arXiv:nucl-th/0003001 1 Mar 2000

Three-Body-Cluster Effects on � Single-Particle Energies in^{17}_Λ O and^{41}_Λ Ca

Shinichiro Fujii,^{∗)} Ryoji Okamoto^{∗,∗∗)} and Kenji Suzuki^{∗,∗∗∗)}

Department of Physics, Kyushu University, Fukuoka 812-8581, Japan ∗Department of Physics, Kyushu Institute of Technology Kitakyushu 804-8550, Japan

A method for a microscopic description of Λ hypernuclei is formulated in the framework of the unitary-model-operator approach. A unitarily transformed hamiltonian is introduced and given in a cluster expansion form. The structure of three-body-cluster terms are discussed especially on the Λ single-particle energy. The Λ single-particle energies including the threebody-cluster contributions are calculated for the 0s_{1/2}, 0p_{3/2} and 0p_{1/2} states in^{17}_Λ O, and for the 0s_{1/2}, 0p_{3/2}, 0p_{1/2}, 0d_{5/2}, 0d_{3/2} and 1s_{1/2} states in^{41}_Λ Ca, using the Nijmegen soft-core (NSC), NSC97a-f, the Jülich Ã (JÃ) and JB̃ hyperon-nucleon interactions. It is indicated that the three-body-cluster terms bring about sizable effects in the magnitudes of the Λ single-particle energies, but hardly affect the Λ spin-orbit splittings.

x1. Introduction

Much attention has been paid to the study of hypernuclear physics in recent years. One of the fundamental problems in hypernuclear physics is to understand properties of hypernuclei starting from the basic interaction between two kinds of constituent particles, nucleon (N ) and hyperon (Y ). Our knowledge on the YN interaction is, however, quite inadequate because of the very limited experimental information on the YN scattering. In such a situation many-body theoretical studies of the hypernuclear structure could provide alternative information on the YN interaction. For this purpose, it would be desirable to have a theoretical method which enables us to make a high-precision calculation.

In many of microscopic structure calculations of hypernuclei, the G-matrix has been introduced as a YN effective interaction. The G-matrix approach has been widely applied, and the use of this type of effective interaction has made important contributions to the description of hypernuclei.^{1)} -^{7)} However, we may say from a formal point of view that the G-matrix is energy-dependent and non-hermitian, and does not have the property of decoupling between a model space of low-lying twoparticle states and its complement. The G-matrix itself is not considered to be an effective interaction in a formal sense of the effective interaction theory because it does not have the property of decoupling.^{8)} In order to derive such an effective interaction we should add some higher-order corrections such as folded diagrams.^{9), 10)} It would be desirable if we could have a theory to describe many-body systems in

∗) E-mail address: fuji2scp@mbox.nc.kyushu-u.ac.jp ∗∗) E-mail address: okamoto@mns.kyutech.ac.jp

∗∗∗) E-mail address: suzuki@mns.kyutech.ac.jp

typeset using PTPTEX.sty <ver.1.0> terms of an energy-independent and hermitian effective interaction with the property of decoupling.

We have been proposed a many-body theory, the unitary-model-operator approach (UMOA),^{11)} that was formulated on the basis of such an effective interaction. The UMOA was applied to finite nuclei^{16}O^{11)} and^{40}Ca,^{12)} and some encouraging results were obtained. Furthermore, in the previous work,^{13)} we extended the formulation of the UMOA to a description of Λ hypernuclei and made calculations of properties of^{17}_Λ O which is a typical closed-shell nucleus plus one Λ system, using some realistic YN interactions.

The formulation of the UMOA is based essentially on a cluster expansion of a unitarily transformed hamiltonian in terms of a two-body correlation operator.^{14), 15)} In the previous work we gave a method of treating correlations within the two-body-cluster term, and the three-or-more-body-cluster terms remain to be evaluated. It has been known that the expansion of the unitarily transformed hamiltonian does not, in principle, terminate in finite order. Therefore, it needs to give a method of evaluating the three-or-more-body-cluster terms and confirm numerically convergence of the cluster expansion. It is of high interest to investigate to what extent the three-body-cluster term would affect the Λ single-particle energy, especially, the Λ spin-orbit splitting. The calculation of the Λ spin-orbit splitting is one of the important tasks in hypernuclear physics because it has a possibility of providing information to the determination of some parameters in the YN interaction such as the strengths of the spin-orbit and antisymmetric spin-orbit components.

The purposes of this work are to formulate a method of evaluating the threebody-cluster effect in the framework of the UMOA, and apply it to^{17}_Λ O and^{41}_Λ Ca by employing various realistic YN interactions. This paper is organized as follows: In §2 we present a formulation of the UMOA to treat the three-body-cluster term. In §3 we apply the UMOA to^{17}_Λ O and^{41}_Λ Ca by employing the Nijmegen soft-core (NSC),^{16)} NSC97a-f,^{17)} the Jülich Ã (JÃ) and JB̃^{18)} YN potentials. In §4 we make some concluding remarks.

x2. Formulation

2.1. Cluster expansion of the unitarily transformed hamiltonian

We first consider a hamiltonian of a hypernuclear system consisting of nucleons and one Λ (or Σ) in the second-quantization form as H = ∑ αβ ⟨α|t_{N1} |β⟩c^†_αc_β + 1 4 ∑ αβγδ ⟨αβ|v_{N1N2} |γδ⟩c^†_αc^†_βc_δc_γ + ∑ μν Y =Λ,Σ ⟨μ|t_Y + Δm_Y |ν⟩d^†_μd_ν + ∑ μανβ Y =Λ,Σ ⟨μα|v_{YN1} |νβ⟩d^†_μc^†_αc_βd_ν , (2.1)

where c^† (c) is the creation (annihilation) operator for a nucleon in the usual notation, and d^† (d) is the creation (annihilation) operator for a hyperon, Λ or Σ. The kinetic energies of a nucleon and a hyperon are denoted by t_{N1} and t_Y , respectively.

The v_{N1N2} and v_{YN1} represent the nucleon-nucleon (NN ) and hyperon-nucleon (YN ) interactions, respectively. The notations α, β, γ and δ are used for the sets of quantum numbers of nucleon states, and μ and ν for those of hyperon states. We note here that |αβ⟩ is the antisymmetrized and normalized two-body NN state. The Δm_Y denotes the difference between the rest masses of Λ and Σ.

In nuclear many-body problems, it is important to treat properly the short-range two-body correlation because realistic NN and YN interactions have strongly repulsive cores at short distance. For this purpose, we introduce a unitary transformation of the hamiltonian as

H̄ = e^{−S} He^S , (2.2)

where S is the sum of anti-hermitian two-body operators for NN and YN systems defined as

S = S^{(NN )} + S^{(YN )} (2.3)

with

S^{(NN )} = 1 4 ∑ αβγδ ⟨αβ|S_{N1N2} |γδ⟩c^†_αc^†_βc_δc_γ , (2.4)

S^{(YN )} = ∑ μανβ ⟨μα|S_{YN1} |νβ⟩d^†_μc^†_αc_βd_ν . (2.5)

According to Providência and Shakin,^{14)} we make cluster expansion of the unitarily transformed hamiltonian as

H̄ = H̄^{(1)} + H̄^{(2)} + H̄^{(3)} + · · ·, (2.6)

where the first three terms are written explicitly as

H̄^{(1)} = ∑ αβ ⟨α|h_{N1} |β⟩c^†_αc_β + ∑ μν Y =Λ,Σ ⟨μ|h_Y |ν⟩d^†_μd_ν , (2.7)

H̄^{(2)} = ( 1 2! )_2 ∑ αβγδ ⟨αβ|ṽ_{N1N2} |γδ⟩c^†_αc^†_βc_δc_γ − ∑ αβ ⟨α|u_{N1} |β⟩c^†_αc_β + ∑ μανβ Y =Λ,Σ ⟨μα|ṽ_{YN1} |νβ⟩d^†_μc^†_αc_βd_ν − ∑ μν Y =Λ,Σ ⟨μ|u_Y |ν⟩d^†_μd_ν (2.8)

and H̄^{(3)} = ( 1 3! )_2 ∑ αβγδεζ ⟨αβγ|ṽ_{N1N2N3} |δεζ⟩c^†_αc^†_βc^†_γ c_ζ c_εc_δ

− ( 1 2! )_2 ∑ αβγδ ⟨αβ|ũ_{N1N2} |γδ⟩c^†_αc^†_βc_δc_γ

+ ( 1 2! )_2 ∑ μαβνγδ Y =Λ,Σ ⟨μαβ|ṽ_{YN1N2} |νγδ⟩d^†_μc^†_αc^†_βc_δc_γ d_ν

− ∑ μανβ Y =Λ,Σ ⟨μα|ũ_{YN1} |νβ⟩d^†_μc^†_αc_β d_ν . (2.9)

Here |αβγ⟩ is the antisymmetrized and normalized three-body NNN state, and the NN part of |μαβ⟩ is antisymmetrized and normalized. In the above, we have used the notations given as follows: Since the exponent S is a two-body operator, the one-body operators h_k for k = N_1 and Y in H̄ are unchanged and given by

h_{N1} = t_{N1} + u_{N1} , (2.10)

h_Y = t_Y + u_Y + Δm_Y . (2.11)

The terms u_k for k = N_1 and Y are the auxiliary single-particle potentials of a nucleon and a hyperon, respectively, and in this stage they are arbitrary. The ṽ_{kl} for {kl} = {N_1N_2} and {YN_1} are the transformed two-body interactions for NN and YN systems, and they are given by

ṽ_{N1N2} = e^{−SN1N2} (h_{N1} + h_{N2} + v_{N1N2} )e^{SN1N2} − (h_{N1} + h_{N2} ), (2.12)

ṽ_{YN1} = e^{−SYN1} (h_Y + h_{N1} + v_{YN1} )e^{SYN1} − (h_Y + h_{N1} ). (2.13)

The transformed hamiltonian H̄ contains, in general, three-or-more-body interactions even if the starting hamiltonian H in Eq. (2.1) does not include three-or-more-body interactions. The transformed three-body interactions ṽ_{klm} for {klm} = {N_1N_2N_3} and {YN_1N_2} are given, respectively, by

ṽ_{N1N2N3} = e^{−SN1N2N3} (h_{N1} + h_{N2} + h_{N3} + v_{N1N2} + v_{N2N3} + v_{N3N1} )e^{SN1N2N3} −(h_{N1} + h_{N2} + h_{N3} + ṽ_{N1N2} + ṽ_{N2N3} + ṽ_{N3N1} ), (2.14)

ṽ_{YN1N2} = e^{−SYN1N2} (h_Y + h_{N1} + h_{N2} + v_{YN1} + v_{N1N2} + v_{N2Y} )e^{SYN1N2} −(h_Y + h_{N1} + h_{N2} + ṽ_{YN1} + ṽ_{N1N2} + ṽ_{N2Y} ), (2.15)

where the operators S_{klm} for {klm} = {N_1N_2N_3} and {YN_1N_2} denote the sum of the two-body correlation operators defined as

S_{N1N2N3} = S_{N1N2} + S_{N2N3} + S_{N3N1} , (2.16)

S_{YN1N2} = S_{YN1} + S_{N1N2} + S_{N2Y} . (2.17)

We here note that the unitary transformation of the auxiliary potentials u_k for k = N_1 (N_2) and Y generates two-body operators written as

ũ_{N1N2} = e^{−SN1N2} (u_{N1} + u_{N2} )e^{SN1N2} − (u_{N1} + u_{N2} ), (2.18)

ũ_{YN1} = e^{−SYN1} (u_Y + u_{N1} )e^{SYN1} − (u_Y + u_{N1} ). (2.19)

In nuclear many-body problems, it is important how to choose the auxiliary potential u_k . In general, it is useful to introduce u_{N1} (u_{N2} ) and u_Y as self-consistent potentials defined with the transformed two-body interactions ṽ_{N1N2} and ṽ_{YN1} as ⟨α|u_{N1} |β⟩ = ∑ ξ≤ρF ⟨αξ|ṽ_{N1N2} |βξ⟩, (2.20)

⟨μ|u_Y |ν⟩ = ∑ ξ≤ρF ⟨μξ|ṽ_{YN1} |νξ⟩, (2.21) where ρ_F is the uppermost occupied level, and the notation ξ means an occupied state for nucleons. If u_{N1} and u_Y are defined as given in Eqs. (2.20) and (2.21), one can prove that the second and fourth terms on the right-hand side of Eq. (2.8) are cancelled by the contributions of the bubble diagrams of the first and third terms, respectively. In the same way, the second and fourth terms on the right-hand side of Eq. (2.9) are also cancelled by the bubble-diagram contributions of the first and third terms, respectively. Therefore, the cluster terms H̄^{(1)}, H̄^{(2)} and H̄^{(3)} include only the one-, two- and three-body operators, respectively, if we write them in the normal-product form with respect to particles and holes as discussed in Ref. 11). As has been well known, this cancellation mechanism is advantageous in perturbative calculations, because there is no need of evaluating u-insertion diagrams and bubble diagrams.

An important problem in the present approach is how to determine the two-body correlation operators S_{kl} for {kl} = {N_1N_2} and {YN_1}. These operators are given as solutions to equations of decoupling as

Q_{kl}e^{−Skl} (h_k + h_l + ṽ_{kl})e^{Skl} P_{kl} = 0, (2.22)

where P_{kl} and Q_{kl} for {kl} = {N_1N_2} and {YN_1} are projection operators which act in the space of two-body states and project a two-body state onto the low-momentum model space and the high-momentum space, respectively. It has been proved that Eq. (2.22) for S_{kl} can be solved in a nonperturbative way^{11), 13)} under the restrictive conditions P_{kl}S_{kl}P_{kl} = Q_{kl}S_{kl}Q_{kl} = 0. (2.23) In the previous work^{13)} the structure of the two-body-cluster term for the Λ single-particle energy was studied, and three-or-more-body cluster terms were not considered. After the evaluation of the two-body-cluster term, the next important term will be the three-body-cluster (TBC) term. The significance of studying the TBC term may be understood from the following two reasons: The first is to examine whether the TBC effect is large or not in comparison with the one- and two-body-cluster effects, in other words, whether the cluster expansion of H̄ is convergent so fast or not as to be useful in a practical application. The second is that, when we investigate effects of the real three-body force, we must be careful of the possibility that such three-body-force effects may interfere with effects of the effective threebody force.

2.2. Structure of the three-body-cluster term

We here discuss general structure of the TBC term H̄^{(3)} in Eq. (2.9). The TBC term H̄^{(3)} contains the transformed three-body NNN and YNN interactions. These interactions include the bare two-body NN and YN interactions which have strongly repulsive cores. Therefore, we represent the transformed three-body interactions in terms of the transformed two-body NN and YN interactions ṽ_{N1N2} and ṽ_{YN1} which are well-behaved in the actual calculation.

Using a factorization formula of Campbel and Hausdorf, we have for exp(S_{ijk}) e^{Sijk} = e^{Sij} e^{S(ij)k} = e^{Sjk} e^{S(jk)i} = e^{Ski} e^{S(ki)j} (2.24) with S_{(ij)k} = S_{jk} + S_{ki} − 1 2 [S_{ij}, S_{jk} + S_{ki}] − 1 12 [[S_{ij}, S_{jk} + S_{ki}], S_{ijk} + S_{ij} ] + · · ·. (2.25)

Hereafter, a set {ijk} denotes that of {N_1N_2N_3} or {YN_1N_2}. The correlation operators S_{(jk)i} and S_{(ki)j} are also written in a similar way. Substituting exp(S_{ijk} ) in Eq. (2.24) into Eqs. (2.14) and (2.15), we have

ṽ_{ijk} = ṽ^{(v)}_{ijk} + ṽ^{(h)}_{ijk} (2.26)

with

ṽ^{(v)}_{ijk} = ∑ (ijk) (e^{−S(ij)k} ṽ_{ij} e^{S(ij)k} − ṽ_{ij} ) (2.27) and ṽ^{(h)}_{ijk} = ∑ (ijk) [e^{−S(ij)k} (h_i + h_j )e^{S(ij)k} − (h_i + h_j )]

+(h_i + h_j + h_k) − e^{−Sijk} (h_i + h_j + h_k)e^{Sijk} , (2.28)

where ∑ (ijk) denotes the summation of exchange terms defined for an arbitrary

function f(ijk) as ∑ (ijk) f(ijk) = f(ijk) + f(jki) + f(kij). (2.29)

The terms ṽ^{(v)}_{ijk} and ṽ^{(h)}_{ijk} can be expanded into series in powers of S_{ij} , S_{jk} and S_{ki}. The term ṽ^{(v)}_{ijk} is given by

ṽ^{(v)}_{ijk} = ∑ (ijk) {[ṽ_{ij}, S_{jk} + S_{ki}] − 1 2 [ṽ_{ij} , [S_{ij}, S_{jk} + S_{ki}]] + 1 2 [[ṽ_{ij}, S_{jk} + S_{ki}], S_{jk} + S_{ki}]} + · · ·. (2.30)

Similarly, ṽ^{(h)}_{ijk} is given by

ṽ^{(h)}_{ijk} = ∑ (ijk) {− 1 2 [[h_i + h_j , S_{ij}], S_{jk} + S_{ki}] + 1 6 [[[h_i + h_j , S_{ij}], S_{ij}], S_{jk} + S_{ki}] + 1 3 [[[h_i + h_j , S_{ij}], S_{jk} + S_{ki}], S_{ijk}]} + · · ·. (2.31)

The expressions of ṽ^{(v)}_{ijk} and ṽ^{(h)}_{ijk} give us desirable forms for the calculation of the TBC terms because they do not include the bare interaction ṽ_{ij} and are written in terms of only the terms h_i, ṽ_{ij} and S_{ij} . The TBC effect on the ground-state and one-body energies for ordinary nuclei such as^{16}O and^{40}Ca has already been studied.^{11), 12), 15)} In the present work we study the effect of the TBC term on the energy of Λ.

2.3. Derivation of the three-body-cluster contribution to the Λ single-particle energy The contribution of the TBC term to a Λ single-particle energy in a state λ_Λ is derived from Eq. (2.9) by making the summation of diagonal occupied states of nucleons μ_N and ν_N as

ΔE^{(TBC)} λΛ = 1 2 ∑ μN νN ≤ρF ⟨λ_Λμ_N ν_N |ṽ_{ΛN1N2} |λ_Λμ_N ν_N ⟩ − ∑ μN ρF ⟨λ_Λμ_N |ũ_{ΛN1} |λ_Λμ_N ⟩, (2.32)

where ṽ_{ΛN1N2} is the transformed three-body ΛNN interaction ṽ_{ijk} for {ijk} = {ΛN_1N_2} in Eq. (2.26), and ũ_{ΛN1} is the transformed operator of the one-body potential defined for Y = Λ in Eq. (2.19).

In order to obtain the TBC effect in Eq. (2.32), we need to calculate the matrix element of the two-body correlation operator S_{ij} , the two-body effective interaction ṽ_{ij} and the single-particle potential u_k. The calculation procedure for these quantities has already been given in Refs. 11) and 13) in detail. Therefore, we here present only the outline of the calculation procedure. In an actual calculation for the YN system, we employ a two-step procedure by introducing two kinds of model spaces, namely, large and small model spaces as shown in Figs. 1 and 2. We here use the

Fig. 1. The model space and its complement in the first-step calculation.

Fig. 2. The model space and its complement in the second-step calculation.

harmonic oscillator wave functions as basis states. The numbers ρ_F, ρ_X, ρ_1 and ρ_2 in Figs. 1 and 2 are defined as ρ_F = 2n_N + l_N , (2.33)

ρ_2 = 2n_Λ + l_Λ, (2.34)

ρ_X = 2n_Y + l_Y + 2n_N + l_N , (Y = Λ, Σ) (2.35) and ρ_1 = 2n_Λ + l_Λ + 2n_N + l_N , (2.36) where n_k and l_k for k = Λ, Σ and N are the harmonic oscillator quantum numbers. The number ρ_2 is introduced so as to specify the uppermost bound state of Λ.

In the first-step calculation, we calculate the ΛN effective interaction ṽ^{(1)}_{ΛN} acting in the large model space P^{(1)}_{ΛN} by solving the equation of decoupling between the P^{(1)}_{ΛN} and the {(Q^{(1)}_{ΛN} − Q^{(X)}_{ΛN} ) + (Q^{(1)}_{ΣN} − Q^{(X)}_{ΣN} )} spaces in Eq. (2.22).^{13)} It is noted here that the Q^{(X)}_{ΛN} and Q^{(X)}_{ΣN} spaces are the excluded spaces due to the Pauli principle

Fig. 3. Calculated diagrams in the second order for the Λ single-particle energies. The ΛN effective interaction ṽΛN is represented by the wiggly-line vertex, and the vertex × with the dashed line represents the non-diagonal part of the one-body hamiltonian hk = tk +uk for k = Λ and N . The propagations of N and Λ are represented by the single and double external lines, respectively.

for nucleons. The Λ potential energy u^{(1)}_Λ in the first step is calculated as given in Eq. (2.21), using the ΛN effective interaction ṽ^{(1)}_{ΛN} .

In the second-step calculation, the ΛN effective interaction ṽ^{(2)}_{ΛN} acting in the P^{(2)}_{ΛN} space and the correlation operator S^{(2)}_{ΛN} are obtained by solving the equation of decoupling between the P^{(2)}_{ΛN} and the Q^{(2)}_{ΛN} spaces, using ṽ^{(1)}_{ΛN} and u^{(1)}_Λ . The Λ potential energy u^{(2)}_Λ is finally calculated in Eq. (2.21), using ṽ^{(2)}_{ΛN} . However, at this stage, we consider only the diagonal part of h^{(2)}_Λ = t_Λ + u^{(2)}_Λ as the unperturbed one-body hamiltonian. Therefore, we evaluate perturbation corrections arising from the non-diagonal terms of h^{(2)}_Λ as shown in diagram (a) of Fig. 3. Furthermore, the effective interaction between ΛN states in the P^{(2)}_{ΛN} and P^{(Y)}_{ΛN} spaces induces core polarization in the closed-shell nucleus. We take account of this effect by calculating diagrams (b) and (c) of Fig. 3, using the ΛN effective interaction ṽ^{(1)}_{ΛN} determined in the first step. The validity of this two-step calculation procedure is confirmed numerically in the previous work.^{13)}

In order to calculate the TBC effect on the Λ single-particle energy, we need the effective interaction and the correlation operator for the NN system which are determined by solving the equation of decoupling in Eq. (2.22). Using the two-body effective interactions and the two-body correlation operators for the ΛN and NN systems, one can derive that an approximate expression of the TBC terms from Eq. (2.32) as

ΔE^{(TBC)} λΛ ≃ 1 2 ∑ μN νN ≤ρF (ΛN1N2)

⟨λ_Λμ_N ν_N | 1 2 [[ṽ_{ΛN1} , S_{N1N2} + S_{N2Λ}], S_{N1N2} + S_{N2Λ}]|λ_Λμ_N ν_N ⟩

= (a_T) + (b_T) + (c_T) + (d_T) + (e_T) + (f_T), (2.37)

where

(a_T) = − ∑ μN νN ≤ρF νΛ≤ρ2 ∑ αN >ρF αΛ>ρ2 ṽ^{(ΛN )}_{λΛνN νΛμN} S^{(ΛN )}_{νΛμN αΛαN} S^{(ΛN )}_{αΛαN λΛνN} ,

(b_T) = 1 2 ∑ μN νN ρN ≤ρF ∑ αN βN >ρF ṽ^{(ΛN )}_{λΛμN λΛρN} S^{(NN )}_{ρN νN αN βN} S^{(NN )}_{αN βN μN νN} ,

(c_T) = −2 ∑ μN νN ≤ρF ∑ αN βN >ρF αΛ>ρ2 ṽ^{(ΛN )}_{λΛαN αΛμN} S^{(NN )}_{μN νN αN βN} S^{(ΛN )}_{αΛβN λΛνN} ,

(d_T) = ∑ μN νN ≤ρF ∑ αN βN >ρF αΛ>ρ2 ṽ^{(NN )}_{μN αN νN βN} S^{(ΛN )}_{λΛνN αΛαN} S^{(ΛN )}_{αΛβN λΛμN} ,

(e_T) = ∑ μN νN ≤ρF ∑ αN >ρF αΛβΛ>ρ2 ṽ^{(ΛN )}_{αΛνN βΛμN} S^{(ΛN )}_{λΛμN αΛαN} S^{(ΛN )}_{βΛαN λΛνN} ,

(f_T) = − 1 2 ∑ μN νN ≤ρF ∑ αN βN γN >ρF ṽ^{(ΛN )}_{λΛαN λΛγN} S^{(NN )}_{μN νN αN βN} S^{(NN )}_{γN βN μN νN} . (2.38)

In the above, we have used the notations defined by ṽ^{(ΛN )}_{αΛβN γΛδN} = ⟨α_Λβ_N |ṽ_{ΛN1} |γ_Λδ_N ⟩, ṽ^{(NN )}_{αN βN γN δN} = ⟨α_N β_N |ṽ_{N1N2} |γ_N δ_N ⟩ (2.39) and S^{(ΛN )}_{αΛβN γΛδN} = ⟨α_Λβ_N |S_{ΛN1} |γ_Λδ_N ⟩, S^{(NN )}_{αN βN γN δN} = ⟨α_N β_N |S_{N1N2} |γ_N δ_N ⟩. (2.40)

The contributions of the TBC terms to ΔE^{(TBC)}_{λΛ} come from the effective threebody interactions ṽ^{(v)}_{ijk} and ṽ^{(h)}_{ijk} . We here note that the first and second terms of ṽ^{(v)}_{ijk} in Eq. (2.30) do not bring about non-zero contributions to the Λ single-particle potential. On the other hand, the contributions of ṽ^{(h)}_{ijk} in Eq. (2.31) vanish up to second order in S_{ij} . Therefore, the contributions of ṽ^{(v)}_{ijk} and ṽ^{(h)}_{ijk} start with the second and third order terms in S_{ij} , respectively. These facts concerning the TBC terms can be proved by using the property of decoupling of ṽ_{ij} and the restrictive conditions for S_{ij} in Eq. (2.23) as discussed in Ref. 15). On the assumption that the matrix elements of S_{ij} are sufficiently small, we neglect the contribution of ṽ^{(h)}_{ijk} . The validity of this assumption will be confirmed numerically in §3.

The Λ single-particle energy is given finally by

E_{λΛ} = ⟨λ_Λ|t_Λ|λ_Λ⟩ + ⟨λ_Λ|u^{(2)}_Λ |λ_Λ⟩ + ΔE^{(p)}_{λΛ} + ΔE^{(TBC)}_{λΛ} , (2.41) where the first term is the kinetic energy, the second the first-order potential energy, the third the sum of the perturbation corrections given in Fig. 3 and the last the sum of the TBC contributions given in Eq. (2.37). 2.4. Diagrammatical expression of the three-body-cluster term

We here make some discussions on the relation between the UMOA and the G-matrix theory in the calculation of the Λ single-particle energy in order to clarify

Fig. 4. Diagrammatical expression of the first-order Λ potential energy in terms of the ΛN effective interaction ṽΛN obtained in the UMOA and the G-matrix GΛN .

Fig. 5. Diagrams corresponding to the leading order terms of the three-body-cluster terms in terms of the G-matrix shown by the wavy line.

the physical meaning of the TBC effect. The formal relation between the effective interaction in the UMOA and the G-matrix has been discussed in Refs. 11) and 15). The ΛN effective interaction ṽ_{ΛN} in the UMOA in the calculation of the first-order Λ potential energy u_Λ can be given in an expansion form in terms of the G-matrix as shown diagrammatically in Fig. 4. The second diagram on the right-hand side in Fig. 4 is a kind of folded diagram.^{9)} The leading contributions of the TBC terms in Eq. (2.38) can also be given diagrammatically in terms of the G-matrix as shown in Fig. 5. It is noted that the second diagram on the right-hand side in Fig. 4 has a minus sign which is against the diagram rule. However, this diagram is just cancelled by diagram (a_T) in Fig. 5. It should be noted that such a folded diagram emerges again as one of higher-order corrections with the vertices of the transformed interaction ṽ_{ij} .

x3. Numerical results for^{17}_Λ O and^{41}_Λ Ca using the Nijmegen and the Jülich YN potentials

We performed calculations employing the Nijmegen soft-core (NSC),^{16)} NSC97af,^{17)} the Jülich Ã (JÃ) and JB̃^{18)} potentials for the YN interaction. We used the harmonic oscillator basis states and took a common h̄Ω to single-particle states of Λ, Σ and N . We used the values h̄Ω = 14MeV for^{17}_Λ O and 12MeV for^{41}_Λ Ca. The dependence of the calculated effective interaction and the single-particle energy on the value h̄Ω has already been examined, and we confirmed that the dependence was quite small around h̄Ω = 14MeV in^{16}O^{15)} if perturbation corrections were included. As for the nucleon single-particle potential u_N , we used the fixed data^{11), 12)} calculated using the Paris potential,^{19)} and we have assumed that u_Σ = 0. The angular momentum l of the partial wave of the NN and YN interactions is taken into account up to l = 4. The numbers ρ_2, ρ_F, ρ_1 and ρ_X are taken as ρ_2 = 1, ρ_F = 1, ρ_1 = 8 and ρ_X = 12 for^{17}_Λ O, and ρ_2 = 2, ρ_F = 2, ρ_1 = 10 and ρ_X = 12 for^{41}_Λ Ca.

The formulae for calculating the TBC contributions to the Λ single-particle energy have been derived in Eq. (2.38). The TBC terms are given in powers of the two-body correlation operator S_{ij} as given in Eqs. (2.30) and (2.31). In the UMOA, it is necessary that the matrix element of the correlation operator is sufficiently small in the sense of cluster expansion. In Table I typical matrix elements of S_{ij} for the NN and ΛN systems are given. We present only the matrix elements of S_{ij} of comparatively large magnitudes among all the matrix elements of S_{ij} . The magnitudes of the matrix elements are at most of the order of 10^{−2}. Besides, the TBC effect yields the contributions of the order of the square of S_{ij} as shown in Eq. (2.38). Thus, we expect that the TBC contribution is considerably small compared with the contribution from the one- and two-body-cluster terms.

We calculated the Λ single-particle energies with the correction terms (a), (b) and (c) given in Fig. 3 and the TBC terms (a_T)-(f_T) in Eq. (2.38) for^{17}_Λ O using the NSC97f potential as shown in Table II.^{∗)} One see that the TBC contributions

∗) The mark *** in Tables II and III means that the calculated absolute value is less than 0.01MeV.

Table I. Typical matrix elements ⟨aa|S^{(2)}_{NN} |bb⟩J,T and ⟨aa|S^{(2)}_{ΛN} |bb⟩_{J,T =1/2} in^{17}_Λ O for the two-body NN and ΛN correlation operators. The Paris and the NSC97f potentials are used as the NN and the YN interactions, respectively. The letters a and b denote single-particle orbits. The J and T mean the total angular momentum and isospin, respectively, for two-body states. a b J T ⟨aa|S^{(2)}_{NN} |bb⟩J,T T ⟨aa|S^{(2)}_{ΛN} |bb⟩J,T 1s_{1/2} 0s_{1/2} 1 0 2.32 × 10^{−2} 1/2 5.38 × 10^{−3} 1s_{1/2} 0s_{1/2} 0 1 1.69 × 10^{−2} 1/2 9.42 × 10^{−3} 1s_{1/2} 0p_{1/2} 1 0 −2.43 × 10^{−2} 1/2 2.49 × 10^{−3} 1s_{1/2} 0p_{1/2} 0 1 −5.75 × 10^{−3} 1/2 9.36 × 10^{−4} 0d_{3/2} 0s_{1/2} 1 0 8.31 × 10^{−3} 1/2 1.51 × 10^{−4} 0d_{3/2} 0s_{1/2} 0 1 7.82 × 10^{−3} 1/2 4.58 × 10^{−3} 0d_{3/2} 0p_{1/2} 1 0 −6.48 × 10^{−3} 1/2 3.67 × 10^{−3} 0d_{3/2} 0p_{1/2} 0 1 −8.85 × 10^{−3} 1/2 1.29 × 10^{−3}

are considerably small in comparison with the contributions from the one- and twobody-cluster terms. This ensures that the cluster expansion method in powers of the correlation operator S_{ij} may be justified in the calculation of the Λ single-particle energy.

One also see that two of the TBC terms, (b_T) and (f_T), have dominant contributions among the six TBC terms. It may be clear from Fig. 5 that these two TBC terms include the vertices inducing typical two-particle two-hole excitations of the core nucleus in intermediate states. On the other hand, the TBC terms (a_T) and (c_T)-(e_T) do not include this type of excitations. The two terms (b_T) and (f_T), however, give the contributions of the opposite sign. Therefore, the sum of the TBC terms becomes rather small. The effect of the TBC terms is, on the whole, repulsive and at most about 3-4% of the Λ one-body potential energies of the one- and two-body-cluster terms for the 0p and 0s states in^{17}_Λ O as given in Table II.

The calculated value of the spin-orbit splitting of the Λ single-particle energies for the 0p orbits in^{17}_Λ O is 1.11MeV for the first-order potential energy. Corrections (a), (b) and (c) in Fig. 3 yield the contribution of −0.11MeV to the Λ spin-orbit splitting. The sum of the TBC terms for the Λ spin-orbit splitting is only −0.06MeV. We may conclude from the present calculation that the magnitude of the Λ spin-orbit splitting is determined dominantly by the contribution of the one- and two-body-cluster terms, and the polarization of the core nucleus does not play an important role. This trend is also confirmed for the other YN interactions used in this study.

The calculated result in^{41}_Λ Ca for the NSC97f is shown in Table III. The effects of the second-order and the TBC correction terms on the Λ single-particle energy are not so different from those in^{17}_Λ O. The magnitude of the TBC terms is at most 3% of the Λ one-body potential energy of the one- and two-body-cluster terms for the 0s state in^{41}_Λ Ca. We note here that the Λ spin-orbit splittings are calculated for

Table II. Contributions to the Λ single-particle energies in^{17}_Λ O for the NSC97f potential. KE and PE stand for the kinetic and first-order potential energies, respectively. Rows (a), (b) and (c) are the contributions of diagrams (a), (b) and (c) in Fig. 3, respectively. Rows (aT)-(fT) mean the contributions given in Eq. (2.38). All entries are in MeV.

0s_{1/2} 0p_{3/2} 0p_{1/2} Δεls KE 10.50 17.50 17.50 *** PE -23.13 -17.20 -16.09 1.11 (a) -1.84 -2.35 -2.42 -0.08 (b) -1.20 -0.37 -0.13 0.24 (c) -0.55 -0.98 -1.25 -0.28 Subtotal -16.22 -3.40 -2.40 1.00 (aT) -0.01 -0.01 -0.01 *** (bT) 1.49 1.22 1.15 -0.07 (cT) -0.09 -0.16 -0.16 *** (dT) *** *** -0.02 -0.02 (eT) 0.01 0.02 0.02 *** (fT) -0.43 -0.46 -0.44 0.02 Sum of TBC 0.97 0.60 0.54 -0.06 Total -15.25 -2.80 -1.86 0.95

14 S. Fujii, R. Okamoto and K. Suzuki

both the 0p and 0d states in^{41}_Λ Ca. The values of the Λ spin-orbit splittings for the 0p and 0d states are 0.79MeV and 1.11MeV, respectively. The net contribution of core polarizations to the Λ spin-orbit splittings is very small for both the 0p and 0d states. This situation is quite different from that in the ordinary nucleus^{40}Ca,^{12)} as well as in^{16}O.^{11)} It has been observed that many-body correlations bring about corrections of more than 30% for the spin-orbit splittings of nucleon states.

It might be of interest to compare the results obtained in this study with those in other many-body methods. Recently, the Λ spin-orbit splittings in^{17}_Λ O were calculated on another method by Motoba^{20)} in which configuration mixing of the Λ single-particle states is taken into account, using the YNG interaction^{21)} derived from the NSC97 potentials. The result for the NSC97f was almost 1MeV for the 0p states. This value is consistent with our result of 0.95MeV for the NSC97f as given in Table II.

We now discuss the results obtained for various YN interactions. The partialwave contributions of the ΛN effective interactions to the first-order Λ potential energy are given for various YN potentials, namely, the JÃ, JB̃, the NSC^{∗)} and

∗) The mark (*) for the NSC in Table V and Fig. 6 means that the antisymmetric spin-orbit force is not included. This potential was also used in the calculation of properties in^{17}_Λ O in the

Table III. Results of^{41}_Λ Ca for the NSC97f. The notation is the same as in Table II. All entries are in MeV.

0s_{1/2} 0p_{3/2} 0p_{1/2} 0d_{5/2} 0d_{3/2} 1s_{1/2} KE 9.00 15.00 15.00 21.00 21.00 21.00 PE -28.01 -22.75 -21.76 -18.08 -16.63 -16.36 (a) -2.16 -3.19 -3.25 -3.69 -3.83 -2.96 (b) -1.44 -0.99 -0.87 -0.39 -0.15 0.16 (c) -0.58 -1.02 -1.25 -1.32 -1.73 -1.62 Subtotal -23.19 -12.96 -12.14 -2.48 -1.33 0.22 (aT) *** *** *** *** *** -0.01 (bT) 1.46 1.30 1.24 1.12 1.04 1.03 (cT) -0.05 -0.08 -0.08 -0.13 -0.12 -0.15 (dT) *** *** *** *** 0.02 0.01 (eT) 0.01 0.01 0.01 0.02 0.02 0.02 (fT) -0.38 -0.44 -0.44 -0.48 -0.46 -0.45 Sum of TBC 1.03 0.78 0.74 0.53 0.49 0.46 Total -22.16 -12.18 -11.39 -1.95 -0.84 0.68

Table IV. Partial-wave contributions to the first-order Λ potential energy for the 0s_{1/2} state in 17 Λ O. All entries are in MeV.

l : even l : odd 1S0^3S1^3P0^1P1^3P1^3P2 Total NSC97a -2.37 -22.93 -0.03 0.84 0.80 -0.98 -24.68 NSC97b -3.52 -22.35 0.04 0.90 0.98 -0.88 -24.82 NSC97c -5.06 -22.00 0.18 0.95 1.12 -0.78 -25.60 NSC97d -7.16 -20.55 0.30 1.06 1.40 -0.56 -25.52 NSC97e -8.42 -19.28 0.35 1.14 1.62 -0.41 -24.99 NSC97f -9.46 -17.11 0.32 1.29 2.00 -0.14 -23.10

Three-Body-Cluster Effects on Λ Single-Particle Energies in^{17}_Λ O and^{41}_Λ Ca 15

NSC97a-f potentials for the 0s_{1/2} state, in Table IV for^{17}_Λ O, and in Table V for 41 Λ Ca. It is seen that the partial-wave contributions are very different, especially in the spin singlet and triplet states, dependently on the YN potentials employed. It is noted, however, that the ratios of the contributions of the spin singlet and triplet states vary smoothly from the NSC97a to the NSC97f. This variation is caused mainly by the difference in the strength of the spin-spin interaction of the NSC97 potentials. The similar tendency was observed in the calculation of the potential energy of Λ contained in nuclear matter.^{17)}

One of the features of the NSC97 model for the YN interaction is that the NSC97a-f potentials are given by varying smoothly the magnetic F/(F + D) ratio α^m_V for the vector mesons in the NSC97a-f potentials. This change in the magnetic ratio yields the variation of the strength of not only the spin-spin interaction but also other components including the spin-orbit interaction. According to the variation of the YN interactions, the calculated result of the Λ single-particle potential energies vary, dependently on the YN potentials employed as seen in Tables IV and V. It is important to investigate the difference among the NSC97 potentials quantitatively in the calculation of properties in finite Λ hypernuclei. This quantitative study would help to improve the YN interaction, complementarily to the progress in relevant

previous work.^{13)} On the other hand, the NSC newly used in the present study is the complete version of the NSC potential code which includes the antisymmetric spin-orbit force.

Table V. Partial-wave contributions to the first-order Λ potential energy for the 0s_{1/2} state in^{41}_Λ Ca.

All entries are in MeV. l : even 1S0^3S1^3D1^1D2^3D2^3D3 JÃ -3.55 -23.76 -0.12 -0.13 -0.14 -0.15 JB̃ 0.10 -31.71 -0.09 -0.13 -0.14 -0.11 NSC97a -2.80 -29.42 -0.09 -0.17 -0.22 -0.21 NSC97b -4.40 -28.69 -0.08 -0.19 -0.23 -0.22 NSC97c -6.57 -28.25 -0.08 -0.20 -0.23 -0.23 NSC97d -9.55 -26.27 -0.08 -0.23 -0.24 -0.24 NSC97e -11.33 -24.52 -0.07 -0.24 -0.25 -0.24 NSC97f -12.82 -21.55 -0.05 -0.26 -0.27 -0.24 NSC -13.83 -8.92 -0.06 -0.25 -0.23 -0.19 NSC(*) -13.12 -9.50 -0.05 -0.24 -0.23 -0.19 l : odd 3P0^1P1^3P1^3P2 Total JÃ 0.76 0.82 1.41 -0.31 -25.17 JB̃ 0.70 1.16 2.00 0.52 -27.71 NSC97a -0.05 1.70 1.75 -2.02 -31.53 NSC97b 0.09 1.83 2.14 -1.83 -31.57 NSC97c 0.38 1.93 2.42 -1.63 -32.48 NSC97d 0.63 2.16 3.02 -1.21 -32.01 NSC97e 0.72 2.34 3.47 -0.90 -31.03 NSC97f 0.67 2.67 4.26 -0.36 -27.97 NSC 0.49 1.79 2.19 -3.67 -22.69 NSC(*) 0.51 1.87 2.25 -3.71 -22.42

Fig. 6. Dependence of the calculated Λ single-particle energies in^{17}_Λ O on various YN interactions.

All entries are in MeV.

experiments of Λ hypernuclei.

In Figs. 6 and 7 we show the calculated Λ single-particle energies including the second-order perturbation corrections and the TBC terms for the JÃ, JB̃, the NSC and NSC97 interactions. It is noted here that the calculated results for the NSC97f potential are, on the whole, fairly good in comparison with the empirical values for 16 Λ O and^{40}_Λ Ca.^{7)} Our result for the NSC97f is consistent with the fact that the calculations of few-body Λ hypernuclei such as^3_ΛH^{17)} and^4_ΛHe^{22)} using the NSC97f can reproduce successfully experimental energy levels.

The calculated Λ spin-orbit splittings of the 0p states vary in the range of 0.49- 1.31MeV from the NSC97a to the NSC in^{17}_Λ O as shown in Fig. 6. Similarly, the Λ spin-orbit splittings of the 0p and 0d states vary in the range of 0.35-1.08MeV and 0.61-1.55MeV, respectively, in^{41}_Λ Ca as shown in Fig. 7. The experimental values of the spin-orbit splitting of a nucleon are known as 6.20MeV for the 0p states in 16O and 6.75MeV for the 0d states in^{40}Ca. Therefore, the obtained values of the Λ spin-orbit splitting are considerably smaller than those of a nucleon. Recently, some

Fig. 7. Dependence of the calculated Λ single-particle energies in^{41}_Λ Ca on various YN interactions.

All entries are in MeV.

experiments in connection with the Λ spin-orbit splittings have been performed at KEK for^{89}_Λ Y and^{51}_Λ V^{23)} and at BNL for^{13}_Λ C^{24)} and^9_ΛBe.^{25)} Higher resolution has been attained in these experiments than that in old experiments though the analysis of these new experiments are still being in progress. Therefore, it will be highly desirable that the magnitude of the Λ spin-orbit splitting is established experimentally.

x4. Concluding remarks

A method of evaluating the three-body-cluster (TBC) effect was presented for the calculation of Λ single-particle energies. The TBC terms were generated as the transformed three-body interactions among the YNN and NNN systems. The transformed three-body interactions were given in the cluster expansion form in powers of two-body correlation operators of the YN and NN systems. Therefore, it is necessary for fast convergence of the cluster expansion that the matrix elements of the correlation operator should be sufficiently small. In our calculations, it was made sure that the matrix elements of the correlation operator were quite small, and thus the TBC contributions to the Λ single-particle energies were considerably small in comparison with the contributions from the one- and two-body-cluster terms. This ensured that the cluster expansion method in terms of the correlation operator was acceptable in the calculation of Λ single-particle energies.

The present results showed that Λ in the 0p_{1/2} state in^{17}_Λ O was not bound for the JÃ and the NSC potentials but bound for the JB̃ and the NSC97a-f potentials. The spin-orbit splittings of the Λ single-particle orbits in the 0p states, including the TBC contributions, were given by 1.35, 1.49, 1.31 and 0.49-0.95MeV for the JÃ, JB̃, the NSC and NSC97a-f potentials, respectively. The value of 1.49MeV for the JB̃ potential is very large compared with that given in Ref. 7). On the other hand, the value 0.95MeV for the NSC97f potential is consistent with that given in Ref. 20). The calculated Λ spin-orbit splittings depend largely on the YN interactions employed. The dependence of the calculated results on the YN interactions was also examined for^{41}_Λ Ca. It seemed that the NSC97f potential yielded better results for^{17}_Λ O and 41 Λ Ca in comparison with the relevant experimental values. The present results were consistent with those obtained in the calculation of few-body Λ hypernuclei.

In the application of the UMOA to Λ hypernuclei, some problems still remain. First, in the present calculation, single-particle energies of Σ in intermediate states were neglected. However, the single-particle spectrum of Σ has a possibility of bringing about some contributions to the ΛN effective interaction. Although singleparticle energies of Σ has not yet been known well, it would be important to investigate how much the spectrum of Σ affects the determination of the ΛN effective interaction. Second, there would be some relativistic effect for the Λ single-particle energy as well as in calculations of ordinary nuclei. In the present approach, the relativistic effect has not yet been considered in studies of ordinary nuclei and hypernuclei. On the other hand, the relativistic many-body approach such as the Dirac-Brueckner-Hartree-Fock approach^{26)} does not fully take account of the effect of three-or-more-body correlations. Therefore, it would be of great importance for the understanding of nuclear properties from the many-body theoretical point of view that the relativistic effect is incorporated in the framework of the UMOA. This problem, which would be closely related to the treatment of the three-body force,^{27), 28)} is also a remaining task in the UMOA.

Acknowledgements

One of the authors (S. F.) would like to thank Prof. K. Takada, Prof. M. Kamimura and Prof. Y. R. Shimizu for their continuous encouragement and instructive discussions at Kyushu University. We are grateful to Prof. T. Motoba for stimulating and helpful discussions on^{17}_Λ O which is one of the main interests in this study. We also thank Prof. Y. Akaishi, Prof. Y. Yamamoto, Prof. Th. A. Rijken and Prof. K. Miyagawa for useful discussions and their help for using the Nijmegen and the Jülich YN potential codes.

Three-Body-Cluster Effects on Λ Single-Particle Energies in^{17}_Λ O and^{41}_Λ Ca 19

References

1) H. Bandō, T. Motoba and J. Žofka, Int. J. Mod. Phys. A5 (1990), 4021, and references therein.

2) D. Halderson, Phys. Rev. C48 (1993), 581.

3) J. Hao, T. T. S. Kuo, A. Reuber, K. Holinde, J. Speth and D. J. Millener, Phys. Rev.

Lett. 71 (1993), 1498.

4) T. Motoba, Y. Akaishi and K. Ikeda, Prog. Theor. Phys. Suppl. No. 117 (1994). Nucl.

Phys. A605 (1996), 458.

5) E. Hiyama, M. Kamimura, T. Motoba, T. Yamada and Y. Yamamoto, Prog. Theor. Phys.

97 (1997), 881.

6) R. H. Dalitz, D. H. Davis, T. Motoba and D. N. Tovee, Nucl. Phys. A625 (1997), 71. 7) I. Vidaña, A. Polls, A. Ramos and M. Hjorth-Jensen, Nucl. Phys. A644 (1998), 201. 8) K. Suzuki and S. Y. Lee, Prog. Theor. Phys. 64 (1980), 2091.

9) T. T. S. Kuo and E. Osnes, Folded-Diagram Theory of the Effective Interaction in Nuclei, Atoms and Molecules, Lecture Notes in Physics, Vol. 264 (Springer, Berlin, 1990).

10) Yiharn Tzeng, S. Y. Tsay Tzeng, T. T. S. Kuo and T.-S. H. Lee, Phys. Rev. C60 (1999), 044305.

Yiharn Tzeng, S. Y. Tsay Tzeng, T. T. S. Kuo, T.-S. H. Lee and V. G. J. Stoks, Phys. Rev. C61 (2000), 031305(R).

11) K. Suzuki, R. Okamoto and H. Kumagai, Phys. Rev. C36 (1987), 804.

K. Suzuki and R. Okamoto, Prog. Theor. Phys. 92 (1994), 1045. 12) H. Kumagai, K. Suzuki and R. Okamoto, Prog. Theor. Phys. 97 (1997), 1023. 13) S. Fujii, R. Okamoto and K. Suzuki, Nucl. Phys. A651 (1999), 411. 14) J. Da Providência and C. M. Shakin, Ann. of Phys. 30 (1964), 95. 15) K. Suzuki and R. Okamoto, Prog. Theor. Phys. 76 (1986), 127. 16) P. M. M. Maessen, Th. A. Rijken and J. J. de Swart, Phys. Rev. C40 (1989), 2226. 17) Th. A. Rijken, V. G. J. Stoks and Y. Yamamoto, Phys. Rev. C59 (1999), 21. 18) A. Reuber, K. Holinde and J. Speth, Nucl. Phys. A570 (1994), 543. 19) M. Lacombe, B. Loiseau, J. M. Richard, R. Vinh Mau, J. Côté, P. Pirès and R. de Tourreil, Phys. Rev. C21 (1980), 861.

20) T. Motoba, Nucl. Phys. A639 (1998), 135c.

T. Motoba, private communication.

21) H. Bandō and Y. Yamamoto, Prog. Theor. Phys. Suppl. No. 81 (1985), 9. 22) Y. Akaishi, private communication.

23) T. Nagae, in Proceedings of the KEK-Tanashi International Symposium on Physics of Hadrons and Nuclei, December 1998, Tokyo, Nucl. Phys. A in press.

24) T. Kishimoto et al., BNL-AGS E929 proposal (1996). 25) H. Tamura et al., BNL-AGS E930 proposal (1996).

26) R. Brockmann and R. Machleidt, Phys. Rev. C42 (1990), 1965. H. Müther, R. Machleidt and R. Brockmann, Phys. Rev. C42 (1990), 1981.

27) R. B. Wiringa, Rev. Mod. Phys. 65 (1993), 21.

28) B. S. Pudliner, V. R. Pandharipande, J. Carlson and R. B. Wiringa, Phys. Rev. Lett. 74 (1995), 4396.