the model of Andrianov and Novozhilov [27] which starts with the Skyrme Lagrangian supplimented by a dilaton scalar field σ(r) so as to satisfy the QCD trace anomaly constraint. It has been concluded that this model gives the desired attraction in the central part of the NN interaction. The resulting central scalar - isoscalar part of the potential is in qualitative agreement with the phenomenological one.

In the present chapter we shall concentrate on the effects of modification of the shape of a nucleon at a quantitative level using skyrmions. We shall use the same Lagrangian (2.1)-(2.4) [27, 51]which has been used in the previous chapter.

3.2 The interaction of deformed nucleons

As it was shown in the previous chapter, the Lagrangian L_{AN} (U, σ) is a generalization of the well - known original Skyrme model [12, 13] and takes into account the conformal anomaly of the QCD.

We have also shown that the Lagrangian produces in a natural and transparent way the intermediate - range attraction in the central part of baryon - baryon interaction even in the

1The present chapter is based on following articles by the author and his collaborators: [47, 48]

product approximation [30]. Here we let the interacting nucleons deform. Assume that both skyrmions deform into an ellipsoidal shape as they come close together. To describe this we write the chiral field U and the dilaton field σ as the nonspherical hedgehog form given by :

U_0(⃗r) = exp (i⃗τq̂θ(q)) σ(⃗r) = σ(q) (3.1)

where the spatial vector ⃗q has the components δ_xx, δ_xy,δ_zz and q̂ is the unit vector: q̂ = ⃗q/q with the deformation parameters δ_x and δ_z . The profile functions θ and σ are assumed to be the solutions of the Euler - Lagrange equations in the spherical case given in (2.6). The ansatz, in Eq. (3.1), leads to a modification of the static mass, M^∗_H , and the moment of inertia, λ^∗_M , of the Skyrmion

M^∗_H = [AM_2 + BM_{4a} + M_{χsb} + M_W ]/η λ^∗_M = [λ_2 + Aλ_{4a}]/η (3.2)

where η = δ^2_xδ_z, A = (2δ^2_x + δ^2_z )/3, B = δ^2_x(δ^2_x + 2δ^2_z )/3 and M_i and λ_i denote the relevant contributions from L_i term in Eq.(2.1) for the spherical case δ_x = δ_z = 1. As we are mainly interested in the region where the medium range attraction takes place - R ∼ 1.25fm ( typical separation between nucleons in nuclei) we restrict ourselves to the familiar product ansatz:

U = Â_1U_0( ⃗X − ⃗q/2)Â^+_1 Â_2U_0( ⃗X + ⃗q/2)Â^+_2 ≡ U_1U_2 ρ = ρ( ⃗X − ⃗q/2)ρ( ⃗X + ⃗q/2) ≡ ρ_1ρ_2 , ρ ≡ exp(−σ) (3.3)

where Â_1, Â_2 are the collective coordinates of skyrmions to describe their rotational motion, ⃗q is the vector along z axis: q_x = 0, q_y = 0, q_z = q = Rδ_z and R is the distance between skyrmions. The static skyrmion - skyrmion potential is defined by V ( ⃗R, δ_x, δ_z) = − ∫ d ⃗X[L(U_1U_2, ρ_1ρ_2) − L(U_1, ρ_1) − L(U_2, ρ_2)] (3.4)

The application of the usual projection methods developed in [44, 45, 46, 52] to Eq.s (3.1) − (3.4) yields the following representation for the central scalar - isoscalar part of the nucleon - nucleon interaction : V_c(R, δ_x, δ_z) = 1 η [V_{χsb}(q) + V_W (q) + δ^2_x(V_2(q) + δ^2_z V_{4a}(q))+

+(δ^2_z − δ^2_x)(V^{def}_2 (q) + δ^2_xV^{def}_{4a} (q))]

(3.5)

where the terms V^{def}_2 and V^{def}_{4a} are the net contributions from the deformation effect of the terms L2 and L4a in Eq.s (2.1)-(2.3) respectively. They are given by

V^{def}_2 (q) = (πf_π) e ∫_∞ 0 dxx^2× × ∫_1 0 dt[ρ_1^2(ρ_2^2 − 1)(β_1 + Y_1t^2_1) + ϕ^2_1t^2_1(ρ_2^2 − 1)+ +ρ_1ρ_2ϕ_1ϕ_2 + (1 ↔ 2)],

V^{def}_4 (q) =

(8πf_π) 3e ∫_∞ 0 dxx^2× × ∫_1 0 dt[(Y_1x^2_1 + 3β_1)(Y_2t^2 + β_2) − Y_1Y_2ZZ_3− −β_1β_2 − 2β_2Y_1t^2_1 + (1 ↔ 2)].

(3.6) with ρ(x) = exp (−σ(x)), ϕ(x) = dρ/dx, β(x) = (sin θ(x)/x)^2, Y (x) = [θ^{′2}(x) − β(x)]/x^2, Z = x^2 − q^2/4, Z_3 = x^2t^2 − q^2/4, q = δ_z ref_π, t^2_{1,2} = q^2/4 + x^2t^2 ± xqt, x^2_{1,2} = t^2_{1,2} + x^2(1 − t^2), ρ_i ≡ ρ(x_i) ϕ_i ≡ ϕ(x_i) Y_i ≡ Y (x_i), β_i ≡ β(x_i).

(3.7)

Other terms in Eq. (3.5) don’t include deformation effects explicitly. They are brought in previous chapter. We shall calculate the deformation parameters δ_x(r) and δ_z(r) by

Figure 3.4: Central isospin - independent potential in Eq.(3.5) calculated for the cases with the dilaton field (solid curve) and without one (dashed curve) as a function of the internucleon distance R . The dotted curve is the corresponding interaction component in the ”Paris” potential [41].

minimizing the total static energy of two nucleon system at each separation R using Eq.s (3.1) - (3.5).

The resulting values of the parameters will be used to study the changes in the shape of the nucleon. Now we illustrate this procedure for the case of the isoscalar mean square radius and the appropriate intrinsic quadrupole moment. The normalized isoscalar mean square radius along each axis may be defined by

⟨r_i^2⟩^∗_{I=0} = ∫ d⃗rr^2_i B_0(⃗r) ∫ d⃗rB_0(⃗r) (3.8)

where i = x, y, z and B_0(⃗r) is the baryon charge distribution

B_0(⃗r) = 1 24π^2 ϵ^{ijk} Tr [L_iL_j L_k ]. (3.9)

The inclusion of the deformation in a simple way: r_i→q_i/δ_i as in Eq. (3.1) yields the following relation between the radius of a free spherical nucleon ⟨r^2⟩_{I=0} and a deformed

one: ⟨r_i^2⟩^∗_{I=0} = 1 δ^2_i

⟨r^2⟩_{I=0}. Therefore the appropriate quadrupole moment characterizing the

shape of the distribution of baryon matter is compared to that of an ellipsoid with axis 1/δ_z and 1/δ_x:

Q_{I=0} = 3⟨r_z^2⟩^∗_{I=0} − ⟨r^2⟩^∗_{I=0} = 2⟨r^2⟩_{I=0}(1/δ^2_z − 1/δ^2_x) . (3.10)

The explicit formulas for Q_{I=1} defined by Q_{I=1} = 3⟨r_z^2⟩^∗_{I=1} − ⟨r^2⟩^∗_{I=1} are rather complicated and may by found elsewhere [48].

3.3 Results and discussions

In the numerical calculations we consider the following two cases: the Lagrangian with the dilaton and the pure Skyrme model when σ = 0 in Eq. (2.1). In both cases the parameters f_π , e and m_π were fixed at the values: f_π = 93MeV, e = 2π, m_π = 139MeV. For the gluon condensate we use Cg = (283MeV )^4 as obtained from lattice QCD calculations [53]. The mass of the scalar meson, m_σ, defined by m_σ = √ 2Cg/2f_π is then 610MeV .

This set of parameters produce the following static properties of the nucleon: M_N = 1054MeV , g_A = 0.65, ⟨r^2⟩^{1/2}_{I=0} = 0.38fm and ⟨r^2⟩^{1/2}_{I=1} = 0.66fm in the dilaton case. No attempt is made here to search for a realistic set of parameters since our interest was mainly in the link between properties of NN interaction and the shape of the nucleon.

In Fig. 3.4 the central scalar - isoscalar part of the nucleon - nucleon interaction has been presented for both cases including deformation effects. For a comparison of the corresponding interaction component with the realistic phenomenological ”Paris” potential [41] is also displayed here ( the dotted line in Fig. 3.4). It is clear that the Lagrangian with the dilaton field is able to describe the nucleon - nucleon interaction in the intermediate region quite well.

We now turn to the changes in the shapes of interacting nucleons. The intrinsic quadrupole moments Q_{I=0} and Q_{I=1} are shown in Fig.3.5 and Fig.3.6 respectively. In the pure Skyrme model when there is no attraction [V_2 = V^{def}_2 = 0 in Eq.(3.5)] between skyrmions it becomes oblate (dashed lines in the figures 3.5, 3.6) due to the strong repulsion caused by the V^4 terms in Eq. (3.5). The inclusion of the dilaton leads to the following qualitative picture: At large separations skyrmion is obviously in a spherical shape, becomes prolate at the intermediate region and deforms to an oblate shape at small distances where the repulsion dominates.

As the nucleons approach each other they change shapes from prolate into oblate at R ∼ 1.2fm. Comparing figures Fig.3.5 and Fig.3.6 it may be noticed that the isoscalar intrinsic quadrupole moment Q_{I=0} is much smaller than the isovector one Q_{I=1} at intermediate separations. The intrinsic quadrupole moment of the proton defined by:

Q_p = (Q_{I=0} + Q_{I=1})/2 (3.11)

Figure 3.5: The radial dependence of the isoscalar quadrupole moment Q_{I=0} of the nucleon.The solid and dashed lines are obtained in the case with dilaton and pure Skyrme model respectively.

reaches a maximum value of Q_p = 0.016fm^2 at r ∼ 1.5fm. The corresponding excentricity ε (see Fig. 3.7) reaches the maximum value ε ≈ 0.02. Note that for deutron ε_D ≈ 0.12, due to the small mixing of D - state. In this sense, one may conclude that the shape of a nucleon in the nuclei is ”more spherical” than the deutron. We expect new data from high - energy electron scattering on nuclei to make the situation clear.

As a concluding remark we have to underline that the deformed states of oblate (prolate) shapes may not necessarily belong to the K = 1 band found in ref. [50] since for a strongly deformed system the quantization procedure used here needs some modifications. It is a generalization of the well - known original Skyrme model [12, 13] and takes into account the conformal anomaly of QCD.

Figure 3.6: The same as in Fig. 3.5 but for the isovector quadrupole moment Q_{I=1}.

Figure 3.7: The excentricity of the ellipsoidally deformed nucleon defined as ε = (a^2 − b^2)/(a^2 + b^2), where a and b are the tranverse and conjugate axes of the ellipse.

Chapter 4

The nucleon–nucleon interaction and properties of the nucleon in a πρω soliton model including a dilaton field with anomalous dimension^1

4.1 Introduction

Recently Furnstahl, Tang and Serot (FTS) [55] have proposed a new model for nuclear matter and finite nuclei that realizes QCD symmetries such as chiral symmetry, broken scale invariance and the phenomenology of vector meson dominance. An important feature of this approach is the inclusion of light scalar degrees of freedom, which are given an anomalous scale dimension. The vacuum dynamics of QCD is constrained by the trace anomaly and related low–energy theorems of QCD. The scalar–isoscalar sector of the theory is divided into a low mass part that is adequately described by a scalar meson (quarkonium) with anomalous dimension and a high mass part (gluonium), that can be “integrated out”, leading to various couplings among the remaining fields. The application of the model to the properties of nuclear matter as well as finite nuclei gave a satisfactory description. Further developments of the model [56, 57] showed that the light scalar related to the trace anomaly can play a significant role not only in the description of bound nucleons but also in the description of heavy–ion collisions. It was also shown that the anomalous cannot be due to an effect of nuclear density on the trace anomaly of QCD [56].

Here a natural question arises: What is the role of this light quarkonium in the description of the properties of a single nucleon, when it is taken into account in topological nonlinear chiral soliton models, which are similar to the FTS effective Lagrangian on the single nucleon level? In the present Chapter we introduce a dilaton field with an anomalous dimension into the πρω–model proposed in ref. [58] and investigate some properties of single nucleon which emerges as a soliton in the sector with baryon number one (B = 1). Note that, analysis of pion - nucleon scattering phase shifts made in refs. [59, 60] indicate the existence of the light scalar meson.

It is well known that a scalar–isoscalar meson, the sigma, plays an important role in the nucleon–nucleon (NN) interaction especially within one–boson–exchange (OBE) models [61, 62]. Note also that, the missing medium range attraction was a long standing puzzle in Skyrme like models. In Chapter 2 we have shown that explicit inclusion of a scalar meson into the Skyrme model produces in a natural way the desired attraction. However, OBE model includes vector mesons also. Therefore, it would be quite interesting to investigate the central part of the NN interaction when the light scalar (σ), ρ and ω–mesons are taken into account explicitly. This is what will be considered in present Chapter. In particular, it is important that when one is to properly describe the intermediate range attraction in the

1The present chapter is based on following articles by the author and his collaborators: [29, 54]

central NN interaction, the successful description of the single nucleon properties within the πρω model should not be destroyed.

We also note that in an soliton approach with explicit regulated two–pion loop graphs one is able to get the proper intermediate range attraction. In that case, however, one does not stay within a simple OBE approach any more (as done here) and also needs to calculate the modifications of the isovector two–pion exchange to the ρ and so on. For comparison, we mention that recent developments of the original Bonn OBE potential performed at Jülich also include multi–meson exchanges leading to a renormalization of various interactions, couplings and cut–off parameters [63, 64]. The model we investigate is related closely to the OBE approximation of the NN force.

4.2 The πρωσ model

Including a σ–meson by means of the scale invariance and trace anomaly of QCD into the πρω–model [65] can be done in terms of the following chiral Lagrangian of the coupled πρωσ system, L = S^2_0 e^{−2σ/d} 2 ∂_μσ∂^μσ − f^2_π e^{−2σ/d} 4 Tr L_μL^μ − f^2_π e^{−2σ/d} 2 Tr [l_μ + r_μ + ig⃗τ ⃗ρ_μ+

+igω_μ]^2 + 3 2 gω_μB^μ − 1 4 (ω_{μν} ω^{μν} + ⃗ρ_{μν} ⃗ρ^{μν} ) + f^2_π m^2_πe^{−3σ/d} 2 Tr (U − 1)−

− d^2S^2_0 m^2_σ 16 [1 − e^{−4σ/d}( 4σ d + 1)],

(4.1)

where the pion fields are parametrized in terms of U = exp (i⃗τ · ⃗π/f_π) and ξ = √ U, left/right–handed currents are given by L_μ = U^+∂_μU, l_μ = ξ^+∂_μξ, r_μ = ξ∂_μξ^+, and the pertinent vector meson (⃗ρ, ω) field strength tensors are ⃗ρ_{μν} = ∂_μ⃗ρ_ν − ∂_ν ⃗ρ_μ + g[⃗ρ_μ × ⃗ρ_ν ] and ω_{μν} = ∂_μω_ν − ∂_ν ω_μ. Furthermore, the topological baryon number current is given by B^μ = ε^{μαβγ} Tr L_αL_β L_γ /(24π^2).

In Eq.(4.1), S_0 is the vacuum expectation value of scalar field in free space matter, f_π is the pion decay constant (f_π = 93 MeV) and g = g_{ρππ} is determined through the KSFR relation g = m/ √ 2f_π . The model assumes the masses of ρ and ω mesons to be equal, m_ρ = m_ω = m. The mass of the σ is related to the gluon condensate in the usual way [55, 66, 67] m_σ = 2 √ Cg/(dS_0), where d is the scale dimension of scalar field (d > 1).

Being “mapped” onto the states of a nucleon, the Lagrangian Eq.(4.1) will be similar to the FTS effective Lagrangian.

Nucleons arise as soliton solutions from the Lagrangian Eq.(4.1) in the sector with baryon number B = 1 as it has been explained in Chapter I. To construct them one goes through a two step procedure. First, one finds the classical soliton which has neither good spin nor good isospin. Then an adiabatic rotation of the soliton is performed and it is quantized collectively.^2 The classical soliton follows from Eq.(4.1) by virtue of a spherical symmetrical ansätze for the meson fields: U(⃗r) = exp (i⃗τr̂θ(r)), ρ^a_i = ε_{iak}r̂_k G(r) gr , ω_μ(⃗r) = ω(r)δ_{μ0}, σ(⃗r) = σ(r) . (4.2) In what follows we call θ(r), G(r), ω(r), and σ(r) the pion–, ρ–, ω–, and σ–meson profile functions, respectively. The pertinent boundary conditions to ensure baryon number one and

2We again refer the reader to ref. [54, 65] for details.

finite energy are, θ(0) = π, G(0) = −2, ω^′(0) = σ^′(0) = 0, θ(∞) = G(∞) = ω(∞) = σ(∞) = 0. To project out baryonic states of good spin and isospin, we perform a time–independent SU(2) rotation U(⃗r, t) = A(t)U(⃗r)A^+(t), ξ(⃗r, t) = A(t)ξ(⃗r)A^+(t) σ(⃗r, t) = σ(r), ω(⃗r, t) = ϕ(r) r [ ⃗Kr̂] ⃗τ · ⃗ρ_0(⃗r, t) = 2 g A(t)⃗τ · ( ⃗Kξ_1(r) + r̂ ⃗K · r̂ξ_2(r))A^+(t), ⃗τ · ⃗ρ_i(⃗r, t) = A(t)⃗τ · ⃗ρ_i(⃗r)A^+(t) (4.3)

with 2 ⃗K the angular frequency of the spinning mode of soliton, i⃗τ · ⃗K = A^+Ȧ. This leads to the time–dependent Lagrange function L(t) = ∫ d⃗rL = −M_H (θ, G, ω, σ) + Λ(θ, G, ω, σ, ϕ, ξ_1, ξ_2)Tr (ȦȦ^+) . (4.4) Minimizing the classical mass M_H (θ, G, ω, σ) leads to the coupled differential equations for θ, G, ω and σ subject to the aforementioned boundary conditions. In the spirit of the large N_c–expansion, one then extremizes the moment of inertia Λ(θ, G, ω, σ, ϕ, ξ_1, ξ_2) which gives the coupled differential equations for ξ_1 , ξ_2 and ϕ in the presence of the background profiles θ, G, ω and σ. The pertinent boundary conditions are ϕ(0) = ϕ(∞) = 0, ξ^′_1(0) = ξ_1(∞) = 0, ξ^′_2(0) = ξ_2(∞) = 0, 2ξ_1(0) + ξ_2(0) = 2. The masses of nucleon M_N and the mass of Δ , M_Δ, are then given by M_N = M_H + 3/8Λ and M_Δ = M_H + 3/15Λ.

The electromagnetic form factors obtained in the usual way [65] are:

G^S_E (⃗q^2) = − 4πm^2 3g ∞∫ 0 j_0(qr)ω(r)e^{−2σ/d}r^2dr,

G^S_M (⃗q^2) = −

2πM_N m^2 3gΛ ∞∫ 0 j_1(qr) qr ϕ(r)e^{−2σ/d}r^2dr,

G^V_E (⃗q^2) = 4π Λ ∞∫ 0 j_0(qr) { f^2_π 3 [4s^4_2 + (1 + 2c)ξ_1 + ξ_2]e^{−2σ/d} + gϕθ^′s^2 8π^2r^2 } r^2dr,

G^V_M (⃗q^2) = 8πM_N 3 ∞∫ 0 j_1(qr) qr { 2f^2_π [2s^4_2 − Gc]e^{−2σ/d} + 3g 8π^2 ωθ^′s^2 } r^2dr,

(4.5)

where s = sin(θ), c = cos(θ) and s_2 = sin(θ/2). The normalization is G^S_E (0) = G^V_E (0) = 1/2. Similarly, meson–nucleon vertex form factors may be calculated [68, 69]. In the Breit frame one has:

G^π (−⃗q^2) = 8πM_N f_π 3q (⃗q^2 + m^2_π ) ∞∫ 0 j_1(qr)sin(θ)r^2dr =

= 8πM_N f_π 3 ∞∫ 0 j_1(qr) qr [ −2θ^′c − θ^{′′}rc + θ^{′2}rs + 2s r + rm^2_πs ] r^2dr,

G^ρ_E (−⃗q^2) = 2π gΛ ∞∫ 0 j_0(qr) [ −ξ^{′′}_1 − 2ξ^′_1 r + m^2ξ_1 − ξ^{′′}_2 3 − 2ξ^′_2 3r + m^2ξ^2 3 ] r^2dr,

G^ρ_M (−⃗q^2) = − 8πM_N 3g ∞∫ 0 j_1(qr) qr [ −G^{′′} + 2G/r^2 + m^2G ] r^2dr,

G^ω_E (−⃗q^2) = 4π ∞∫ 0 j_0(qr) [ ω^{′′} + 2ω^′ r − m^2ω ] r^2dr,

G^ω_M (−⃗q^2) = 2πM_N Λ ∞∫ 0 j_1(qr) qr [ ϕ^{′′} − 2ϕ r^2 − m^2ϕ ] r^2dr,

(4.6)

where the “electric” and “magnetic” vector meson–nucleon form factors are connected to the Dirac F_1(t) and Pauli form factors F_2(t) through the following relations:

G^i_E (t) = F^i_1(t) + tF^i_2(t)/4M^2_N ,

G^i_M (t) = F^i_1(t) + F^i_2(t), (i = ρ, ω) .

(4.7)

4.3 Results and discussions.

4.3. 1 Static and electromagnetic properties of the nucleon.

Using the formulas given above we have calculated static and electromagnetic properties of nucleon. As can be seen from Eq.(4.1), the Lagrangian has no free parameters in the πρω sector. So, in actual calculations the parameters m_π, m, f_π are fixed at their emperical values, m_π = 138 MeV, m = m_ρ = m_ω = 770 MeV, f_π = 93 MeV, g = m/ √ 2f_π = 5.85. In the σ–meson sector there are in general three free parameters: m_σ, S_0 and the scale dimension d. The latter has been well studied for nuclear matter calculations [55, 56]. In particular, it was shown that for d≥2 the much debated Brown–Rho (BR) scaling may be recovered. Therefore, assuming that there is no dependence of d on the density, we shall use the best value d = 2.6 found in refs. [55, 56]. The values for S_0 - were found to be S_0 = 90.6÷95.6 MeV [55] . So we put S_0 = f_π = 93 MeV. The mass of the σ or equivalently the gluon condensate Cg = m^2_σ d^2S^2_0 /4 = m^2_σd^2f^2_π /4 is uncertain. We thus consider two cases: m_σ = 550 MeV and m_σ = 720 MeV in accordance with recent ππ phase shift analyses [59, 60] and with OBE values. We stress again that the precise nature of such a scalar–isoscalar field is not relevant here, only that it should not be a pure gluonium state. A summary of static nucleon properties obtained in both cases, i.e. with m_σ = 550 MeV and m_σ = 720 MeV, is given in Table 4.2.

One immediately observes that the nucleon mass is again overestimated. This may not be regarded as a deficiency, since it is known that quantum fluctuations tend to decrease the mass substantially.

Table 4.2: Baryon properties in the πρω and πρωσ models πρω πρωσ πρωσ Exp. m_σ [MeV] − 550 720 C^{1/4}_g [MeV] − 258 295 300÷400 B^{1/4} [MeV] − 119 121 − M_N [MeV] 1560 1492 1511 939 Λ [fm] 0.88 0.88 0.88 − M_Δ − M_N [MeV] 344 350 350 293 r_H = ⟨r^2_B ⟩^{1/2} [fm] 0.5 0.5 0.5 ∼0.5 ⟨r^2_E ⟩^{1/2}_p [fm] 0.92 0.94 0.94 0.86± 0.01 ⟨r^2_E ⟩_n [fm^2] -0.20 -0.16 -0.16 -0.119±0.004 ⟨r^2_M ⟩^{1/2}_p [fm] 0.84 0.85 0.85 0.86± 0.06 ⟨r^2_M ⟩^{1/2}_n [fm] 0.85 0.85 0.85 0.88± 0.07 μ_p [n.m.] 3.34 3.33 3.33 2.79 μ_n [n.m.] -2.58 -2.53 -2.53 -1.91 |μ_p/μ_n| 1.29 1.30 1.30 1.46 g_A 0.88 0.95 0.95 1.26±0.006 ⟨r^2_A⟩^{1/2}_p [fm] 0.63 0.66 0.66 0.65± 0.07

To estimate the influence of the σ–meson we also show the results given by minimal version of πρω model. As can be seen from Table 4.2, the inclusion of a light sigma meson into the basic πρω model just slightly changes the nucleon mass and its electromagnetic properties. This may be explained by the fact that the role of intermediate scalar–isoscalar meson in gamma–nucleon interactions is negligible. In contrast, the presence of the sigma– meson leads to an enhancement of axial coupling constant as it was first observed in ref. [27]. Although, the physical mechanism of this change is not clear, it may be understood as mainly due to modification of meson profiles. This is in marked contrast to the inclusion of pion loop effects, which tend to lower the axial coupling even further [70]. In the present model g_A = 0.88 for the πρω and g_A = 0.95 for the πρωσ model, respectively. One may expect that an appropriate inclusion of σ meson into a more complete version of the basic πρω model might give the desired value g_A = 1.26.

4.3. 2 Meson–nucleon form factors.

One of the usual ways to calculate the meson–nucleon interaction potential within topological soliton models is the so–called product ansatz [25]. Within this approximation, the two–Skyrmion potential as a function of the relative angles of orientation between the Skyrmions has a compact form, and the extraction of the NN potential by projection onto asymptotic two–nucleon states is straightforward. This procedure gives only three nonvanishing channels: the central, spin–spin and tensor potential. At large and intermediate distances, the latter two compare well with e.g. the phenomenological Paris potential [41]. The major inadequacy found in such type of calculations is the lack of an intermediate range attraction in central potential. Although many remedies have been proposed, this result may not be genuine for Skyrme like models. In fact, the product ansatz, which is not a solution to the equations of motion, can only be considered accurate at large distances, and the failure of these calculations to reproduce the central range attraction may simply be the failure of the product approximation to provide an adequate approximation to the exact solution.^3 Although the lack of central attraction may be recovered by the inclusion of a scalar–isoscalar meson, the inherent ansatz dependence of the trial configuration remains as a major shortcoming of product approximation [52].

On the other hand there is another natural way which was first used by Holzwarth and Machleidt [72]. They proposed to calculate V_{N N} within OBE model taking coupling constants and meson–nucleon form factors from a microscopical model such as the Cloudy Bag model or the Skyrme model. It was shown that the Skyrme form factor is a soft pion form factor that is compatible with the πN and NN systems. We shall use this strategy to investigate the NN potential within present model.

The meson nucleon form factors given by well known procedure, proposed first by Cohen [69] are given in Eq.(4.6). Although they were derived in a microscopical and consequent way, these form factors could not be directly used in standard OBE schemes. The reason is that the OBE schemes [62] in momentum space use form factors defined for fields propagating on a flat metric, whereas the definition of form factors in Eq.(4.6) involve a nontrivial metric. Hence, before using the latters in OBE scheme one should modify the procedure by redifining meson fields. The modification for pion nucleon form factors in πρω model is clearly outlined in refs. [72, 73]. Now, applying this procedure in the Lagrangian in Eq. (4.1) we get the following πNN form factor:

G^π (−⃗q^2) = 8πM_N f_π 3q (⃗q^2 + m^2_π) ∞∫ 0 j_1(qr) √ M_T (r) sin(θ)r^2dr =

= 8πM_N f_π 3 ∞∫ 0 j_1(qr) qr [−2F^′(r) − rF^{′′}(r) + 2F (r) r + rm^2_πF (r)]r^2dr, (4.8)

where M_T = [1 + 2 tan^2(θ/2)] e^{−2σ/d},

F (r) = √ 3 + cos^2(θ(r)) − 4 cos(θ(r))e^{−σ/d}.

(4.9)

The influence of metric factor M_T to the pion–nucleon form factor is illustrated in Fig. 4.8.

It is seen that, without the inclusion of M_T the form factor is softer than in OBE models (the dashed line in Fig. 4.8), while its inclusion via Eqs. (4.8), (4.9) gives a behavior closer to OBE models. In fact, a monopole approximation at small q^2 = t of the normalised form factor G^π (t)/G^π (0) ≈ Λ^2_π/(Λ^2_π − t) gives Λ_π = 860 MeV and Λ_π = 1100 MeV for M_T = 1 and M_T ≠ 1 respectively, compared to its emperical fit : Λ^{OBE}_π = 1300 MeV (dotted line in Fig. 4.8). Note, however, that our result for Λ_π including the metric is in line with recent coupled–channel calculations of the Jülich group [74]. There, a monopole form factor with Λ_π ≃ 800 MeV is obtained.

Introducing a flat metric requires a canonical form for the kinetic part of the Lagrangian, which determines the dynamics of the field fluctation. The kinetic term of the scalar meson in Eq. (4.1) Lkin_σ = S^2_0 e^{−2σ/d}∂_μσ∂^μσ/2 (4.10)

can be easily rewriten in a usual way:

Lkin_σ = ∂_μσ̃∂^μσ̃/2 (4.11)

3An early study giving credit to this line of reasoning can be found in ref.[71].

Figure 4.8: The normalized πNN form factor in the πρωσ model (m_σ = 720 MeV). The solid line represents the form factor when the metric factor is included (Eq. (4.8)), while the dashed line gives the result with no metric factor as in Eq. (4.13). The dotted line is a monopole form factor with Λ_π = 1300 MeV.

by the following redifinition of the basic sigma field:

σ̃(r) = S_0d[1 − e^{−σ(r)/d}]. (4.12)

Now the new field σ̃ may be identified with the real sigma field. Clearly this redifinition does not change the nucleons static properties given in Table 4.2. Note also that, using the above redinition in the last term of Eq. (4.1), one may easily conclude that m_{σ̃} = m_σ. The appropiate sigma–nucleon form factor is given by

G^σ (−⃗q^2) = −4π ∞∫ 0 j_0(qr) [ σ̃^{′′} + 2σ̃^′ r − m^2_σσ̃ ] r^2dr, (4.13)

and may be used in OBE models. We have not introduced any metric factors in the form factors of the heavier mesons since these should play a lesser role than in the case of the pion.

For small values of the squared four–momentum transfer t each form factor can be parametrized in monopole form:

G_i(t) = g_i(Λ^2_i − m^2_i )/(Λ^2_i − m^2_i ) (4.14)

(i = π, ρ, ω, σ). We present in Table 4.3 the range parameters (cut–offs) and the coupling constants of the resulting meson–nucleon dynamics.

Table 4.3: Meson–nucleon coupling constants and cut–off parameters of meson–

nucleon form factors. The Λ_i(i = π, ρ, ωσ) are cutoff parameters in equivalent monopole fits 1/(1 − t/Λ^2_i ) to the normalized form factors G_{iN N} (t)/G_{iN N} (0) around t = 0. The empirical values are from OBE potential fit [62] πρω πρωσ(550) πρωσ(720) OBE/Emp. G_{πN N} (0) 14.74 13.97 14.17 13.53 G_{σN N} (0) − 6.2 6.19 9.1 (12.41) F^ρ_1 (0) 2.55 2.76 2.68 2.24 F^ρ_2 (0) 14.33 15.01 14.67 13.7 F^ρ_2 (0)/F^ρ_1 (0) 5.6 5.43 5.47 6.1 F^ω_1 (0) 8.78 10.73 10.15 11.7 F^ω_2 (0) −2.15 −2.78 −2.65 0 F^ω_2 (0)/F^ω_1 (0) -0.24 -0.25 -0.26 0 Λ_π (GeV) 1.2 1.1 1.1 1.3÷2.0 Λ_σ (GeV) − 0.59 0.60 1.3÷2.0 Λ^ρ_1 (GeV) 0.62 0.63 0.63 1.3 Λ^ρ_2 (GeV) 0.92 0.92 0.92 1.3 Λ^ω_1 (GeV) 0.95 0.89 0.91 1.5 Λ^ω_2 (GeV) 1.12 0.86 0.89 -

One can see that there is no interference between σ–meson nucleon and e. g. the pion– nucleon coupling constants. In other words, the inclusion of σ–meson does not significantly affect meson–nucleon form factors that had been given by the πρω model. As it is seen from Table 4.3 the values for meson–nucleon coupling constants are close to their emperical values (in some cases obtained by OBE model fits). This is one of the main advantages of the inclusion of a scalar–isoscalar meson as done in the present approach.

The corollary of the present model is that it gives significant information on the σ– nucleon interaction. As it is seen from the Table 4.3, the value for g_{σN N} and the cut–off parameter of sigma –nucleon vertex Λ_σ are smaller than their OBE prediction Λ^{OBE}_σ ≈ 1300 ÷ 2000 MeV. This contrast is evidently seen from the Fig. 4.9, where G^σ (t)/G^σ (0) for two cases : m_σ = 720MeV and m_σ = 550MeV is presented with the solid and dashed lines respectively. The band enclosed by the dotted lines refers to the OBE monople form factor with Λ^{OBE}_σ = 1300 . . . 2000 MeV. One can conclude that the present model gives a softer σNN form factor than it obtained by OBE. As it had been noticed before, the t–plane for each form factor has a cut along the positive real axis extending from t = t_0 to ∞. The cut for the σ–nucleon vertex function starts at t_0 = 4m_π^2 reflecting the kinematical threshold for the σ → ππ channel. More precisely this result follows from the asymptotic behavior of the meson profiles: For r → ∞, we have θ(r) ∼ exp(−m_πr)/m_π r, σ(r) ∼ θ^2(r), which are derived from the equations of motion.

Figure 4.9: The sigma - nucleon form factor G_{σN N} (⃗q^2)/G_{σN N} (0). The dashed and solid lines are for m_σ = 550 MeV and m_σ = 720 MeV, respectively. Typical OBE monopole fits with Λ = 1.3 . . . 2 GeV are shown by the band enclosed by the dotted lines.

4.3. 3 Nucleon - Nucleon central interaction

Once the vertex function of the corresponding meson–nucleon interaction has been found, its appropriate contribution to the NN interaction may be easily calculated by using well known techniques from OBE. The detailed formulas are given elsewhere [42, 62]. In particular, the contribution of the σ–meson exchange to the central potential is given by

V^c_σ (r) = ∞∫ 0 k^2dk 2π^2

G^2_{σN N} (k^2) k^2 + m^2_σ j_0(kr) . (4.15)

The central NN potential in the T = 0, S = 1 state (the deuteron state) is presented in Fig. 4.10 in comparison with Paris potential. Our prediction is in good agreement with the emperical one. Note that the desired attraction in the central V_{N N} has before been obtained in the πρω model by means of two–meson exchange [42].

In conclusion it should be noted that we do not intend to describe (cover) all NN phase shifts staying only in the framework of the present model. Besides other mesons, which

Figure 4.10: The central potential in the S = 1, T = 0 state for πρω and πρωσ models (dashed and solid lines, respectively). No contribution from two–meson exchange has been taken into account. The dotted line corresponds to the Paris potential [41].

are usually included in OBE picture, the full model should also take in account e.g. NΔρ couplings. In addition the 2π exchange and its strong mixing with σ meson exchange (see e.g. ref.[75]) should be considered. Another reason possible which limits the accuracy of NN phase shifts in the present model is that the σNN coupling is not sensitive to the mass of sigma (see Table 4.3) as it is in the OBE phenomenology. In fact, even when the 2π exchange is disregarded , the pure OBE model has to consider two types of sigmas with nearly the same masses but with quite different coupling constants. So, we refrain from performing direct calculations of NN phase shifts in the present model. Instead, we point out that the meson–nucleon form factors found in the present model could be useful in a wider context of calculations of nucleon–nucleon observables (phase shifts, deuteron properties etc) and may give more information on meson–nucleon and nucleon–nucleon dynamics.

4.4 Summary

To summarize this chapter, here we have developed a topological chiral soliton model with an explicit light scalar–isoscalar meson field, which plays a central role in nuclear physics, based on the chiral symmetry and broken scale invariance of QCD. We have shown that for the single nucleon properties the successfull description of the electromagnetic observables of the πρω model is not modified and even the value for the axial–vector coupling is somewhat improved. In the two–nucleon sector, this extended πρωσ Lagrangian leads to the correct intermediate range attraction in the central potential and a soft σNN formfactor for both values of sigma meson mass m_σ = 550 MeV and m_σ = 720 MeV.

Chapter 5

Density Dependence of Nucleon Properties in Nuclear Matter.^1

5.1 Introduction

It is well established that in - medium nucleon - nucleon (N-N) cross sections manifest in heavy ion collisions need not to be the same as their free space values [76, 77]. The origin of these changes must be reflected in modifications of the N - N interaction which is predominantly one-boson exchange. The parameters in meson exchange models are meson nucleon coupling constants and their masses. To avoid divergencies in loop integrals the meson - nucleon vertices are modified by form - factors which effectively provide cut-off parameters. All these parameters would change in the nuclear medium.

Even for the free N-N interaction the boson exchange models use a phenomenological ansatz for vertex form factors. Recently Holzwarth and Machleidt [72] have shown that among the QCD inspired pion - nucleon form factors the Skyrme form factor [69] is the most preferable: it can describe well both the pion - nucleon and nucleon - nucleon systems.

The purpose of this Chapter is to investigate the role of the medium in modifying the properties like meson nucleon coupling constant, meson-nucleon form factors and the axial vector form factor and the coupling constant. The calculations provide a consistent approach to modification of these properties in a modified Skyrme model that may be valid in a nuclear medium. The σ-meson is introduced as a dilaton field to satisfy scale invariance. Even though it is well known that scale invariance is badly broken, this provides a way to introduce the σ-meson which is so essential for an N-N interaction that is consistent with the two-body scattering data and the bound deuteron.

5.2 The modified Skyrme Lagrangian

In ref.s [78, 80] a medium modified Skyrme Lagrangian was proposed and applied to study the static properties of nucleons embedded in the nuclear medium. It gave a good description of changes in nucleon mass and its size in the medium. Here we shall outline the basic features of the Langrangian and then extend it by including the dilated σ meson field in order to satisfy the scale invariance. It is well-known that scale invariance is badly broken, this symmetry is retained here to investigate its consequences.

1The present chapter is based on following articles by the author and his collaborators: [78, 79, 80, 81, 82]

Our basic assumption in modifying of the Skyrme Lagrangian

Lsk =

F^2_π 16 Tr (∂_μU)(∂^μU^+) + 1 32e^2

Tr [U^+∂_μU, U^+∂_ν U]^2−

− F^2_π m^2_π 16 Tr (U^+ − 1)(U − 1),

(5.1)

where F_π and e are the parameters of the model, was that, in the lowest order expansion of the chiral field U = exp(2i⃗τ⃗π/F_π ) ≈ 1 + 2i(⃗τ⃗π)/F_π − 2⃗π^2/F^2_π + . . . the appropriate medium modified Skyrme Lagrangian L^∗sk should give the well known equation for the pion field [85]:

∂_μ∂^μπ + (m^2_π + Π̂)π = 0, (5.2)

where m_π is the pion mass and Π̂ is the self energy operator. This may be achieved simply by including Π̂ in the pion mass term of the Skyrme Lagrangian:^2

L^∗χsb = −

F^2_π m^2_π 16 Tr [(U^+ − 1)(1 + Π̂/m^2_π)(U − 1)]. (5.3)

In general, the operator Π̂ = Π̂_s + Π̂_p in Eq. (5.3) acts both on the center of mass coordinate, R, and on the internal coordinate, ⃗r, of the Skyrmion. Only homogenous nuclear matter is considered. The translational invariance of the medium and that of the basic Skyrme Lagrangian (5.1) makes the coordinate dependence of Π̂ simpler: Π̂ ≡ Π̂(⃗r − ⃗R) which is also relevant for a moving Skyrmion. Further we assume that the Skyrmion is placed at the center of the nucleus i.e. ⃗R = 0.

The P - wave part of the pion self energy Π̂_Δ is dominated by the P_{33} resonance. A simple model used in practical calculations is the delta - hole model which concentrates on the pion - nucleon - delta interaction ignoring the nucleon particle - hole excitations. In momentum space the Π̂_Δ is given by Π̂_p(ω, ⃗k) = Π̂_Δ(ω, ⃗k) = −⃗k^2χ(ω, ⃗k)/(1 + g^′_oχ(ω, ⃗k)) [85] where g^′_o is the Migdal parameter which accounts for the short range correlations, also known as the Ericson - Ericson - Lorentz - Lorenz effect. The pion susceptibility χ has nearly linear dependence on the nuclear density ρ: χ(ω, ⃗k) ≈ 8 9 ( f_{πN Δ} m_π )_2 ρω_Δ ω^2_Δ − ω^2 exp(−2⃗k^2/b^2), (5.4)

where f_{πN Δ} ≈ 2f_{πN N} ( f^2_{πN N} /4π ≈ 0.08) is the coupling constant, ω_Δ ≈ ⃗k^2/2M_Δ +M_Δ −M_N and b (b ≈ 7m_π ) is the range of the vertex form factor that is chosen to have a Gaussian form. For the pions bound in the nuclear matter ω is small 0 ≤ ω ≤ m_π, so in the lowest order Π̂_Δ has the form:

Π_Δ(ω, ⃗k) ≈ −⃗k^2χ_Δ − ⃗k2ω2α_{rt} ω^2_Δ

, (5.5)

where χ_Δ = 4πc_0ρ/(1 + 4πg^′_oρ),

α_{rt} = χ_Δ/(1 + 4πg^′_oc_0ρ),

c_0 = 8f^2_{πN Δ}/9m^2_π 4πω_Δ .

(5.6)

In the static case (ω → 0) it coincides with the Kisslinger optical potential [85] which was used in ref. [80].

2Here and below the asterisk indicates the medium modified operators in quantities.

Then in coordinate space the following symmetrized Lagrangian may be obtained

L^∗sk =

F^2_π 16 Tr ( ∂U ∂t ) ( ∂U^+ ∂t ) − F^2_π 16 (1 − χ_Δ)Tr (⃗∇U^+)(⃗∇U)+

+ F^2_π 16 α_{rt} ω^2_Δ Tr ( ∂ ∂t ∂U^+ ∂r ) ( ∂ ∂t ∂U ∂r ) + F^2_π m^{∗2}_π 16 Tr (U + U^+ − 2)+

+ 1 32e^2

Tr [U^+∂_μU, U^+∂_ν U]^2,

(5.7)

where m^{∗2}_π = m_π^2(1 + Π_S (ρ)/m_π^2), the effective pion mass arises from the S - wave part of the self energy Π_S (ρ). Since the operators in nuclear matter do not satisfy the Lorentz invariance there are two different effective coupling constants in the kinetic terms of Eq. (5.7)^3. The third term with ”mixed” derivative in the Lagrangian in Eq. (5.7) clearly vanishes in free space (α_{rt} = 0 if ρ = 0) and contributes mainly to the moment of inertia, I, of the skyrmion. We shall consider this contribution in Sect. 5 of the present Chapter by estimating the NΔ mass splitting.

5.3 Inclusion of scalar meson

Recently arguments have been given in favor of the empirical evidence for a scalarisoscalar meson, σ. For example the isosinglet resonance with a mass m_σ = 553.3 ± 0.5 MeV and width Γ = 242.6 ± 1.2MeV [59, 60] found in the recent ππ phase shift analyses is believed to have the properties of the σ meson that is essential for the N-N potential in OBE models to explain the NN-scattering data.

However the σ meson as a chiral partner of the pion was originally excluded from the Skyrme type Lagrangians. The only way of including σ meson in the Lagrangian is by means of a dilaton field appropriate to the scale transformations x^μ → e^μx^μ. This procedure has been outlined in Chapter 1.

Now a skyrmion imbedded in nuclear matter is considered. When a dilaton field is introduced into the effective Lagrangian the dilaton potential V (σ) would be modified by a σ field generated by the medium itself. While several attempts have been made [88], the correct nature of this modification is still poorly understood. On the other hand it is well known that the gluon condensate C_g as well as the quark condensate ⟨q̄q⟩ decrease in the medium due to the partial restoration of the chiral symmetry. The present study is restricted to considering the medium modification of the dilaton potential, Eq. (1.42), by taking into account mainly the change of C_g i.e. C_g → C^∗_g .

Thus putting all these considerations together the following Lagrangian is proposed for homogeneous nuclear medium in the static case

L^∗sk =

F^2_π α_pχ^2 16 Tr ⃗L^2_i + 1 32e^2

Tr [⃗L_i, ⃗L_j ]^2 +

F^2_π m^{∗2}_π 16 χ^3Tr (U + U^+ − 2)−

− F^2_π 8 (⃗∇χ)^2 + C^∗_g 24 [ 1 − χ^4 − 4 ε (1 − χ^ε) ] , (5.8)

where χ(r) = e^{−σ(r)}, α_p = 1 − χ_Δ, ⃗L_i = U^+∂_iU. Note that the Skyrme parameter e coupled to the fourth derivative term remains unchanged since this term is related to the exchange of a very heavy ρ - meson with mass m^∗_ρ = m_ρ → ∞ [34].

3The similar second order derivative terms had been suggested in ref [87].

There may be two alternative approaches to applying this Lagrangian in nuclear physics. In Quantum Hadrodynamic models, the σ field plays the role of an external field modifying the properties of a soliton [88] or a bag [89] which moves in the background generated by the medium. In the present model this approach would mean that σ ≡ σ(R) and U ≡ U(r) [88] that makes the scale invariance doubtful. In contrast, the mean field approximation is not used for the σ field. Instead, the σ-field is strongly coupled to the nonlinear pion fields so as to generate the soliton . We assume that σ ≡ σ(r − R) and U = U(r − R) for a moving skyrmion. In ref. [80] a similar approximation (Eq. (5.8) with σ = 0) was used to estimate the medium modified static properties of the nucleon and found a well known behavior of the nucleon mass M^∗_N /M_N < 1 and its size R^∗_N /R_N > 1. In the next section we shall investigate in detail the dynamical properties of the meson - nucleon system.

5.4 Meson - nucleon form factors and Goldberger - Treiman relation

The semiclassical procedure for calculating the meson - nucleon vertex form - factors in a topological chiral effective Lagrangian [68, 69] is well-known. In fact, the results of more accurate methods [90, 91], based on the correct quantization of the fluctuating chiral fields nearly coincide with the original result that was given by Cohen et al. [68]. Using the ansatz U(⃗r, t) = A(t)U_0(⃗r − ⃗R(t))A^+(t) and defining the pion field as π_α(⃗r) = − iF_π 4 Tr [τ_αAU_0(⃗r − ⃗R)A^+] (5.9)

the following expressions are obtained G^∗_{πN N} (q) = 4πM^∗_N F_πα_p(⃗q^2 + m^{∗2}_π /α_p) 3q ∞∫ 0 j_1(qr) sin(θ)r^2dr = = 4πM^∗_N F_πα_p 3 ∞∫ 0 j_1(qr) qr S_π(r)r^3dr (5.10)

for the pion nucleon form factor and

G^∗_{σN N} (q) = 2πF_π(⃗q^2 + m^{∗2}_σ ) ∞∫ 0 j_0(qr)σ(r)r^2dr = = 2πF_π^∞ ∫ 0 j_0(qr)S_σ(r)dr (5.11)

for the sigma nucleon form factor respectively. The details and the explicit expressions for the source functions S_π (r) and S_σ(r) are given in the Appendix A. Here we note that, in the chiral soliton models formulas for meson nucleon form - factors are mainly determined by the quantization scheme rather than by details of the Lagrangian. The latter manifests itself through equations of motion whose solutions θ(r) and σ(r) with spherically symmetric ansatz are U_0 = exp(i⃗τ⃗nθ(r)), ⃗n = ⃗r/r, σ(⃗r) ≡ σ(r) that should be used in Eq.s (5.10), and (5.11). The effective mass of the nucleon M^∗_N is given by

M^∗_N = M^∗_H + 3 8I^∗ (5.12)

where M^∗_H is the mass of the classical hedgehog soliton and I^∗ is the moment of inertia of the spinning mode.

The effective pion decay constant f^∗_π should be understood before considering the Goldberger - Treiman (GT) relation. Medium renormalized pion - decay constant f^∗_π can be naturally defined by the PCAC relation:

⃗∇ ⃗A_α(x) = f^∗_π m^{∗2}_π π_α(x) (5.13)

The medium modified axial coupling constant g^∗_A measures the spin - isospin correlations in a nucleon, embedded in a medium and is defined as the expectation value of the space component of the axial current A^i_α in the nucleon state at zero momentum transfer [83, 84]: lim_{q→0}⟨N( ⃗P^′)|A^i_α(r)|N( ⃗P )⟩ = 2 3 lim_{q→0} G^∗_A(⃗q^2)⟨N| σ_iτ^α 2 |N⟩ exp(i⃗q⃗r) (5.14) where ⃗q = ( ⃗P^′ − ⃗P ) and G^∗_A(⃗q^2) is the axial form factor of nucleon, G^∗_A(0) = g^∗_A. Here σ_i is the component of the nucleon spin. Due to the semiclassical quantization prescription, Eq. (5.9), the matrix element of the pion field evaluated between nucleon states is given by: ⟨N(P^′)|π_α(⃗r − ⃗R)|N(P )⟩ = F_π exp (i⃗q⃗r) 6 ∫ d⃗xe^{−i⃗q⃗x} sin(θ)⟨N|σ_α(⃗τ x̂)|N⟩ (5.15) Evaluation of the matrix elements between nucleon states for both sides of Eq. (5.13) yields

g^∗_A = 4πF_πf^∗_π m^{∗2}_π 9 ∞∫ 0 sin(θ)r^3dr (5.16)

that was originally derived in [92] for a free particle. By comparing this equation with the expression for pion nucleon coupling constant: g^∗_{πN N} = G^∗_{πN N} (q^2)|_{q=0} given by Eq. (5.10) the following medium modified Goldberger - Treiman relation is realized

g^∗_{πN N} f^∗_π = g^∗_AM^∗_N . (5.17)

Although this relation has been suggested earlier in ref.s [93, 101] it has not been proved yet. On the other hand g^∗_A and the axial form factor G_A(q^2) may be calculated directly from the Lagrangian in Eq. (5.8) in terms of the Noether currents [83, 84]. This gives

G_A(q^2) = −4π ∞∫ 0 [j_0(qr)A_1(r) + j_1(qr) qr A_2(r)]r^2dr,

with A_1(r) = s_2 8r [ e^{−2σ}α_pF^2_π + 4 e^2 ( θ^{′2} + d )] ,

A_2(r) = −A_1(r) + θ^′ 4 ( F^2_π α_pe^{−2σ} + 8d e^2

) (5.18)

and g^∗_A = − π 3 ∞∫ 0 { e^{−2σ(r)}F^2_π α_p ( θ^′ + s_2 r ) + 4 e^2 [ (θ^{′2} + d) s_2 r + 2θ^′d ]} r^2dr (5.19)

where d = sin^2(θ)/r^2, s_2 = sin(2θ), and α_p is defined in Eq. (5.8). The renormalized pion decay constant f^∗_π is obtained by combining the results given in Eq.s (5.17) and (5.19).

Table 5.4: Density dependence of hadrons properties. All quantities are in MeV .

ρ/ρ_0 m^∗_π m^∗_σ (C^∗_g )^{1/4} M^∗_N Γ^∗_{σ→ππ} δM^a_{N Δ} δM^b_{N Δ} 0.0 139.00 550.1 260.70 1413 251.2 283.7 283.7 0.5 144.90 513.8 251.06 1271 88.7 200.1 238.1 1.0 149.06 493.8 246.12 1157 34.6 161.9 205.4

5.5 Renormalization of hadron masses

Before going to a quantitative analyses of the medium effects we fix the following set of parameters for free space: F_π = 2f_π = 186MeV , m_π = 139MeV , C_g = (260MeV )^4. This gives a good description of the sigma meson properties m_σ = 550MeV , Γ_σ = 251.2MeV , that may be compared with their experimental values obtained from the recent ππ phase shift analysis [59, 60]. The Skyrme parameter e has been adjusted to reproduce the pion nucleon coupling constant: g_{πN N} = 13.5 for e = 4.05. The well-established fixed parameters of the P - wave pion self energy in Eq. (5.5) are used in the pion sector: g^′_o = 0.6, c_0 = 0.13m^{−3}_π [80, 85].

Now, the medium dependence of the input parameters may be considered. The possible renormalization of the Skyrme parameter e cannot be studied in the present approach unless the ρ meson is included in the Lagrangian explicitly. So we take e^∗ = e.

We adopt the following parametrization of m^∗_π

m^∗_π = m_π √ 1 + Π̂_s(ρ)/m^2_π = m_π √ 1 − 4πb_0ρη/m^2_π , (5.20)

where η = 1+m_π /M_N and b_0 is an effective S - wave π−N scattering length. It is anticipated [80] that the results will not be too much sensitive to the value of b_0.

The only input parameter in the scalar meson sector is C^∗_g . The medium renormalization of the gluon condensate C^∗_g , in contrast with the renormalization of the quark condensate ⟨q̄q⟩ [94] and meson masses [95], is poorly known. However in the present approach (5.8) C^∗_g may be determined by m^∗_σ through the equation

C^∗_g =

3F^2_π m^{∗2}_σ N_f 4(4 − ε)

. (5.21)

Various approaches [89, 93, 101] show that m^∗_σ, has a linear density dependence. The following parametrization m^∗_σ m_σ = 1 − 0.12 ρ ρ_0

(5.22)

is adopted here. It is consistent with the one obtained in the Quark coupling model (QCM) of framework [89].

The results for the static properties of hadrons are presented in Table 5.4. The second (m^∗_π) and the third (m^∗_σ) columns of the table should be considered as input data for they were taken from other models [85, 89]. The medium renormalized gluon condensate C^∗_g is calculated from Eq.s (5.21) and (5.22) with N_f = 2, ε = 8N_f /(33 − 2N_f ). The change in the gluon condensate is small ∼ 5% at normal nuclear matter density, ρ_0 = 0.5m^3_π . The stiffness of the gluon condensate as a consequence of the lack of scale invariance of QCD has been shown by Cohen [96] who found that the fourth root of the condensate might be altered by no more than 4% [94].

The main contribution to the σππ vertex, and hence, to the decay width of σ meson at the tree level: Γ_{σ→ππ} = m^{∗3}_π x^3α^2_p √ 1 − 4x^2(1 − 2x^2)^2/4πF^2_π , where x = m^∗_π/m^∗_σ, arises from the first term of the Lagrangian in Eq. (5.8). The Table 5.4 shows that the width Γ_{σ→ππ} is decreased significantly in the medium. This stimulates an interest to observe the σ mesons in nuclei by experiments proposed recently by Kunihiro et el. [97].

Now medium effects on the mass of nucleon M^∗_N and NΔ mass splitting δM_{N Δ} = M^∗_Δ − M^∗_N will be considered. In general, it is almost impossible to reproduce simultaneously the experimental values of masses and coupling constants within the Skyrme model even for a free particle. Since dynamics is the main interest, the set of parameters, was chosen so as to reproduce the pion nucleon coupling constant: g_{πN N} = 13.5. It is clear from Table 5.4 that the free space value of the nucleon mass M_N is slightly large M_N = 1413MeV , whereas δM_{N Δ} is reproduced rather well δM_{N Δ} = 284MeV (δMexp_{N Δ} = 293MeV ). The effective mass of the nucleon M^∗_N in normal nuclear matter density is decreased by a factor of M^∗_N /M_N = 0.82 which is in a good agreement with the estimates based on QCD sum rules M^∗_N (QCD) = 680 ± 80MeV i.e. M^∗_N /M_N = 0.72 ± 0.09 [98]. We underline that the mass of the nucleon should be treated as the mass of the baryon which emerges as a soliton in the sector with baryon number one (B = 1).

The study of NΔ mass splitting gives a chance to estimate the contribution from the ”mixed derivative” term - the third term on the r.h.s of Eq. (5.7): L_{rt} = F^2_π 16 α_{rt} ω^2_Δ Tr ( ∂ ∂t ∂U^+ ∂r ) ( ∂ ∂t ∂U ∂r ) . (5.23)

Actually, owing to the canonical quantization δM_{N Δ} is related to the moment of inertia I by: δM_{N Δ} = M^∗_Δ − M^∗_N = 3/2(I^∗_0 + I_{rt}), where I_{rt} is the net contribution from L_{rt} (clearly I_{rt} = 0 in free space). The explicit expressions for I^∗_0 and I_{rt} are given in the Appendix A. In Table 5.4 are shown δM_{N Δ} that has been calculated with the inclusion of I_{rt} (denoted here δM^a_{N Δ}) and without the inclusion of I_{rt}(δM^b_{N Δ}). In the nuclear medium the L_{rt} term leads to an enhancement of the moment of inertia decreasing δM_{N Δ} significantly. Even without the term L_{rt} in the Lagrangian the shift of δM_{N Δ} from its free value δM^∗_{N Δ}/δM_{N Δ} = 0.75 is larger than that obtained by Meissner [93] in a medium modified chiral soliton model based on the Brown Rho (BR) scaling law (δM^∗_{N Δ}/δM_{N Δ} = 0.87).

5.6 Renormalization of coupling constants and form - factors

The axial - vector exchange currents must be considered in order to investigate the medium effects on g_A and on the axial form factor G_A(q^2). However it is known that the bulk of exchange current effects arise from the △-hole contributions. Including such △-h effects would imply that bulk of the exchange currents effects are included in the effective g_A. In a heavy nucleus it is meaningful to take these axial exchange operators into account as corrections to the effective axial current operator of a single nucleon ⃗A_α = −g^∗_A⃗σ⃗τ_α. So g^∗_A in Eq. (5.19) may be considered as an effective axial coupling constant modified by the medium polarization and screening effects since we are considering an effective one body problem of a nucleon embedded in the nuclear medium.

The second column of Table 5.5 displays a well known quenching behavior of g_A that is mainly caused by a factor α_p = 1 − χ_Δ < 1 in the first term of Eq. (5.8). Note that the same set of input parameters F_π, e, c_0 (but without dilaton field σ = 0) gives the desired ratio g^∗_A/g_A = 0.8 [80]. The present calculations show that the inclusion of the scalar meson, which induces an additional attraction, prevents larger quenching: g^∗_A/g_A = 0.9.

In nuclei, a nucleon polarizes the medium in its vicinity. This leads to a screening effect that reduces the effective pion nucleon coupling strength. In the present approach

Table 5.5: Coupling constants and cut-off parameters at finite density. (All values are normalized to their free space ones.) ρ/ρ_0 g^∗_A/g_A g^∗_{πN N} /g_{πN N} g^∗_{σN N} /g_{σN N} f^∗_π /f_π Λ^∗_π/Λ_π Λ^∗_σ/Λ_σ r^∗_a/r_a 0.5 0.96 0.91 0.88 0.98 0.70 0.90 0.93 1.0 0.92 0.80 0.78 0.94 0.56 0.84 0.55

the screening mechanism may be described as being due to virtual Δh excitations that have been taken into account by the self - energy Π̂_Δ term in Eq. (5.5). At normal nuclear matter density the renormalization of g_{πN N} amounts to a reduction of 25% of the coupling strength. This is sufficient to explain the quenching of the Gamov - Teller strength in heavy nuclei [99]. Furthermore this is consistent with a general argument based on Ward-Takahashi relations [100].

The effective pion decay constant f^∗_π is obtained by using the GT relation (5.17). Considering the ratios f^∗_π /f_π (Table 5.5) and M^∗_N /M_N (Table 5.4) it may be concluded that they both decrease in the nuclear medium. It would be interesting to compare these ratios with well known Brown-Rho scaling law [101] f^∗_π /f_π = M^∗_N /M_N predicted by a simple Skyrme model. As it is seen from Tables 5.4 and 5.5 in our model f^∗_π /f_π ≠ M^∗_N /M_N . Clearly, this deviation from Brown-Rho scaling law is caused by the the additional terms including the dilaton field.

The masses of the omega and sigma mesons are supposed to decrease by the scaling law.There are experimental indications that this is true.In the same way the σ − N coupling constant is expected to decrease. The ratio of g^∗_{σN N} to its free value is presented in Table 5.5. The changes in g_{πN N} and g_{σN N} are nearly the same. Both are reduced in the medium by ∼ 25% at ρ = ρ_0.

In Figs. 5.11 and 5.12, the renormalized πNN and σNN vertex form factors respectively at ρ = ρ_0 (dashed lines) in comparison with these in the free space (solid lines) are displayed. Appreciable quenching of both form factors is observed. At small momentum transfer these can be parametrized by a monopole form i.e. G_{πN N} (⃗q^2) = g_{πN N} /(1 + ⃗q^2/Λ^2_π ) and G_{σN N} (⃗q^2) = g_{σN N} /(1 + ⃗q^2/Λ^2_σ ). Table 5.5 shows that the cut off parameter Λ_π is decreased significantly at ρ = ρ_0. Relatively small changes in G_{σN N} (⃗q^2) seem to be caused by a stiffness of the σ-field or equivalently C^∗_g [94].

The nucleon axial form factor G_A(⃗q^2)/G_A(0)calculated for ρ = 0 and ρ = ρ_0 is presented in Fig. 5.13 with solid and dashed curves respectively. It is seen that, the modification of G_A(⃗q^2) is not as simple as that of G_{πN N} (⃗q^2). The medium leads to a quenching of the meson nucleon form factors over a range of ⃗q^2, while the quenching of G_A(⃗q^2) takes place at ⃗q^2 = 0 and ⃗q^2 > 10fm^{−2}.

A further interesting quantity is the pion-nucleon sigma term Σ_{πN} . It is both the chiral symmetry breaking piece of the nucleon mass and a measure of the scalar density of quarks inside the nucleon. Due to the Hellman- Feynman theorem, it may be easily calculated [102] in the Skyrme model that Σ_{πN} = m_q ∂M_N ∂m_q = ∂M_N ∂m^2_π m^2_π (5.24)

For free space (ρ = 0) the Lagrangian including scalar mesons (5.8) gives Σ_{πN} ≈ 20.1MeV that is much smaller than that obtained in the original Skyrme model [83, 84]. It may be

Figure 5.11: The πNN form factor.The solid and dashed curves give results for the free space (ρ = 0) and the nuclear matter (ρ = ρ_0) respectively.

argued that Σ_{πN} may also undergo changes in the nuclear medium i.e. Σ^∗_{πN} ≠ Σ_{πN} . Actually, PCAC allows us to relate Σ_{πN} to the soft-pion limit of πN scattering [103] whose parameters may not be the same in free space and the medium. So, defining an effective value of the in-medium pion-nucleon sigma commutator as Σ^∗_{πN} = m^∗⟨N| ∫ d⃗rψ̄ψ|N⟩^∗ = ∂M_N^∗ ∂m^{∗2}_π m^{∗2}_π (5.25)

where in the used notations |N⟩^∗ - is the state of the nucleon bound in nuclear matter, we obtain Σ^∗_{πN} ≈ 40.1MeV at normal nuclear density. This means a large increase of the nucleon sigma term: Σ^∗_{πN} /Σ_{πN} ≈ 2. Using appropriate solutions of Eqs. (A1.13), it is estimated that Σ^∗_{πN} Σ_{πN} ≈ m^{∗2}_π ∞∫ 0 e^{−3σ∗} [1 − cos(θ^∗)]x^2dx

m^2_π ∞∫ 0 e^{−3σ}[1 − cos(θ)]x^2dx

= 1.88 m^{∗2}_π m^2_π

, (5.26)

where σ^∗(x), θ^∗(x) are profile functions at ρ = ρ_0 and σ(x), θ(x) are those at ρ = 0. Thus,

Figure 5.12: The σNN form factor. Solid and dashed curves are for ρ = 0 and ρ = ρ_0 respectively.

the medium renormalization of ∑ πN is caused mainly due to a large modification of the profile functions (see Figs. 5.14 and 5.15). On the other hand Σ_{πN} gives a good estimate for the quark condensate at finite density: ⟨q̄q⟩_ρ ⟨q̄q⟩_{vac} = 1 − Σ^∗_{πN} ρ m_π^2f^2_π

(5.27)

Hence, assuming the last equation holds it is concluded that the in medium enhancement of Σ_{πN} leads to further quenching of the scalar density of quarks ⟨q̄q⟩_ρ in nuclear matter.

5.7 Discussions and summary

We have proposed a medium modified Skyrme like Lagrangian which takes into account the distortion of the basic nonlinear meson fields by the nuclear medium. It has been extended by including the scalar - isoscalar sigma meson. The influence of the medium on pion fields is introduced by the self energy operators Π̂_p, (= Π̂_Δ) and Π̂_s while the effect of the medium on the dilaton field is limited to the renormalization of the gluon condensate.

Figure 5.13: The axial form factor. Solid and dashed curves are for ρ = 0 and ρ = ρ_0 respectively.

The Lagrangian is applied to study changes in the hadron masses and meson - nucleon vertex form - factors.

In particular, the mass of the Δ - resonance decreases more than that of the nucleon in the nuclear medium. Consequently the pion requires lesser energy to excite the nucleon to the Δ in the nuclear medium than it does for a free nucleon. The mass difference between Δ and N decreases to 42% of that for free particles at the nuclear matter density. This is quite consistent with earlier estimates [93, 104] but contradicts the recent theoretical results of Mukhopadhyay and Vento [105], who found δM^∗_{N Δ}/δM_{N Δ} ≈ 1.25 for ρ = 0.8ρ_0. So, it would be quite interesting to study NΔ mass splitting experimentally by an analyses of the NΔ transitions in heavy nuclei.

We have investigated the characteristic changes of the decay width Γ_{σ→ππ} at zero temperature. One may expect that the temperature-dependence of the physical quantities is qualitatively similar to the ρ dependence. In this sense, our results are in good agreement with predictions of the in - medium NJL model [106], that at sufficiently high temperatures the σ meson becomes a sharp resonance and its width may even vanish. Clearly, more precise predictions on Γ_{σ→ππ} (T, ρ) in the framework of the present Lagrangian should be made by

Figure 5.14: The profile function θ(r) for the ρ = 0 (solid curve) and ρ = ρ_0 (dashed curve). They are the solutions of equations of motion (A1.13) in the sector with B = 1.

studying thermal Green’s function of σ - meson e.g. within Thermo Field Dynamics.

Furthermore the in - medium version of GT relation (5.17) holds in the present approach. The renormalized pion decay constant f^∗_π and nucleon mass M^∗_N do not satisfy the BR scaling [101]: the change in the nucleon mass is larger than that in f_π .

The medium effects lead to a quenching of the meson - nucleon form factors as well as the coupling constants g_{πN N} and g_{σN N} . The latter should be compared with the results of Banerjii and Tjon [107] obtained in the framework of CCM in the meanfield approximation. There g_{σN N} increased at low densities making a looping behavior of the binding energy at saturation as a function of the density. However we believe that the natural reduction of the meson masses and coupling strengths found in the present model are expected to give a good description of the saturation properties of nuclear matter. So, it would be quite interesting to study the saturation properties of nuclear matter in relativistic Brueckner approach by using density dependent meson masses and coupling constants obtained in the present model.

By introducing a formal definition of the in - medium pion - nucleon sigma term Σ^∗_{πN} = m^{∗2}_π [∂M_N^∗/∂m^{∗2}_π ], it is found that in contrast to the meson - nucleon coupling strengths the

Figure 5.15: The profile function σ(r) for the ρ = 0 (solid curve) and ρ = ρ_0 (dashed curve). They are the solutions of equations of motion (A1.13) in the sector with B = 1.

Σ_{πN} increased in the medium: Σ^∗_{πN} /Σ_{πN} ≈ 2. This enhancement could lead to a decrease of the quark condensate ⟨q̄q⟩_ρ in nuclear matter. However as it was recently pointed out by Birse [108] this change should not lead to a drastic and rapid restoration of the chiral symmetry in nuclear matter.

It is anticipated that ultrarelativistic heavy - ion collision experiments (e.g. at RHIC) will provide significant new information on the strong interactions through the detection of changes in hadronic properties [17, 109]. This would provide an impetus to consider refined models for strong interactions in nuclear matter.

In conclusion, the modified in - medium Skyrme Lagrangian with scale invariance provides a useful insight into the role of medium in changing various properties of the mesons and nucleons. Even though scale invariance is badly broken in strong interactions its inclusion gives important information on the role of this symmetry property in a many-particle system.

Chapter 6

Nucleon electromagnetic form - factors in a nuclear medium at zero temperature.^1

6.1 Introduction

The number of studies devoted to in - medium renormalization of the properties of nucleons has ever been increasing in recent years. Despite the absence of precise data from experiments from heavy - ion collisions and deep inelastic nucleon scattering, there are reasons to believe that nucleons immersed in a nuclear medium undergo swelling. Theoretically it is clear that this internuclear effect must be due to the effect of strong meson fields on the quarks constituting a given nucleon and on its mesonic cloud.

It is natural to assume that the change in the nucleon dimensions due to the intra nuclear meson field is of a more general character. Specifically nucleon elastic and inelastic form factors in a nuclear medium are expected to be different from those in a vacuum.

An effective Skyrme Lagrangian describing the properties of a nucleon immersed in a nuclear medium has been given in the previous Chapter. Here we analyze the nucleon electromagnetic form factors in a nuclear medium.

6.2 Electromagnetic properties of nucleons

The problem of calculating of electromagnetic form factors for the nucleons reduces to computing isoscalar and isovector currents in a model. In topological models, in particular, in the Skyrme model, the isoscalar current is proportional to the baryonic current

B^μ = 1 24π^2 ϵ^{μναβ} Tr L_ν L_αL_β , (6.1)

which is seen to be model independent. This expression remains in force in the theory based on the Lagrangian in Eq. (5.8). Since the isoscalar mean square radius ⟨r^2⟩_{I=0} is expressed in terms of the zero component of the baryon current as

⟨r^2⟩_{I=0} = ∞∫ 0 B^0d^3r , (6.2)

variations in it are not very important. Nontrivial modifications are due exclusively to the distortion of the skyrmion profile function in the nuclear matter. Similarly, the isovector

1The present chapter is based on following articles by the author and his collaborators: [78, 79, 80, 81]

mean - square radius ⟨r^2⟩_{I=1} which is determined by the zero component of the vector current ⃗V_μ = −iF^{2π} 16 C_μTr ⃗τ (L_μ + R_μ) + i 16e^2

Tr ⃗τ {[L_ν [L_μ, L_ν ]] + [R_ν [R_μ, R_ν ]]} , (6.3)

where L_μ = U^+∂_μU; R_μ = U∂_μU^+; C_μ = { 1 , μ = 0 (1 − χ_Δ) , μ = 1, 2, 3 [the vector current is treated as a Noether current that corresponds to the transformation U(x) → exp(iQ_L)U(x) exp(−iQ_R) (Q_{L,R} - 2 × 2 matrices], does not depend explicitly on the medium parameters either. Relevant expressions for ⟨r^2⟩ are presented in the Appendix B.

Proceeding to analyze the isoscalar and isovector magnetic moments, we note that the former, μ_{I=0} = 1 2 ∫ d⃗r ⃗r× ⃗B (6.4) does not depend on the medium parameters either. In contrast, the latter, μ_{I=1}, which is expressed in terms of the spatial component of the vector current as

μ_{I=1} = 1 2 ∫ d⃗r ⃗r×⃗V_3 (6.5) involves the features of the nuclear medium explicitly. In our approach these stem from the contribution of the kinetic term in equation (5.8).

The expressions for the electric and magnetic form factors, G_E and G_M respectively, can easily be obtained from equations (5.8) and (6.3) by using the technique developed in [18, 84]. The results are

G^S_E (q) = − 2 π ∞∫ 0 s^2θ^′j_0(qr)dr ,

G^V_E (q) = ∞∫ 0 r^2s^2[χ^2 + 4(θ^{′2} + d)]j_0(qr)dr ∞∫ 0 r^2s^2[χ^2 + 4(θ^{′2} + d)]dr , (6.6)

G^S_M (q) = − 2M_N πeF_πλ_μ ∞∫ 0 x^2s^2θ^′ j_1(qx) qx dx ,

G^V_M (q) = − 2M_N λ_M ∞∫ 0 x^2s^2[χ^2α_p + 4(θ^{′2} + d)] j_1(qx) qx dx ∞∫ 0 x^2s^2[χ^2α_p + 4(θ^{′2} + d)]

(6.7)

where λ_M = 8π 3e^2F_π ∞∫ 0 dx { x^2s^2 ( χ^2 4 + (θ^′ + d) )} , (6.8) is the skyrmion moment of inertia, x ≡ eF_πr and j_0, j_1 are spherical Bessel functions. Note that, in nuclear matter, the form factors do not obey the well known relations [18, 84]

G^S_M (q) = − 2M_N λ_M ∂ ∂q^2 G^S_E (q) ,

G^V_E (q) = − 1 M_N λ_M ( 3 2 + q^2 ∂ ∂q^2 ) G^V_M (q)

(6.9)

because the Lorentz invariance does not hold here.

6.3 Input Parameters

In our calculations we set the input parameters as F_π = 186MeV and C_g = (260MeV )^4, whereby the correct value is reproduced for the sigma meson mass m_σ = 550MeV . The Skyrme parameter e was chosen in such a way as to fit the nucleon and delta - isobar masses in vacuum ( M_N = 938MeV and M_Δ = 1232MeV respectively). The effect of nuclear medium was specified by fixing the parameters of the polarization operator Π_Δ at g^′_0 = 0.6 and c_0 = 0.13m^{−3}_π [85] as it was done in Chapter 5.

Let us discuss the density dependence of the input parameters. As it was indicated in the previous chapter the renormalization of the Skyrme parameter e cannot be considered here because the ρ mesons have not been included on the effective Lagrangian (5.8) explicitly. For this reason we set e^∗ = e. The renormalized pion mass m^∗_π has the form [86]

m^∗_π = √ 1 − 0.22ρ/ρ_0 √ 1 − 0.29ρ/ρ_0 m_π , (6.10)

where ρ_0 = 0.5m^3_π - is the normal density of nuclear matter. This parameterization also takes into account the correction to the contribution of the S - wave component of the pion self energy Π_S .

The only input parameter in the dilaton sector is the gluon condensate C^∗_g , whose in - medium renormalization has to be clarified conclusively. In the proposed model, this quantity is given by Eq. (5.21) and can be expressed in terms of sigma meson mass as

C^∗_g =

3F^2_π (m^∗_σ)^2N_f 4(4 − ε)

(6.11)

Unfortunately, no information about the renormalization of m_σ has been deduced so far within the present approach. In view of this, the parametrization

m^∗_σ = [1 − 0.12 ρ ρ_0

]m_σ (6.12)

which was obtained in [89] within the quark - meson coupling model, is taken for the sigma meson mass.

6.4 Results and Discussions

Let us now proceed to discuss our results.

Table 6.6: Ratio of the nucleon mass, nucleon root -mean - square radii, and nucleon magnetic moments in a nuclear medium (labelled with an asterisk) to the corresponding vacuum values.

ρ/ρ_0 M^∗_N M_N ⟨r^2⟩^∗_{I=0} ⟨r^2⟩_{I=0} ⟨r^2⟩^∗_{I=1} ⟨r^2⟩_{I=1} ⟨r^2⟩^∗_p ⟨r^2⟩_p ⟨r^2⟩^∗_n ⟨r^2⟩_n μ^∗_{I=0} μ_{I=0} μ^∗_{I=1} μ_{I=1} μ^∗_p μ_p μ^∗_n μ_n 0.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.5 0.900 1.101 1.069 1.079 1.044 0.856 1.081 1.052 1.119 1.0 0.819 1.196 1.122 1.145 1.061 0.817 1.145 1.103 1.200

Table 6.6 presents the calculated root -mean - square radii and magnetic moments of the nucleons in the nuclear medium. It can be seen that, in - medium modifications to the root -mean - square radii of the proton are greater than those to the root -mean - square radii of the neutron. The effect is inverse for the magnetic moments - that is , the neutron magnetic moment is more sensitive to the impact of the medium than the proton magnetic moment.

In nuclear matter of normal density, the proton charge radius ⟨r^2_p⟩^{1/2} increases by some 14%, which is in agreement with the result presented in [111, 113].We note that, only 5% increase in this quantity was found by Lu et al. [114], who took into account solely the renormalization of the nucleon mass, disregarding the renormalization of the pion - nucleon coupling constant g_{πN N} . However, in previous Chapter it has been shown that, the in - medium modifications of meson - nucleon coupling constants are less sizeable than the corresponding modifications of the nucleon mass.

From Table 6.6, it can be seen that the effect of a nuclear medium leads to an increase in the nucleon magnetic moment. As it was first revealed in [111, 112], the isoscalar magnetic moment changes more pronouncedly than the isovector one. In our calculations, the former and the latter change by about 14% and 8% respectively, at ρ = 0.5ρ_0 and by 18% and 15% respectively, at ρ = ρ_0.

Figures 6.16 and 6.17 display the proton and neutron electric form factors respectively, at the nuclear density values of ρ = 0, ρ = 0.5ρ_0 and ρ = ρ_0 (the solid, dashed and dotted curves respectively).

It can be seen that with increasing q^2 the form factors decrease much more slowly in a nuclear medium than in a vacuum. Figures 6.18 and 6.19 show the normalized magnetic form factors G^∗_M (q^2)/G^∗_M (0) for the proton and neutron respectively. At q^2 ∼ 0.3GeV^2 (7.5F m^{−2}) the proton and neutron charge form factors decrease by about 9% and 2% respectively at ρ = 0.5ρ_0 and by about 17% and 4% at normal nuclear density. Similarly, the proton and neutron magnetic form factors decrease by about 6% and 5%, respectively, at ρ = 0.5ρ_0 and by about 11% and 9% at normal nuclear density.

From a comparison of the data in Figs. 6.16-6.19 it can be seen that the charge form factors are more sensitive to medium effects than the magnetic form factors. Qualitatively this conclusion complies with the results obtained in [114] on the basis of the quark - meson coupling model.

We note , however, that at the above momentum transfer value that is at q^2 ∼ 0.3GeV^2 the proton and neutron charge form factors decrease by about 5% and 6%, respectively, at

Figure 6.16: Proton electric form factor G^{p∗}_E (q^2). The solid, dashed and dotted curves correspond to the nuclear - density value of ρ = 0, ρ = 0.5ρ_0 and ρ = ρ_0 respectively.

Table 6.7: Form factors versus the nuclear density (ρ = λρ_0) at some values of the momentum transfer Here the magnetic form factors are normalized to their values at q = 0.

q^2(F m^{−2}) λ G^{p∗}_E (q^2) G^{n∗}_E (q^2)

G^{p∗}_M (q^2) G^{p∗}_M (0)

G^{n∗}_M (q^2) G^{n∗}_M (0)

0.0 0.680 0.080 0.737 0.730 5.25 0.5 0.635 0.078 0.709 0.709 1.0 0.599 0.076 0.686 0.688 0.0 0.582 0.091 0.655 0.650 7.55 0.5 0.529 0.089 0.618 0.620 1.0 0.481 0.087 0.586 0.590

Figure 6.17: The same as in Fig. 6.16 but for neutron electric form factor.

ρ = 0.5ρ_0 and by about 8% at normal nuclear density. A similar situation is observed for the magnetic form factors as well. That Lui et al.[114] found so weak suppression of the form factors in nuclear matter stems from their disregarding of the renormalization of meson - nucleon coupling constants and masses in their study.

In ref. [115] the form factors for bound nucleons were calculated on the basis of the bag model. By preliminary fitting the input parameters of the model, the experimental values of the root - mean - square radii and magnetic moments were reproduced there rather well for the free nucleons. Further, medium effects were taken into account in that study through the renormalization of meson and nucleon masses. The analysis performed in [115] revealed that the nucleon electromagnetic form factors are suppressed in the^{12}C,^{40}Ca and^{56}F e nuclei. The nucleon magnetic moments in medium were enhanced by 2% to 20% for various nuclear species. These results agree with ours and the ones from refs. [111, 112] However, the proton charge radius in the^{40}Ca nucleus is enhanced in ref. [115] by nearly 40%, which seems too large in comparison with our results (about ∼ 15% at the normal nuclear density). It should also be noted that the results reported in [115] do not show the suppression of the axial coupling constant in nuclei. The failure to reproduce this well known effect casts serious doubts on the concept behind the calculations from [115].

Figure 6.18: Normalized proton magnetic form factor G^{p∗}_M (q^2)/G^{p∗}_M (0). The solid, dashed and dotted curves correspond to the nuclear - density value of ρ = 0, ρ = 0.5ρ_0 and ρ = ρ_0 respectively.

It is well known that, in a vacuum, the neutron and proton form factors calculated in topological models at low momentum transfers obey following relations [12, 18]

G^p_M (q^2) G^p_M (0) ≈ G^n_M (q^2) G^n_M (0)

≈ G^p_E (q^2) . (6.13)

Our calculations have demonstrated that, because of violation of Lorentz invariance, this relation is fulfilled only partly:

G^{p∗}_M (q^2) G^{p∗}_M (0) ≈ G^{n∗}_M (q^2) G^{n∗}_M (0)

≉ G^{p∗}_E (q^2) . (6.14)

We have also established that, at low momentum transfers (q^2 < 7.5F m^{−2}), the form factors show a nearly linear decrease with increasing a nuclear density. This results are in line with the results obtained in refs. [111, 112]. The nuclear density dependence of the form factors is illustrated in Tabl. 6.7 for various values of the momentum transfer.

Figure 6.19: Normalized neutron magnetic form factor G^{n∗}_M (q^2)/G^{n∗}_M (0). The solid, dashed and dotted curves correspond to the nuclear - density value of ρ = 0, ρ = 0.5ρ_0 and ρ = ρ_0 respectively.

6.5 Conclusions and Summary

On the basis of chiral and scale invariant Lagrangian, we have investigated the possible modifications to the nucleon electromagnetic form factors in a nuclear medium. Our results demonstrate that this model faithfully reproduces the features of hadrons as functions of the medium density. The calculations have revealed that the isoscalar nucleon form factors are more sensitive to the medium effects than the isovector ones. On the whole, our predictions are consistent with the results of other authors. This proves that, qualitatively, the resulting behavior of the features of nucleons in a nuclear medium is model independent. Specifically the coupling constants, masses and form factors are suppressed by the effective fields of the nuclear medium, wehereas the dimensions and magnetic moments are enhanced. By way of example we indicate that, at the normal nuclear density the root mean square radii for protons and neutrons increase by some ∼ 15% ∼ 6% respectively. With increasing density the nucleon form factors exhibit a nearly linear decrease in the region q^2 ≤ 7F m^{−2}.

Here we have taken no account of recoil effects. Both prior to and after collision with a photon, the nucleon involved is assumed here to be frozen at the center of nucleus where the density is constant. As it was shown by Bunatian [116] the contribution to ⟨r^2⟩_N from recoil effects is small, but it can be expected that modifications to the nucleon structure will greatly depend on the nucleon momentum within Fermi sphere. The inclusion of recoil effects in the calculation of the nucleon electromagnetic form factors for finite nuclei would be of great interest in the problems of electron nucleon scattering. Calculations of this type my also be helpful in processing data from future MIT Bates and TJNAF experiments [117] that will measure the neutron electromagnetic form factor. Since there is no neutron free target relevant information will be extracted from data on electron nucleus (say e^3He) scattering where it is necessary to take onto account nuclear medium effects.

Note that, the modification of nucleon electromagnetic form-factors in finite nuclei has been considered recently in ref. [118].

Chapter 7

Meson - Nucleon Vertex Form Factors at Finite Temperature.^1

7.1 Introduction

In-medium properties of hadrons and their interactions is a field of high current interest. For studying phase transitions and thermodynamical properties of the nuclear system under extreme conditions, it is essential to determine the temperature (T ) and density (ρ) dependence of the nuclear force. Below a critical temperature T_c, meson exchange picture of nuclear physics provides the natural description for the nucleon - nucleon (NN) interaction. Quarks and gluons are certainly present in all NN interactions, but it is not always necessary to take them explicitly into account especially below a critical temperature T_c, when the transition into a quark gluon phase takes place. At distances smaller than a fermi, the inner structure of hadrons is probed since it involves the short distance or the high momentum components of the wave function. This structure is typically taken into account by including vertex form factors. In hot and dense matter, the structure of hadrons undergoes changes which should lead to a modification of the meson - nucleon coupling constants or, in general, the form factors. The temperature [121] and density dependence of some coupling constants have been investigated recently (see Chapters 5, 6), while that of form factors is still fairly unknown and will be studied in the present Chapter for the first time. For this purpose we shall use the formalism of Thermo Field Dynamics (TFD) in order to obtain the required temperature and density dependence.

The Thermo Field Dynamics (TFD) which was first suggested by Takahashi and Umezawa [122] - [126] is a real time operator formalism of finite temperature quantum field theory. In this framework, all the operator formalism of quantum field theory at zero temperature can be extended directly to finite temperature and density. Therefore in TFD it is possible to continue using Wick’s theorem and the Feynman diagrammatic approach as in the case of zero temperature theory. An auxiliary field is introduced which leads to a field doublet; the propagators become 2 × 2 matrices, the Feynman rules are now algebraic operational rules in the space of 2 × 2 matrices. Recently, some attempts to study in medium properties of hadrons at finite temperature using TFD [127, 128] have been made.

A study of relativistic heavy-ion collisions [129] is expected to lead us to a proper equation of state of hot and dense nuclear matter. The behaviour of nuclear matter as a function of temperature and density is relevant for investigation in nuclear physics, astrophysics,

1The present chapter is based on following articles by the author and his collaborators: [119, 120]

cosmology and particle physics. The phase transition from hadronic system to a quarkgluon plasma phase and the subsequent hadronisation of the quark-gluon plasma phase can provide information on the asymptotic freedom as well as confinement behaviour in Quantum Chromodynamics (QCD). Therefore it is important to study theoretically the behaviour of the hadronic system at high temperatures. In this Chapter we shall make an attempt to study such a behaviour. In Sec.2, a brief review of the TFD is given. In Sec.3 we calculate the renormalization of meson nucleon vertices using the Feynman propagators from TFD. The results of calculations and their discussions will be presented in Sec.4.

7.2 Finite temperature formalism for meson and nucleon propagators.

The Thermo Field Dynamics is a real time operator formalism of quantum field theory at finite temperature. The main feature of the TFD is that thermal average of operator Â is defined as the expectation value with respect to a temperature dependent vacuum, |0(β)⟩, which is obtained from the regular vacuum by a Bogoliubov transformation. Therefore, we have < Â >≡ Tr (Âe^{−β(H−μ)})/Tr (e^{−β(H−μ)}) = ⟨0(β)|Â|0(β)⟩ , (7.1) where β ≡ 1/k_B T with k_B being the Boltzmann constant, H is the total Hamiltonian of the system, and μ is the chemical potential. Due to the doubling of all degrees of freedom, every field is represented in the thermal doublet form in TFD. For example, the thermal doublet for the nucleon field is ψ^{(a)}(x) ≡ { ψ(x) i^tψ̃^† } , (7.2)

where ψ(x) is the ordinary nucleon field and ψ̃ is the doublet partner of ψ(x). Here the superscript represents the transpose operation on the vector index. As a consequence, the thermal propagator of a fermion field is a 2 × 2 matrix defined as iS^{(a,b)}_F (x_1, x_2) =< 0(β)|T [ψ^{(a)}(x_1)ψ̄^{(b)}(x_2)]|0(β) > (7.3) The free thermal propagator S_F to be used in perturbation theory can be separated into two parts, i.e. the usual Feynman part S_0, propagator at zero temperature, and the temperature dependent part S_T such that S^{(ab)}_F = S^{(ab)}_0 + S^{(ab)}_T . For a fermion with mass M, the propagators have the form

S^{(ab)}_0 = ( ̸p + M)_{(ab)} ( G_0(p^2) 0

0 G^∗_0(p^2) ) (7.4)

S^{(ab)}_T = 2πiδ(p^2 − M^2)( ̸p + M)_{ab} ( sin^2 θ_{p0}^1_2 sin 2θ_{p0} 1 2 sin 2θ_{p0} − sin^2 θ_{p0} ) (7.5)

with G_0(p^2) = 1 p^2 − M^2 + iϵ ,

cos θ_{p0} = θ(p_0) (1 + e^{−x})^{1/2} + θ(−p_0) (1 + e^x)^{1/2} ,

sin θ(p_0) = e^{−x/2}θ(p_0) (1 + e^{−x})^{1/2} − e^{x/2}θ(−p_0) (1 + e^x)^{1/2} ,

(7.6) where x = β(p_0 −μ), a and b are Dirac indices, and θ(x) is the step function. The propagator of the scalar particle with mass m_B is given by

Δ^B(p) = Δ^B_0 (p) + Δ^B_T (p), (7.7)

Δ^B_0 = ( D_0(p^2) 0 0 −D^∗_0(p^2) ) (7.8)

(7.9)

D_T = −2πiδ(p^2 − m^2_B) ( sinh^2ϕ_{p0}^1_2 sinh2ϕ_{p0} 1 2 sinh2ϕ_{p0} sinh^2ϕ_{p0} ) (7.10)

with D_0(p^2) = 1 p^2 − m^2_B + iϵ ,

coshϕ_{p0} = 1 (1 − e^{−|y|})^{1/2} ,

sinhϕ_{p0} = e^{−|y|/2} (1 − e^{−|y|})^{1/2} ,

(7.11)

where y = βp_0. Note that the propagator of vector mesons would be similar to that of the scalar mesons except for an additional factor of (−g_{μν} + k_μk_ν /m^2).

7.3 Vertex form factors

The OBE model of the N-N interaction [62] includes exchange of several mesons. Here we consider the meson-nucleon interactions of π , σ , ω- and ρ-mesons: L_{πN N} = −ig_{πN N}ψ̄γ_5⃗τψ ⃗φ_π ; L_{σN N} = g_{σN N} ψ̄ψφ_σ ; L_{ωN N} = −g_{ωN N} ψ̄γ_μψω^μ − f_{ωN N} 4M ψ̄σ_{μν} ψ[∂^μω_ν − ∂^ν ω_μ] ;

L_{ρN N} = [−g_{ρN N}ψ̄γ_μ⃗τ ψ⃗ρ^μ − f_{ρN N} 4M ψ̄⃗τσ_{μν} ψ(∂^μ⃗ρ_ν − ∂^ν ⃗ρ_μ)] . (7.12)

Here g_{BN N} are the meson-nucleon coupling constants and f_{ωN N} and f_{ρN N} are the tensor coupling constants for ω- and ρ- mesons respectively.

The corresponding meson nucleon form factors are usually defined as: ⟨N(p^′)|Γ^α_π |N(p)⟩ = ig_{πN N} (t)ū(p^′)γ_5τ_αu(p) ⟨N(p^′)|Γ_σ |N(p)⟩ = −g_{σN N} (t)ū(p^′)u(p) ⟨N(p^′)|Γ^μ_ω |N(p)⟩ = ū(p^′) [ γ^μG_{ωN N} (t) + i 2M F_{ωN N} (t)σ^{μν} q_ν ] u(p)

⟨N(p^′)|Γ^{α,μ}_ρ |N(p)⟩ = ū(p^′)τ_a [ γ^μG_{ρN N} (t) + i 2M F_{ρN N} (t)σ^{μν} q_ν ] u(p) ,

(7.13) where g_{πN N} , g_{σN N} , G_{ωN N} , (F_{ωN N} ) , G_{ρN N} and (F_{ρN N} ) are form factors of meson - nucleon vertices; t = q^2 = q^2_0 − (⃗q)^2 = (p − p^′)^2 is the 4-momentum transfer and M is the nucleon mass.

q p^′

p q – – – – – =

– – – – – + p^′

p q k – – – – – + p^′

p a b

k a b q – – – – – + p^′

p

· · · k a b q – – – – – + p^′

p · · k a b q – – – – – p^′

p

< < <

Figure 7.20: Feynman diagrams for pion - nucleon vertex. The solid line is for nucleon. Dashed, dotted, dot - dashed and wavy lines are for π, σ, ω and ρ mesons respectively.

In order to investigate the T dependence we calculate three line vertex correction, as is illustrated in Fig. 7.20 e.g. for g_{πN N} (t, T ). In accordance with Feynman rules this may be written as:

Γ_A(t, T ) = Γ_A(t) + i ∑ B Λ_{AB} (t, T ),

Λ_{AB} (t, T ) = ∫ d^4k (2π)^4

Γ_B (k^2)S_F (a)Γ_A(t)S_F (b)Γ_B(k^2)Δ^B(k^2)

(7.14)

where A, B - denote π, σ, ω, ρ mesons, e.g. Γ_π = g_{πN N} (t), a = p^′ − k, b = p − k. Here S_F (a) and Δ^B(k^2) are the in - medium nucleon and meson propagators respectively. In the framework of TFD the thermal propagator has a 2 × 2 matrix structure, but only the 11-component refers to the physical field. So, we may use the following representation:

S^{11}_F (a) ≡ S_F (a) = (â + M)[G_0(a) + G_T (a)] ,

Δ^{11} ≡ Δ(k^2) = D_0(k^2) + D_T (k^2) ,

D_0(k^2) = 1 k^2 − m^2 + iε

, D_T (k^2) = −2πin_B(k)δ(k^2 − m^2) ,

G_0(a) = 1 a^2 − M^2 + iε

, G_T (a) = 2πiδ(a^2 − M^2)N_F (a) ,

(7.15)

where â = a_μγ^μ, N_F (a) = θ(a_0)n_F (a) + θ(−a_0)n̄_F (a), m is the mass of corresponding meson and n_F (a) = 1 e^{β(|a0|−μ)} + 1 , n̄_F (a) = 1 e^{β(|a0|+μ)} + 1 n_B(k) = 1 e^{β|k0|} − 1 (7.16)

are the fermion, antifermion and boson distribution functions respectively. It is clear that when one substitutes Eq. (7.15) into Eq. (7.14), Λ_{AB} (t, T ) will be separated into two parts: one refers to the naive zero temperature contribution, while the other one depends on the density and temperature [127]. We shall concentrate on the latter part, which may be rewritten as follows:

Λ_{AB}(t, T ) = ∫ d^4k (2π)^4

Γ_B (k^2)(â + M)Γ_A(t)(b̂ + M)Γ_B (k^2)×

×[G_0(a)G_0(b)D^B_T (k^2) + 2G_0(a)G_T (b)D^B_0 (k^2)]

(7.17)

Note that we have neglected terms that are quadratic in the temperature dependent distribution function. Now, using (7.17) and (7.15) in (7.14) we get the following expressions for the form factors: G_{AN N} (t, T )/G_{AN N} (t, T = 0) = 1 + i ∑ B ∫ d^4k (2π)^4 W_{AB} (t, k^2, T )×

×[G_0(a)G_0(b)D^B_T (k^2) + 2G_0(a)G_T (b)D^B_0 (k^2)]

(7.18)

where the explicit formulas for W_{AB} (t, k^2, T ) may be found in the Appendix C. Here we present the expressions for W_{ωπ} (t, k^2, T ) and W_{ρπ} (t, k^2, T ) for illustration:

W_{ωπ} (t, k^2, T ) =

3G^2_{πN N} (k^2) 4 { 2[2M^2 − (ab)] − 3F_{ωN N} (t)t 2G_{ωN N} (t) } ,

W_{ρπ} (t, k^2, T ) =

−G^2_{πN N} (k^2) 4 { 2[2M^2 − (ab)] − 3F_{ρN N} (t)t 2G_{ρN N} (t) } , (7.19)

where W_{ωπ}(t, k^2, T ) and W_{ρπ} (t, k^2, T ) denote the contribution from the π- exchange diagram to the G_{ωN N} (t, T ) and G_{ρN N} (t, T ) respectively.

7.4 Results and discussions

In order to start the calculations, a set of free space meson - nucleon form factors are chosen. We choose the OBE monopole form factors [62] (Bonn A): G_{BN N} (t) = g_{BN N} (Λ^2_B − m^2_B)/(Λ^2_B − t) ,where, for example, g^2_{πN N} /4π = 14.09, Λ_{πN N} = 1005MeV , m_σ = 550MeV. Let us first discuss the T dependence of meson - nucleon coupling constants - g_{BN N} (T ) ≡ G_{BN N} (t = m^2_B, T ). The variation of the coupling constants g_{πN N} (T )/g_{πN N} (T = 0), g_{σN N} (T )/g_{σN N} (T = 0), g_{ωN N} (T )/g_{ωN N} (T = 0) and g_{ρN N} (T )/g_{ρN N} (T = 0) with temperature are displayed in Fig. 7.21. It is clear that they are nearly independent of the temperature below T^B_c , then change rapidly for T > T^B_c . A similar behavior was also predicted by Zhang et al. [127] and by Dominguez et al. [121] for pion - nucleon coupling constant

Figure 7.21: The ratio of meson-nucleon coupling constants at finite temperature T at T=0 as a function of temperature; ρ = 0.

g_{πN N} (T )/g_{πN N} (T = 0). But here in Fig. 7.21, an unexpected result is that, the ω − N coupling constant, g_{ωN N} (T ) increases while the coupling constants of all other mesons decrease! Let’s consider a possible origin of this controversy, by comparing the medium modification of ωNN and ρNN coupling constants. In the present model the modifications arise from the triangle diagrams (Fig. 7.20). Actual calculations show that, for any G_{BN N} (t, T ) the triangle diagram with pion exchange gives a dominant contribution especially at small density. It is clear from Eq. (7.19) that at small t the explicit expressions for g_{ωN N} (T ) and g_{ρN N} (T ) formally coincide. However, W_{ρπ} = −^{Wωπ}_3 . and hence the two have an opposite sign. The factor (−1/3) arises from the isotopic spin structure. In fact, using Eq. (7.14) and Fig.7.20, g_{ωN N} (T ) and g_{ρN N} (T ) may be written in a schematic way:

g_{ωN N} (T ) ≈ g_{ωN N} (T = 0) + g^2_{πN N} ∑ β τ_β g_{ωN N} τ_β + . . . g_{ρN N} (T )τ_α ≈ g_{ρN N} (T = 0)τ_α + g^2_{πN N} ∑ β τ_β τ_αg_{ρN N} τ_β + . . . (7.20)

where α and β are isospin indices.

Figure 7.22: The ratio of mean square radius at finite temperature T and at T = 0 as a function of temperature; ρ = 0.

We omit the spin variables, since ω and ρ have the same spin structure. Now, using ∑ β τ^2_β = 3 and ∑ β τ_β τ_ατ_β = −τ_α, it is clear that the contribution of the leading triangle diagram with

pion exchange to g_{ωN N} (T ) and g_{ρN N} (T ) has different signs. In other words, the term Λ_{ρπ} in Eq. (7.14) is negative, while Λ_{ωπ} is positive.

In general, we conclude from the results (Fig. 7.21) that at a certain critical temperature T^B_c , the couplings g_{BN N} change drastically. The thermal behavior of g_{πN N} (T ) = g_{πN N} (t, T )|_{t→0} has been investigated earlier [121] and we get here a similar behaviour of g_{πN N} (T ) as a function of temperature. The temperature T_c, where g_{πN N} (T ) changes dramatically, was interpreted in [121] as a signal for the quark - gluon deconfinement phase transition. Indeed, near T_c the associated mean square radius < r^2_{BN N} >= 6[^∂_{∂t} ln G_{BN N} (t, T )]|_{t→0} is a monotonically increasing function of T and in fact diverges at the critical temperature. A similar behavior of < r^2_{BN N} > is also found in our calculations and is illustrated in Fig. 7.22. As the critical temperature, T^B_c , is approached the strength of coupling of π, σ and ρ mesons to nucleons is quenched, at the same time, the size of nucleons as probed by the appropriate meson gets bigger. However, it is to be stressed that T^B_c is not the same for all

Table 7.8: Parameters of vertex form factors in Eq.s (7.21)-(7.22) at half of normal nuclear matter density ρ = 0.5ρ_0.

Meson α_g β_g α_λ β_λ T_c

π 0.9925 -1.3538 0.6789 -1.0397 ≈ 180 σ 0.2572 -1.2507 1.0413 -1.6472 ≈ 90 ρ 0.3678 -0.8579 -0.4821 -0.4655 ≈ 180 ω 2.1001 -1.8110 1.1595 - 4.44165 ≈ 175

Table 7.9: The same as in Table 7.8 , but for ρ = ρ_0 Meson α_g β_g α_λ β_λ T_c

π 1.5047 - 1.7415 1.5816 - 2.2862 ≈ 185 σ 0.8238 - 1.8623 1.5911 - 2.0814 ≈ 90 ρ 0.6556 - 0.9325 - 0.1778 - 0.5858 ≈ 180 ω 3.0774 - 2.6030 3.0351 - 9.8837 ≈ 175

mesons: T^π_c ≈ 360MeV , T^σ_c ≈ 95MeV , T^ω_c ≈ 175MeV and T^ρ_c ≈ 200MeV . In OBE picture this means that , in the temperature region e.g. 200MeV < T < 300MeV , the ρ meson exchange is no longer important while the pion exchange is still important. On the other hand, the σ and π mesons are mainly responsible for the attraction between nucleons. So, the quenching of the σNN coupling constant at T > T^σ_c leads to the vanishing of the bound state, as it was predicted earlier [127].

The density dependence of vertex form factors has been studied in greater detail [81, 93]. It was found that most of the vertex form factors are quenched at high densities and it was anticipated that the temperature dependence is likely to yield results that are qualitatively similar to those of density dependence.

Now, let’s consider their temperature dependence in some detail. The form factors as a function of momentum transfer at several temperatures are displayed in Figs. 7.23 - 7.25. It is seen that, the in-medium effects lead to the suppression of g_{πN N} (t, T ), g_{σN N} (t, T ) and G_{ρN N} (t, T ). The temperature dependence of G_{ωN N} (t, T ), is opposite to that of G_{ρN N} due to it’s isotopic structure as outlined above. The temperature dependence of tensor couplings of vector mesons F_{V N N} (t, T ) are quite similar to that of vector couplings G_{V N N} (t, T ). Particularly, the ratio κ_v = F_{V N N} /G_{V N N} , where κ_ρ = 6.1 and κ_ω = 0 in free space, remains constant in a wide range of temperature. For practical calculations a parametrization of these G_{BN N} (t, T, ρ) form factors is needed. At small momentum transfer we can parametrize them by a monopole form :

G_{BN N} (t, T, ρ) = g_B (T, ρ)(Λ^2_B(T, ρ) − m^2_B)/(Λ^2_B (T, ρ) + t) (7.21)

Table 7.10: The same as in Table 7.8 , but for ρ = 3ρ_0 Meson α_g β_g α_λ β_λ T_c π 3.5869 - 3.4716 5.5941 - 8.5846 ≈ 220 σ 3.0715 -4.2687 3.8743 - 4.0881 ≈ 90 ρ 2.3344 - 2.5660 1.3642 - 2.3675 ≈ 210 ω 6.4629 - 5.0795 9.2984 -26.3338 ≈ 175

Figure 7.23: Meson nucleon form factors at several temperatures as a function of q^2 using parametrisation of BONN group [62] for πNN vertex at ρ = 0.

where in general the effective mass of a meson, m_B, is also temperature dependent. Consideration of this dependence is beyond the scope of the present Chapter. But here, for simplicity, one may consider this as just a parameterization and choose the parameters g_B (T, ρ) and Λ^2_B(T, ρ). Their temperature dependence is still unknown. Here the T dependence may be represented, for T << T^B_c , in a polynomial form as: g_B (T, ρ) g_B (T = 0, ρ = 0)

= Φ(ρ)[1 + α^g_B(ρ)(T/T^B_c )^2 + β^g_B(ρ)(T/T^B_c )^4],

Λ_B (T, ρ) Λ_B(T = 0, ρ = 0)

= Φ(ρ)[1 + α^λ_B(ρ)(T/T^B_c )^2 + β^λ_B(ρ)(T/T^B_c )^4],

(7.22)

where Φ(ρ) = 1/(1 + C_0ρ/ρ_0). The calculated form factors are fitted to this form and the paramters C_0, α and β are determined. The results are presented in Tables 7.8, 7.9 and 7.10 for densities ρ = 0.5ρ_0, ρ = ρ_0 and ρ = 3ρ_0, respectively (with ρ_0 = 0.17fm^{−3} - the density of normal nuclear matter). The results show that the density dependence of parameters, and hence, the form factors is not so drastic (sharp) as their temperature dependence in

Figure 7.24: The same as in Fig 7.23 but for σNN vertex.

the range of moderate densities. So, at T ≈ 0 the Eq. (7.22) with C_0 = 0.26 is in good agreement with Brown Rho scaling law [131] (where C_0 = 0.28).

Summarizing this Chapter, we have considered the temperature dependence of meson - nucleon form factors and coupling constants in TFD formalism. It is shown that at a critical temperature, where the coupling constant changes drastically and the associated mean square radius diverges is different for different mesons. The temperature dependent vertex form factors are parametrized in a simple monopole form and the T-dependence of these parameters is clarified. These form factors may be used in the calculation of the in - medium NN cross sections [130] and in investigations of the properties of hot dense matter.

In the present calculations, the monopole form factors with the parameters (at T = 0) given by the Bonn group [62] are used. But the next question which may arise is: are the results sensitive to the shape of the input form factors? To answer this question a different set of form factors obtained in Chapter IV in the framework of a topological soliton model have been used. The thermal behaviour of such form factors is shown in Figs. 7.27 - 7.30. Now, by comparing Figs. 7.23 - 7.26 and Figs.7.27 - 7.30 it is clear that only the σNN form factor is affected the most. The reason is that even in free space and at T = 0 the σNN form factor in the topological soliton model [54] is much harder (Λ_σ ≈ 600MeV ) than those

Figure 7.25: The same as in Fig 7.23 but for ωNN vertex.

of the Bonn potential (Λ_σ ≈ 2000MeV ). Nevertheless, our main conclusions about thermal behavior of different meson nucleon vertices remain valid.

The variation of the meson-nucleon coupling constant with temperature (Fig. 7.21) clearly indicates that the attractive NN force due to σ-exchange decreases quite rapidly while the repulsive N-N force due to ω-exchanges increases. This would lead to the fact that the nuclear matter is quite likely un-bound at high temperature. In fact it will look more like a hard sphere gas since the repulsive interaction at short distances will dominate. The attractive interactions in such a case play only a small perturbative role. The hot and dense nuclear matter could be approximated as a free gas with an excluded volume around each nucleon. Perhaps the extensive studies [132]-[135] along this line can be justified on the basis of the results obtained in this Chapter. The nuclear matter would be hard to compress.

It would be quite interesting to know, if the critical temperature, T^B_c , maybe uniquely considered as a point of transition from the hadron state to a quark gluon state, as it was suggested [121]. The usual way of estimating T_c is based on QCD lattice calculations [136] or temperature dependent quark - gluon potentials [137]. In such calculations it is usual to start from high temperatures and then decreases the temperature, looking for a phase transition from the quark gluon state to a hadron state i.e. hadronization of the quarks.

Figure 7.26: The same as in Fig 7.23 but for ρNN vertex.

Clearly this method gives a unique T_c, since at any stage there is either a hadron or a quark gluon plasma phase. Contrary to such studies the present calculations explore the transition from a hadron to a quark-gluon phase and find that the critical temperature for hadron → quark-gluon transition depends on the kind of hadrons under consideration. A similar result, where hadrons and quark - gluon plasma coexist have been obtained in lattice calculations [136]. In conclusion it is important to emphasize that the dynamics of hadrons and of quark-gluon plama at finite temperature is poorly understood. The question of critical phenomenon, in particular critical temperature, in the hadronic systems is not well-known. Studies in nuclear matter are needed urgently to clarify the critical transition from a hadronic system to the quark gluon phase which will depend on both density and temperature. The experiments with relativistic heavy ion colliders would need such an understanding to clarify the production of quark-gluon plasma from hadrons and the eventual hadronisation of the quark-gluon system. It is possible that there will be clear and unambiguous signals for the formation and subsequent hadronisation of the quark-gluon plasma [138, 139].

Appendix 1

In the present Appendix, following T. Cohen [69], we derive explicit expressions for

Figure 7.27: Meson-nucleon form factors at several temperatures as a function of q^2 using parametrisation of Meissnar et al. [54] for πNN vertex at ρ = 0.

G^∗_{πN N} (q^2) and G^∗_{πN N} (q^2) used in Chapter 5. The small fluctuations around the vacuum value are related to the pion field by U = exp(2i⃗τ⃗π/F_π) ≈ 1 + 2i⃗τ⃗π/F_π − 2⃗π^2/F^2_π + . . . (A1.1) which gives the following approximation for the Lagrangian in Eq. (5.8): L ≈ − 1 2 (⃗∇⃗π)^2α_p − 1 2 m^{∗2}_π ⃗π^2 (A1.2) and for the equation of motion:

−(⃗∇^2π)α_p + m^{∗2}_π ⃗π = 0 (A1.3) The factor α_p = 1 − χ_Δ in the last equations is obtained by renormalization of the pion propagator in the medium i.e. by the Δ - hole self energy term Π̂_Δ. We define the inmedium πNN coupling constant and the vertex form factor by introducing the source term ⃗j = iG^∗_{πN N} ψ̄⃗τγ_5ψ (A1.4)

Figure 7.28: The same as in Fig. 7.27 but for σNN vertex. into the equation of motion: −∇^2⃗πα_p + m^{∗2}_π ⃗π = iG^∗_{πN N} ψ̄γ_5⃗τ ψ, (A1.5) where ψ|N( ⃗P )⟩ = e^{i ⃗P ⃗x} (2π)^{3/2}

( E^∗ + M^∗_N 2E^∗ )_{1/2} ( 1

(⃗σ ⃗P )/(E^∗ + M^∗_N ) ) χ_S , (A1.6)

where E^{∗2} = ⃗P^2 + M^{∗2}. In the Breit frame ( ⃗P^′ = − ⃗P , ⃗q = ⃗P − ⃗P^′) the matrix element of the source evaluated between nucleon states is given by: ⟨N( ⃗P^′)|⃗j(r)|N( ⃗P )⟩ = e^{i⃗q ⃗r}⟨N|(⃗σ⃗q) ⃗τ |N⟩ (2π)^3 2M^∗_N

. (A1.7) Using the quantization rules π_α(r) = − iF_π 4 Tr [τ_αAU_0(r − R)A^+],

⟨N|Tr τ_αAτ_β A^+|N⟩ = − 2 3 ⟨N|σ_ατ_β |N⟩ (A1.8)

Figure 7.29: The same as in Fig. 7.27 but for ωNN vertex.

we have ⟨N^′( ⃗P^′)|π_α(⃗r, ⃗R)|N( ⃗P )⟩ = e^{i⃗q ⃗r} (2π)^3 ∫ ⟨N^′|π_α(x)|N⟩e^{−i⃗q ⃗x}d⃗x =

= F_πe^{i⃗q ⃗r} 6(2π)^3 ∫ ⟨N^′|σ_α(⃗τ⃗x)|N⟩e^{−i⃗q ⃗x} sin(θ)d⃗x (A1.9)

where θ is defined by the hedgehog ansatz U_0(r) = e^{i(⃗τ⃗r)θ(r)}. Now the matrix element of Eq. (A1.5) is evaluated between collective wave functions for spin-up proton |p ↑⟩ with momentum ⃗P and ⃗P^′ in the Breit frame and using equations (A1.6) - (A1.9) to obtain

G^∗_{πN N} (⃗q^2) = − iF_πα_pM^∗_N 3q ∫ (−∇^2 + m^{∗2}_π /α_p)x̂_3 sin(θ)e^{−i⃗q ⃗x}d⃗x =

= 4πF_πα_pM^∗_N 3 ∞∫ o j_1(qx) qx S_π (x)x^3dx (A1.10)

where S_π (x) = −2θ^′c/x − θ^{′′}c + θ^′s + 2s/x^2 + m^{∗2}_π s/α_p (A1.11)

Figure 7.30: The same as in Fig. 7.27 but for ρNN vertex.

with c = cos(θ), s = sin(θ).

Similarly, the coupling constant at the σNN vertex is defined by the equation: (−⃗∇^2 + m^{∗2}_σ )σ = G^∗_{σN N} ψ̄ψ. Evaluating matrix elements of both sides of this equation it is easy to obtain the σNN form factor:

G^∗_{σN N} (⃗q^2) = 2πF_π ∞∫ o j_0(qx)S_σ(x)dx , (A1.12)

with S_σ(x) = −x^2σ^{′′} + 2xσ^′ + x^2m^{∗2}_σ σ.

Note that the profile functions θ(r) and σ(r) in S_π(x) and S_σ(x) are the solutions of the equations of motion:

θ^{′′}x^2χ^2α_p + 4s_2θ^{′2} + 8s^2θ^{′′} + 2xθ^′χ^2α_p + 2x^2θ^′χχ^′α_p− −χ^2α_ps_2 − 4s_2d − x^2β^2χ^3s = 0 x^2χ^{′′} + 2χχ^′ − 2χα_px^2(θ^{′2}/2 + d) − 16x^2D_{ef f} (χ^3 − χ^{ε−1})− −3x^2β^2(1 − c)χ^2 = 0.

(A1.13)

where x ≡ eF_πr, s_2 ≡ sin(2θ), d ≡ s^2/x^2, β = m^∗_π/eF_π, D_{ef f} = C^∗_g /24e^2F^4_π , χ ≡ exp(−σ(x)). The boundary conditions are:

θ = π, σ^′ = 0 for x → 0 and θ ∼ (1 + βx)e^{−βx}/x^2, σ ∼ θ^2 for large x.

For completeness we write also the explicit expressions for I = I^∗_0 + I_{rt}:

I^∗_0 = 2π 3e^3F_π ∞∫ 0 s^2{e^{−2σ} + 4(θ^{′2} + d)}x^2dx, I_{rt} = πα_{rt} 3ω^2_Δ eF_π ∞∫ 0 {θ^{′2}c^2 + 2d}x^2dx. (A1.14)

Appendix 2

Here some auxiliary formulas for Chapter 6 are presented. The isoscalar and isovector mean square radii are given by

⟨r^2⟩_{I=0} = −2 ∞∫ 0 r^2θ^′s^2dr ,

⟨r^2⟩_{I=1} = ∞∫ 0 r^4s^2[χ^2 + 4(θ^{′2} + d)]dr ∞∫ 0 r^2s^2[χ^2 + 4(θ^{′2} + d)]dr , (A2.1)

where the notations θ, s etc are given in Appendix A. The nucleon mean square radii ⟨r^2⟩_{p,n} are expressed in terms of ⟨r^2⟩_{I=0} and ⟨r^2⟩_{I=1} as: ⟨r^2⟩_{p,n} = 1 2 [⟨r^2⟩_{I=0} ± ⟨r^2⟩_{I=1}].

We note that the expression for mean square radius in a medium is similar to that in a vacuum, a solution to the equation (A1.13) with medium parameters must be taken in former case.

The proton and neutron magnetic moments are given by μ_{p,n} = 1 2 [μ^{I=0}_{p,n} + μ^{I=1}_{p,n} ] ,

μ^{I=0}_{p,n} = 2 9 M_N (M^∗_Δ − M^∗_N )⟨r^2⟩_{I=0}μ_B ,

μ^{I=1}_p = −μ^{I=1}_n = 1 3 · 8π 3e^2F_π ∞∫ 0 dx { x^2s^2 ( α_p 4 + (θ^′ + d) )} ,

(A2.2)

where μ_B is the Bohr magneton. For the nucleon form factors we have

G^p_E = 1 2 (G^S_E + G^V_E ) , G^n_E = 1 2 (G^S_E − G^V_E ) ;

G^p_M = 1 2 (G^S_M + G^V_M ) , G^n_M = 1 2 (G^S_M − G^V_M ) .

(A2.3)

Appendix 3

Here the explicit expressions for W_{AB} (t, k^2, T ) introduced in Chapter 7 are given.

W_{ππ} = G_π (k^2)[M^2 − (ab)] , W_{πσ} = W_{ππ} |_{Gπ →Gσ} , W_{πω} = A^ω_π [M^2 − (ab)] + 3F^ω_1 (k^2)F^ω_2 (k^2)z , W_{πρ} = −W_{πω}|_{(F} ω_{i →F}^ρ_{i , A}ω_{π →A}^ρ_{π )} (A3.1)

A^ω_π = [F^ω_1 (k^2)]^2[4 − k^2 m^2_ω ] + 3k^2[F^ω_2 (k^2)]^2 4M^2

, (A3.2)

W_{σπ} = −3g^2_π (k^2)[M^2 + (ab)] , W_{σσ} = − 1 3 W_{σπ} |_{Gπ →Gσ} , W_{σω} = [M^2 + (ab)]A^ω_σ ; W_{σρ} = 3W_{σω} |_Aω_{σ →A}^ρ_σ ;

A^ω_σ = −[F^ω_1 (k^2)]^2[4 − k^2 m^2_ω ] + 3k^2[F^ω_2 (k^2)]^2 4M^2 ; W_{ωπ} = 3g^2_π (k^2) 4 { 2[2M^2 − (ab)] −

3F^ω_2 (t)t 2F^ω_1 (t) } ; W_{ωσ} = 1 3 W_{ωπ}|_{Gπ →Gσ} ; W_{ωω} = 1 4 { 2Γ^ω_1 [2M^2 − (ab)] +

Γ^ω_2 M^2

[k^2[M^2 − (ab)] + 2(ak)(bk)]+

+3zΓ^ω_3 −

F^ω_2 (t) 2M^2F^ω_1 (t)

[3Γ^ω_1 t + Γ^ω_2 (k^2t − z^2)]+ + Γ^ω_3 M^2

[z[(ab) + 3M^2] − 2(ak)(bq) − 2(aq)(bk)] } ;

(A3.3)

Γ^ω_1 = [F^ω_1 (k^2)]^2[2 − k^2 m^2_ω ] + k^2[F^ω_2 (k^2)]^2 4M^2 , Γ^ω_2 =

2M^2 m^2_ω

[F^ω_1 (k^2)]^2 − [F^ω_2 ]^2 ;

Γ^ω_3 = F^ω_1 (k^2)F^ω_2 (k^2) , W_{ωρ} = 3W_{ωω} |_Γω_{i →Γ}^ρ_i , W_{ρπ} = − 1 3 W_{ωπ}|_{ω→π} ; W_{ρσ} = −W_{ρπ}|_{Gπ →Gσ} ; W_{ρω} = W_{ωω} | | | | | | | lΓ^ω_i → Γ^ω_i F^ω_i → F^ρ_i ; W_{ρρ} = −W_{ωω}|_{ω→ρ} ;

(A3.4)

where G_π ≡ G_{πN N} (k^2), G_σ ≡ G_{σN N} (k^2), F^ω_1 ≡ G_{ωN N} , F^ω_2 ≡ F_{ωN N} , z = (kq) and q^2 = t.

Bibliography

[1] N. Isgur and G. Karl, Phys. Rev. D18, ”P Wave Baryons In The Quark Model” (1978), 4187-4195.

[2] A.W. Thomas ”Cloudy Bag Model For Nucleons”, Adv. Nucl. Phys. V13, (1986), 1-98. [3] A. Chodos and C. B. Thorn, ”Chiral Hedgehogs In The Bag Theory” Phys. Rev. D12, (1975), 2733-2745.

[4] B. W. Lee, ”Chiral Dynamics”, Gordon and Breach, New York, (1972). [5] A. Chodos, R.L. Jaffe, K. Johnson and C.B. Thorn, ”Baryon Structure In The Bag Theory”, Phys. Rev., D10, (1974), 3599-3634.

[6] J.L. Dethier, R. Goldflam, E.M. Henley and L. Wilets, ”Recoil Corrections In Bag Models”, Phys. Rev. D27, (1983), 2119-2132.

[7] A. Dorokhov, M. Musakhanov, Z. Kanakov and A. Rakhimov ”Recoil Corrections To Pion - Nucleon Interactions In Chiral Bag Models”, Phys. Lett. B220, (1989), 14-21.

[8] A. Dorokhov, M.M. Musakhanov, Z. Kanakov and A. Rakhimov ”Pion Photoproduction on Nucleon in the Chiral Bag Model”, Sov. Journ. Nucl. Phys. (Yad.Fiz.), 50, (1989), 157-172.

[9] A. Dorokhov, Z. Kanakov, and A. Rakhimov, ”Spin - Dependent Nucleon Structure Functions In The Chiral Bag Model Including Recoil Effects”, Sov. Journ. Nucl. Phys. (Yad.Fiz.), 50,(1989), 790-795.

[10] Gerard ’t Hooft, ”A Planar Diagram Theory For Strong Interactions”, Nucl.Phys. B72, (1974),461-478.

[11] E. Witten, ”Baryons In The 1/N Expansion”, Nucl. Phys. B160, (1979), 57-65. [12] G.S. Adkins , C.R. Nappi and E. Witten, ” Static Properties Of Nucleons In The Skyrme Model” Nucl. Phys. B228 (1983), 552-566.

[13] T.H.R. Skyrme, ”A Unified Field Theory Of Mesons And Baryons”, Nucl. Phys. 31, (1962), 556-562.

[14] J.M. Mathiot, ”In Medium Nucleon - Nucleon Cross Sections”, Ann. Phys. (Paris) 16, (1991), 527-533.

[15] HELIOS Collaboration, M. Masera, ”Dimuon Production Below Mass 3.1-Gev/C**2 In P W And S W Interactions At 200-A/Gev/C ”, Nucl. Phys. B590,(1995), 93c-102c.

[16] Ceres collaboration, P.Wurm, ”New Results From NA45 / CERES”, Nucl. Phys. B590, (1995), 103c-114c.

[17] Peter Jacobs and Xin-Nian Wang, ”Matter In Extremis: Ultrarelativistic Nuclear Collisions at RHIC”, E-print Arxive, hep-ph/0405125, 2004;

Ulf-G. Meißner , ”Challenges in Hadron Physics”, Talk given in MESON 2004, Krakow, Poland, June 4-8, 2004, E-print Arxive,hep-ph/0408029

[18] I. Zahed and G.E.Brown, ” The Skyrme Model”, Phys. Rep., 142, (1986),32-201.

[19] G. Holzwarth and B. Schwesinger ” Baryons in the Skyrme Model” Rep. Prog. Phys., 49, (1986), 825-871.

[20] G.U. Meissner and I. Zahed, ”Skyrmions In Nuclear Physics” Adv. in Nucl. Phys. V17, (1986), 143-222.

[21] V. Nikolaev, O. Tkachev, ”Properties Of Baryons In The Generalized Skyrme Model”, Phys. Elem. Part. and Nucl., 21, (1990), 1500-1650.

[22] Murray Gell-Mann and M Levy., ”The Axial Vector Current In Beta Decay”, Nuovo Cim.16, 705,1960, 705-711.

[23] J. Schechter ”Effective Lagrangian With Two Color Singlet Gluon Fields” Phys.Rev.D21, (1980), 3393-3400.

[24] J. Collins, A. Duncan and S.D. Joglekar, ”Trace And Dilatation Anomalies In Gauge Theories”, Phys. Rev., D16, (1977), 438-449.

[25] H. Yabu, B. Schwesinger and G. Holzwarth, ”The Intermediate Range Attraction Of The Nucleon Nucleon Force In The Skyme Model”, Phys. Lett., B224, (1989), 25-28.

[26] T. Waindzoch, J. Wambach, ”The Nucleon-Nucleon Interaction From An Effective Meson - Gluon Lagrangian”, Phys.Lett.B295, (1992), 16-20.

[27] V. A. Andrianov and V.Yu. Novozhilov, ” Scalar Mesons In The Baryon Soliton Formation”, Phys. Lett. B202, (1988), 580-589.

[28] M.M. Musakhanov and A.M. Rakhimov, ”The Nucleon Nucleon Interaction In A Modified Skyrme Model” Sov.J.Nucl.Phys. 55, (1992), 1870-1873.

[29] Z. Kanokov, M.M. Musakhanov and A. Rakhimov , ”The Skyrme Model With A Six Derivative Term” Uzbek.Phys.Journ. 6, (1994), 41-49.

[30] M. M. Musakhanov and A. Rakhimov, ”Scalar - Dilaton Quarkonium Meson In Nucleon - Nucleon Interaction” Mod. Phys. Lett. A10,(1995), 2297-2306.

[31] H. Gomm, P. Jain, R. Johnson and J. Schechter, ”Scale Anomaly And Scalars”, Phys.

Rev. D33, (1986), 819-825.

[32] B. Deikman, ”Spectroscopy Of Mesons Containing Light Quarks (U, D, S) Or Gluons”, Phys. Rep. 159, (1988), 99-110.

[33] J. Donoghue , E.Golowich and B. Holstein, ”Predicting The Proton Mass From Pi Pi Scattering Data”, Rhys. Rev. Lett. 53, (1984), 747-755.

[34] Rajat K. Bhaduri, ” Models Of Nucleon From Quarks To Solitons” (Lecture notes and supplements in Physics), Addison - Wiley publishing company INC 1988.

[35] A.D. Jackson and M. Rho, ” Baryons And Chiral Solitons”, Phys. Rev. Lett., 51, (1983), 751-767.

[36] M. Lacombe, B. Loiseau and R. Vinh Mau, ”Masses of Skyrmions”, Phys. Rev. D40, (1989), 3012-3015.

[37] T. Otofuji et al. , ”Nucleon Nucleon Interaction In A Skyrme Model With High Derivatives”, Phys. Rev. C34, (1986), 1559-1565.

[38] Ebbe M. Nyman and D.O. Riska, ”Nucleon - Nucleon Interaction In The Skyrme Model”, Phys. Scripta., 34, (1986), 533-540.

[39] A. De Pace, H. Müther and Amand Faessler, ”The Skyrmion - Skyrmion Interaction And Meson Exchange Potentials For The Nucleon - Nucleon Interaction”, Z. Phys. A325, (1986), 229-237.

[40] H.Yabu and K.Ando ” Static Nucloen - Nucleon And Nucleon Antinucleon Interaction In The Skyrme Model” Progr. Theor. Phys. 74,(1985), 751-762.

[41] M. Lacombe et al. , ”Phenomenological Boson Exchange Model Of Nuclear Forces” Phys. Rev. C21, (1980), 861 - 875.

[42] N. Kaiser and Ulf-G. Meissner, ”The Nucleon-Nucleon Interaction From A Realistic Pseudoscalar - Vector Chiral Lagrangian”, Nucl. Phys. A506, (1990), 417-435.

[43] D.O. Riska and B. Schwesinger, ”The Isospin Dependent Spin - Orbital Interaction In The Skyrme Model”, Phys. Lett., B229, (1989), 339-343.

[44] M. Oka, ”Nuclear Forces In The Skyrme Model”, Phys. Rev. C36, (1987), 720-738.

[45] T. Otofuji, S.Saito, M.Yasino, H.Kanada and T. Kurihara, ”Deformation Effect On The Skyrmion – (Anti) – Skyrmion Interaction Potential In The Ω – Stabilized Skyrme Model” Preprint of Nagoya University, DPNU – 87 – 01.

[46] U.B. Kaufluss and U.G. Meissner ”Deformation Effects In The Skyrmion-Skyrmion Interaction”, Phys. Rev. D31, (1985), 3024-3026.

[47] A. Rakhimov, T. Okazaki, M.M. Musakhanov, and F.C. Khanna, ” The Deformation Of The Interacting Nucleon In The Skyrme Model” Phys.Lett. B378, (1996), 12-16.

[48] Z.Kanokov, M.Musakhanov, A.Rakhimov, ”Nucleon-Nucleon Interaction And Intrinsic Quadrupol Moment Of Nucleon”, Russian Journ. Nuclear Physics, (Yad. Fiz.), 59, (1996), 1304-1312.

[49] G.Kalbermann, L. L. Frankfurt and J.M. Eisenberg ”Changes In The Radius Of Nucleon In Interction With Another Nucleon”, Phys. Lett. B329, (1994), 164-168.

[50] C. Hajduk and B. Schwesinger, ” Static Deformations And Rotational Excitations Of Baryons In The Skyrme Model”, Nucl. Phys. A453, (1986), 620-644.

[51] A. Migdal and M.Shifman, ”Dilaton Effective Lagrangian In Gluodynamics”, Phys.

Lett. B114, (1982), 445-449.

[52] A. Jackson , A.D. Jackson and V. Pasquer ”The Skyrmion - Skyrmion Interaction”, Nucl. Phys. A432, (1985), 567-576.

[53] H. Satz, ”Color Deconfinement And Bag Fusion In SU(2) Yang-Mills Matter”, Phys.

Lett., B113, (1982), 245-256.

[54] Ulf-G. Meißner, A. Rakhimov and U. Yakhshiev ”The Nucleon-Nucleon Interaction And Properties Of The Nucleon In A Pi Rho Omega Soliton Model Including A Dilaton Field” Phys.Lett. B473, (2000), 200-208.

[55] R.J. Furnstahl, Hua-Bin Tang, Brian D. Serot, ”Vacuum Contributions In A Chiral Effective Lagrangian For Nuclei” Phys. Rev. C52, (1995), 1368-1376.

[56] Chaejun Song, G.E. Brown, Dong-Pil Min, and Mannque Rho, ”Fluctuations In ’BR Scaled’ Chiral Lagrangians”, Phys. Rev. C56, (1997), 2244-2254.

[57] G.Q. Li, G.E. Brown, C. H. Lee and C. Ko, ”Nucleon Flow And Dilepton Production In Heavy Ion Collisions”, 1997, Archive: nucl-th/9702023.

[58] Ulf-G. Meißner, N. Kaiser and W. Weise, ”Nucleons As Skyrme Solitons With Vector Mesons: Electromagnetic And Axial Properties”, Nucl. Phys. A466, (1987), 685-692.

[59] S. Ishida et al., ” Analysis Of Pion Nucleon Scattering Phase Shifts”, Progr. Theor.

Phys., 95, (1996), 745-754.

[60] M. Y. Ishida, ” Properties Of Sigma Σ(600) And Chyral Symmetry”, Progr. Theor.

Phys., 96, (1996), 853-860.

[61] R. Machleidt, ” The Meson Theory Of Nuclear Forces And Nuclear Structure” Adv.

Nucl. Phys. 19, (1989), 189-201.

[62] R. Machleidt, K. Holinde and C. Elster, ”The Bonn Meson - Nucleon Exchange Model For Nucleon Nucleon Interaction” Phys. Rep. 149, (1987), 1-189.

[63] Hyun-Chul Kim, J.W. Durso, K. Holinde, ”A Dynamical Model For Correlated Two Pion Exchange In The N N Interaction”, Phys. Rev. C49, (1994), 2355-2369,

[64] G. Janßen, K. Holinde and J. Speth, ”Pi Rho Correlations In The NN Potential ”, Phys. Rev. C54, (1996), 2218-2234.

[65] Ulf-G. Meißner, ”Low-Energy Hadron Physics From Effective Chiral Lagrangians With Vector Mesons”, Phys. Rep. 161, (1988), 213-321.

[66] V. A. Myransky and V. P. Gusynin, ”Chiral Symmetry Breaking And Nonperturbative Scale Anomaly In Gauge Field Theories”, Progr. Theor.Phys., 81 (1989), 426-450.

[67] P. Jain, R. Johnson and J. Schechter, ”Constraints On Bag Formation From The Scalar Sector”, Phys. Rev. D35, (1987), 2230-2237.

[68] T.D. Cohen, ”πNN Form Factor In The Skyrme Model”, Phys. Rev., D34, (1986), 2187-2190.

[69] N. Kaiser, U. Vogl, W. Weise and Ulf-G. Meißner, ”Meson Nucleon Form-Factors In A Chiral Soliton Model”, Nucl. Phys. A484, (1988), 593-600.

[70] I. Zahed, A. Wirzba and Ulf-G. Meißner, ”Soft Pion Corrections To The Skyrme Soliton”, Phys. Rev. D33, (1986), 830-835.

[71] U.B. Kaulfuß and Ulf-G. Meißner, ”Deformation Effects In The Skyrmion-Skyrmion Interaction”, Phys. Rev. D31, (1985), 3024-3026.

[72] G. Holzwarth and R. Machleidt, ”Skyrme Model Pi N N Form-Factor And Nucleon- Nucleon Interaction”, Phys. Rev. C55, (1997), 1088-1095.

[73] G. Holzwarth, G. Pari and B. Jennings, ”Low-Energy Pion - Nucleon P Wave Scattering In The Skyrme Model”, Nucl. Phys. A515, (1990), 665-672.

[74] R. Böckmann et al., ”The Pi N N Vertex Function In A Meson Theoretical Model”, Phys. Rev.C60, (1999), 055212-05522.

[75] M.C. Birse ”Two Pion Exchange And Chiral Symmetry Restoration”, Phys. Rev. C49, (1994), 2212-2222.

[76] J. Cugnon, A. Lejeunne and P.Grande, ”In - Medium NN Cross Sections At High Energy” Phys. Rev., C35, (1987), 861-870.

[77] T. Alm, G. Ropke and M. Schmidt, ”Critical Enhancement Of The In-Medium Nucleon-Nucleon Cross-Section At Low Temperatures”, Phys. Rev. C50, (1994), 31-37.

[78] M.M. Musakhanov, U.T. Yakhshev, Z. Kanokov and A.M. Rakhimov ”Nucleon Electromagnetic Form-Factors In A Nuclear Medium” Phys.Atom.Nucl. (Russian Journ. of Physics) 62, (1999), 1845-1852.

[79] A.M. Rakhimov and U.T. Yakhshev, ”Modified Skyrme Lagrangian In A Nuclear Medium” Phys.Atom.Nucl. (Russian Journ. of Physics) 62, (1999), 1824-1832.

[80] A. Rakhimov, F. C. Khanna , U. Yakhshiev and M.M. Musakhanov, ”Medium Modification of Nucleon Properties in the Skyrme Model”, Phys. Rev. C58, (1998), 1738-1743.

[81] A.M. Rakhimov, F.C. Khanna, U.T. Yakhshev and M.M Musakhanov, ”Density Dependence Of Meson Nucleon Vertices In Nuclear Matter” Nucl. Phys. A643, (1998), 383-401.

[82] U.T. Yakhshiev, Ulf-G. Meissner, A. Wirzba , A.M. Rakhimov, M.M. Musakhanov , ”Nucleon-Nucleon Potential In Finite Nuclei”, ArXive: nucl-th/0409002. (2004),p.1-7.

[83] G.S. Adkins and C.R. Nappi, ” The Skyrme Model With Pion Masses”, Nucl. Phys.

B233, (1984), 109-115.

[84] E.M. Nyman and D. O. Riska, ”Nuclei As Topological Solitons”, Int. J. Mod. Phys., A3, (1988), 1535-1580.

[85] T. Ericson and W. Weise, ”Pions And Nuclei”, (Claredon-Press, Oxford, 1988). [86] J. Delorme, Magda Ericson and Torleif E.O. Ericson ”To Condense Or Not To Condense? That Is The Question”, Phys. Lett. B291, (1992), 379-384.

[87] A. Wirsba and V. Thorsson, ” In - Medium Effective Chiral Lagrangians And Pion Mass In Nuclear Matter”, hep-ph/9502314.

[88] G. Kalberman, ”The Skyrmion In The Nucleus” Nucl. Phys., A612, (1997), 359-367. [89] K. Saito, K. Tsushima and A. W. Thomas, ”Variation Of Hadron Masses In Finite Nuclei”, Phys. Rev. C55, (1997), 2637-2648, and references therein.

[90] H. Verschelde and H. Verbeke, ”Rigid Quantization Of Skyrmions And Pion - Nucleon Interaction”, Nucl. Phys. A495, (1989), 523-538.

[91] A. Hayashi, S. Saito and M. Uehara, ”Pion - Nucleon Scattering Lengths In The Skyme Model”, Phys. Rev. D43, (1991), 1520-1530.

[92] S. Nam, R.L. Workman, ”Generalized Skyrme Model With Pion Masses”, Phys. Rev.

D41, (1990), 2323-2326.

[93] Ulf-G.Meissner, ”Boson Exchange Phenomenology”, Nucl. Phys., A503, (1989), 801- 806.

[94] M. Birse,”Chiral Symmetry In Nuclei: Partial Restoration And Its Consequences”, J.

Phys. G: Nucl. Part. Phys. 20, (1994), 1537-1576.

[95] C.M. Ko, V. Koch and G. Li, ” Properties Of Hadrons In Hot And Dense Matter”, Ann. Rev. Nucl. Part. Sci. 47, (1997), 505-550.

[96] T.D. Cohen, ”Quark And Gluon Condensates In Nuclear Matter”, Phys. Rev. C45, (1992), 1881-1893.

[97] T. Kunihiro, ”Chiral Symmetry And Scalar Meson In Hadron And Nuclear Physics”, Progr. Theor. Phys. Suppl. 120, (1995), 75-94.

[98] R.J. Furnstahl, X. Jin and D.B. Leinweber, ”New Qcd Sum Rules For Nucleons In Nuclear Matter”, Phys. Lett. B387, (1996), 253-258.

[99] F.C. Khanna, I.S. Towner, H.C. Lee , ”Quenching Of Axial Vector Coupling Constant In The Beta Decay Of Finite Nuclei”, Nucl.Phys. A305, (1978) 349-356.

[100] X. Zhu, S. Wong, F.C. Khanna, Y. Takahashi and T. Toyoda, ” Cancellations In Axial Vector Amplitudes And Ward-Takahashi Relation”, Phys. Rev. C36, (1987), 1968-1975.

[101] G.E. Brown and M. Rho, ”Scaling Effective Lagrangians In A Dense Medium”, Phys.

Rev. Lett. 66, (1991), 2720-2723.

[102] T.D. Cohen, R.J. Furnstahl and D.K.Griegel, ”From QCD Sum Rules To Relativistic Nuclear Physics”, Phys. Rev. Lett. 67, (1991), 961-964.

[103] E. Reua, ”Chiral Symmetry Breaking And Meson - Nucleon Sigma Commutators: A Review”, Rev. Mod. Phys. 46, (1974), 545-580.

[104] H. Ichie, A. Hatashigaki, A. Suzuki, M. Kumira, ”Effective masses and sizes of N(939), Δ(1232) and N(1440) in nuclear medium”., nucl-th/9308017.

[105] N.C. Mukhopadhyay and V. Vento, ”On the Delta - Nucleon and Rho - Pi Splitting:

A QCD - Inspired Look in Free Hadrons Versus Nuclei”, nucl-th/9712073. [106] T.Hatsuda and T. Kunihiro, ”Character Changes Of Pion And Sigma Meson At Finite Temperature”, Phys. Lett. B185, (1987), 304-309.

[107] M.K. Banerjii and J.A. Tjon, ” Nuclear Matter Studies With Density Dependent Meson - Nucleon Coupling Constants”, Phys. Rev. C56, (1997), 497-509.

[108] M. Birse, ”What Does A Change In The Quark Condensate Say About Restoration Of Chiral Symmetry In Matter?”, Phys. Rev. C53, (1996), R2048-2052.

[109] Quark Matter’95, [Nucl. Phys. A 590 (1995)].

[110] I. A. Savin and G. I. Smirnov ”One Boson Exchange NN Interaction” Phys. of Elem.

Part. and Nuclei, (Sov. Journ. ECHAYA), V.22. (1992) 1005-1010.

[111] U. G. Meissner, ”Medium Modifications Of The Neutron Charge Form-Factor”, Phys.

Rev. Lett. 62, (1989), 1013-1016.

[112] U. G. Meissner, ”Medium Modifications Of The Neutron Charge Form-Factor”, Phys.

Lett. B220, (1989), 1-10.

[113] G. G. Bunatyan ”The Cloudy Bag Model In The Nucleon Matter At A Finite Temperature”, Sov. Journ. Nucl. Phys. (Yad. Fiz.) 48, (1988), 1290-1299.

[114] D. H. Lu , A. W. Thomas , K. Tsushima, A. G. Williams and K. Sayto, ”In-Medium Electron - Nucleon Scattering”, Phys. Lett. B417, (1998), 217-222.

[115] Il-Tong Cheon and M.T. Jeong, ”Nucleon Electromagnetic Properties Modified In Nuclear Medium”, J. Phys. Soc. of Japan. 61, (1992), 2726-2734.

[116] G. G. Bunatian, ”The Nucleon Size In Nuclear Matter”, Sov. Journ. Nuclear Phys.

(Yad. Fiz.), 51, (1990), 995-1000.

[117] D. Drechsel et al. ” Working Group Summary” , nucl-th/9712013, and references therein.

[118] Ulughbek T. Yakhshiev, Ulf-G. Meissner, Andreas Wirzba, ”Electromagnetic Form- Factors Of Bound Nucleons Revisited”, Eur.Phys.J.A16,(2003),569-574 [119] A.M. Rakhimov, U.T. Yakhshev and F.C. Khanna. ” Meson Nucleon Vertex Form- Factors At Finite Temperature” Phys.Rev. C61, (2000), 024907-024932.

[120] 3. A. Rakhimov and F.C. Khanna. ”Finite temperature amplitudes and reaction rates in thermofield dynamics”. Phys. Rev.C64. (2001), 064907-064919.

[121] C.A. Dominguez, C. van Gend and M. Loewe, Pion Nucleon Coupling At Nonzero Temperature, Phys. Lett., B429, (1998), 64-71.

[122] Y. Takahashi and H. Umezawa, ”Collective Phenomenon” Int. J. Mod. Physics B10, (1996), 1755-1772.

[123] H. Umezawa et al., ” Thermo Field Dynamics and Condensed States” North- Holland, Amsterdam, 1982.

[124] H. Umezawa, ” Advanced Field Theory” American Institute of Physics, New York, 1993.

[125] P.A. Henning, ”Thermo Field Dynamics For Quantum Fields With Continuous Mass Spectrum”, Phys. Rep. 253, (1995), 235-380.

[126] Ashok Das, ”Lectures On Finite Temperature Field Theory”, University of Rochester, 1996;

[127] Yi - Jun Zhang, Song Gao and Ru - Keng Su, ”Vacuum Fluctuation Effects On The Rho Meson Mass And The One Rho Exchange Potential At Finite Temperature And Density”, Phys. Rev. C56, (1997), 3336-3345, and references there in.

[128] L. Alvarez - Ruso, P.F. de Cordoba and E. Oset, ”The Imaganary Part Of Nucleon Slef -Energy In Hot Nuclear Matter”, Nucl. Phys. A606, (1996), 407-420.

[129] J.W. Harris, Proc. Lake Louise Winter Institute, Ed. A. Astbury et. al., (World Scientific, 1999). This review contains numerous references to both experimental and theoretical articles.

[130] Guo-Qiang Li, R. Machleidt, Y.Z. Zhuo, ”Selfconsistent Relativistic Calculation Of Nucleon Mean Free Path”, Phys.Rev.C48, (1993), 1062-1068.

[131] B. Friman, M.Rho, C. Song, ”Scaling Of Chiral Lagrangians And Landau Fermi Liquid Theory For Dense Hadronic Matter”, Phys. Rev. C59, (1999), 3357-3370.

[132] R. Hagedorn and J. Rafelski, ”Hot Hadronic Matter And Nuclear Collisions”, Phys.

Lett. B97, (1980), 136-142.

[133] R. Hagedorn, ”The Pressure Ensemble As A Tool For Describing The Hadron - Quark Phase Transition”, Z. Phys. C17, (1985), 265-270.

[134] C.P. Singh, B.K. Patra and K.K. Singh, ”Thermodynamically Consistent Eos For Hot Dense Hadron Gas”, Phys. Lett. B387, (1996), 680-684.

[135] J. Sollfrank,”Chemical Equilibration Of Strangeness”, Journ. Phys. G23, (1997), 1903- 1919.

[136] H. Satz talk at Int. Conf. on Physics and Astrophysics of Quark-Gluon plasma, Ed.

B.C. Sinha et. al., (Naros publications, 1998).

[137] W.M. Alberico, M. Nardi and S. Quatrocolo, ”Deconfinement Transition In A One- Dimensional Model”, Nucl. Phys. A589, (1995), 620-632.

[138] C.P. Singh, ”Signals Of Quark Gluon Plasma”, Phys. Rep. 236, (1993), 147-224.

[139] S.A. Bass, M. Gyulassy, H. Stoker and W. Greiner, ”Signatures Of Quark Gluon Plasma Formation In High-Energy Heavy Ion Collisions: A Critical Review”, Journ. Phys. G25, (1999), R1-R6, and the references therein.