arXiv:1207.4925v1 [nucl-th] 20 Jul 2012

Double-Λ hypernuclei within a Skyrme-Hartree-Fock approach Neelam Guleria^1,^∗ Shashi K. Dhiman^{1,2}, and Radhey Shyam^3

1Department of Physics, H. P. University, Shimla 171005, India 2University Institute of Natural Sciences and Interface Technologies, Himachal Pradesh Technical University, Hamirpur 177001, India 3 Theory Division, Saha Institute of Nuclear Physics, 1/AF Bidhan Nagar, Kolkata - 700064, INDIA

Abstract

We extend the Skyrme-Hartree-Fock (SHF) approach to study the double-Λ hypernuclei. The nucleonnucleon (NN) and Λ-nucleon (ΛN) interactions are taken from a recent work where the SHF method was applied to a successful description of the single-Λ hypernuclear systems. For the ΛΛ force a simple Skyrmelike form has been used. We discuss the sensitivity of the calculated ΛΛ binding energy and the ΛΛ bond energy to the ΛΛ and ΛN force parameters. It is found that the existing ΛΛ hypernuclear data do not allow the extraction of an unambiguous information about the ΛΛ force.

PACS numbers: 21.80.+a, 21.10.Dr, 21.30.Fe, 21.60Jz

∗Electronic address: neelam.phy@gmail.com

A proper understanding of the properties of double-Λ hypernuclei is important due to a number of reasons. These systems provide the unique opportunity to understand the hyperon-hyperon (YY) interaction [1], which is crucial for a complete understanding of the octet of baryons (N, Λ, Σ, Ξ) in a unified way. They also supplement the information about the hyperon-nucleon (YN) interaction that is mostly extracted from the studies of the single-Λ hypernuclei [2]. The knowledge of YN and YY interactions are needed for making extrapolations to understand the properties of both finite as well as bulk strange hadronic matter [3] and the neutron stars [4]. The study of the ΛΛ hypernuclei is also of interest in connection with the possible existence of the strangeness (S ) -2, six-quark H dibaryon resonance [5, 6] with spin parity of 0^+ and isospin 0. A bump appearing around threshold in the invariant mass spectrum of the two Λ hyperons in the (K^−, K^+) reaction may be of interest in this context [7].

The double-Λ hypernuclei were first observed in the 1960s [8] in the studies of stopped Ξ^− hyperons in emulsions. Two decades later the modern emulsion-counter hybrid technique has been applied in the KEK-E176 experiment where a new double-Λ hypernucleus event was found [9]. Later on, in another hybrid emulsion experiment (KEK-E373) an unambiguous identification of the hypernucleus^6_{ΛΛ}He was made with a precise value of the binding energy of two Λ hyperons (B_{ΛΛ}) [10]. This is known as the NAGARA event. Recently, in a reanalysis of the double-Λ hypernuclear data produced in the KEK-E176 and KEK-E373 experiments, results for B_{ΛΛ} have been reported for^6_{ΛΛ}He,^{10}_{ΛΛ}Be,^{12}_{ΛΛ}Be, and^{13}_{ΛΛ}B hypernuclei [11].

These observations have led to a number of theoretical studies where several approaches have been used to investigate the double-Λ hypernuclei. Calculations have been performed within the three- and four-body cluster models using the effective interactions or the G-matrix [12–17]. Among other approaches are the Faddeev [18], variational Monte-Carlo [19], and variational sixbody [20] calculations. Furthermore, both nonrelativistic and relativistic mean field models have also been used to predict the binding energies of such nuclei [21–28]. In these calculations moderate to good success has been achieved in predicting the B_{ΛΛ} values.

The Skyrme-Hartree-Fock (SHF) model is known to be a powerful tool for investigating the gross properties of the nonstrange nuclei [29]. It was extended to study the Λ hypernuclei in Refs. [30]. However, reliability of this approach depends of the accurate knowledge of the Skyrme ΛN interaction, which is determined by fitting to the experimental binding energies of known hypernuclei. Whereas most of the SHF studies use ΛN interactions that have been obtained by fitting to only a single hypernuclear system, we have, in a recent study [31], determined this interaction by fitting to the modern data on the binding energies of nearly twenty Λ hypernuclei. The fit potential with minimum χ^2 has been used to describe successfully the properties of almost all the known single-Λ hypernuclei.

In this brief report, we extend the SHF method to the calculations of B_{ΛΛ} and the ΛΛ bond energy [ΔB_{ΛΛ}] of double-Λ hypernuclei. The formalism is similar to that used in Ref. [31] for describing the single-Λ hypernuclei. The additional quantity required is the ΛΛ interaction. Although several phenomenological, meson-exchange motivated, and quark model based forms have been employed for the latter [14, 15, 17, 26, 32–35], the information about this force is still not precise because the experimental data on such hypernuclei are still scarce. In this study we have used a Skyrme type ΛΛ force proposed in Ref. [22], where the parameters of the interaction have been determined by fitting to ΔB_{ΛΛ} of^{13}_{ΛΛ}B ground state (= 4.8±0.7 MeV) and also by considering possible uncertainties in this data. We have considered all the three parameter sets of Ref. [22] in our calculations.

The total energy density functional (EDF) of a double-Λ hypernucleus (E^H_{2Λ}) includes contributions from the total energy density of neutron and proton (E_N ) and of hyperons (E_Λ). In addition, E^H_{2Λ} has terms arising from the pairing energy and the center of mass corrections, which are taken to be similar to those described in Ref. [31]. E_N is related to the Hamiltonian density (H_N ) as

E_N = � d^3rH_N (r). (1)

The form of H_N is the same as that given in Ref. [31]. Similarly E_Λ is given by

E_Λ = � d^3rH_Λ(r). (2)

H_Λ is the sum of two terms,

H_Λ(r) = H_{ΛN} (r) + H_{ΛΛ}(r), (3)

where H_{NΛ}(r) has the same form as that in the case of the single-Λ hypernuclei (see, Ref. [31]). The second term, H_{ΛΛ}, is attributed to the ΛΛ interaction and is given by

H_{ΛΛ} = 1 4 λ_0ρ^2_Λ + 1 8 (λ_1 + 3λ_2)ρ_Λτ_Λ + 3 32 (λ_2 − λ_1)ρ_Λ∇^2ρ_Λ + 1 4 λ_3ρ^2_Λρ^α_N , (4)

where ρ_Λ is the hyperon density and τ_Λ is the corresponding kinetic energy density. ρ_N = ρ_p + ρ_n, is the density of the core nucleon. λ_0, λ_1, λ_2, and λ_3 are the parameters of the ΛΛ force that will be described later on. The value of the parameter α in the last term is assumed to be 1/3. In Eq. (4), we have omitted terms corresponding to the Λ spin density.

TABLE I: Parameters for the ΛΛ interaction. The last column gives the ranges of ”equivalent single Gaussian” potentials.

SET λ_0 λ_1 μ (MeV fm^3) (MeV fm^5) (fm) SΛΛ1 -312.6 57.5 0.61 SΛΛ2 -437.7 240.7 1.05 SΛΛ3 -831.8 922.9 1.49

The wave functions for the proton, neutron and the Λ particle are calculated from the SHF equations; � − ℏ^2 2m^∗_q

∇^2 + V_{NN} (r) + V^Λ_q (r) � ϕ_q(r) = ϵ_qϕ_q(r), (5)

� − ℏ^2 2m^∗_Λ

∇^2 + V^Λ_Λ (r) + V_{ΛΛ}(r) � ϕ_Λ(r) = ϵ_Λϕ_Λ(r), (6)

where q represents a nucleon (proton or neutron), and ϵ_q and ϵ_Λ are the single-particle energies for the nucleon and the Λ particle, respectively. The purely nuclear mean field potential [V_{NN} (r)], the additional field created by the Λ hyperon that is seen by a nucleon [V^Λ_q (r)], and the whole nuclear field experience by a Λ hyperon [V^Λ_Λ (r)] have the same forms as those given in Ref. [31]. V_{ΛΛ}(r), which is the field generated by the ΛΛ interaction, is given by

V_{ΛΛ} = 1 2 λ_0ρ_Λ + 1 8 (λ_1 + 3λ_2)τ_Λ + 3 16 (λ_2 − λ_1)∇^2ρ_Λ + 1 2 λ_3ρ_Λρ^α_N. (7)

The last term in Eq. (7) corresponds to the three-body ΛΛN interaction. In actual calculations, this (density dependent) term is dropped. We adopt all the three parameter sets (SLL1, SLL2, SLL3 given in Ref. [22], where the parameter λ_2 is set to zero under the argument that the p wave contributions do not take part in the lowest single-particle levels. The values of the parameters λ_0 and λ_1 are given in table I for various sets.

While the nucleon effective mass remains the same as that described in Ref. [31], the Λ effective mass, m^∗_Λ, acquires additional terms due to the presence of V_{ΛΛ}, ℏ^2 2m^∗_Λ = ℏ^2 2m_Λ + 1 8 [λ_1 + 3λ_2]ρ_Λ + 1 8 [u_1(2 + y_1) + u_2(2 + y_2]ρ_N (8)

The main quantity in ΛΛ hypernuclei is the ΛΛ bond energy, which is defined as

ΔB_{ΛΛ} = B_{ΛΛ} − 2B_Λ, (9)

where B_Λ is the separation energy of one Λ hyperon from the^{A+1}_Λ Z hypernucleus and B_{ΛΛ} is that of two Λ hyperons from the^{A+2}_{ΛΛ} Z hypernucleus, respectively. These are evaluated by solving the appropriate Hartree-Fock equations and using the energy relations given in Ref. [31].

In our calculations of the B_{ΛΛ} and B_Λ, we have used the parameter set SLy4 for the NN interactions (see Ref. [36]). However, for the ΛN systems, three parameter sets of Ref. [31] (HPΛ2, OΛ1 and NΛ1) were employed. It may be recalled that while the set HPΛ2 provides the best agreement with the experimental binding energies of the Λ single-particle states of all the orbitals in the entire mass range of hypernuclei, the parameter sets OΛ1 and NΛ1 overestimate somewhat the data for the lighter nuclei. All of the three sets of parameters as given in table I have been used for the ΛΛ force.

In table II, we show our results for the double-Λ binding energies for a number of hypernuclei. We see that B_{ΛΛ} increases with mass number of the hypernucleus. This is in agreement with the observations made in the RMF calculations of the double-Λ hypernuclei in Ref. [28]. We further note from table II that while for lighter nuclei B_{ΛΛ} depends on the parameter set used for the ΛΛ force, for heavier systems this dependence is quite weak. For the lightest system (^6_{ΛΛ}He), the binding energy calculated with the set SLL3 that has largest range, reproduces the corresponding experimental value the best. This may indicate that a longer range ΛΛ force leads to a lesser binding of two Λs to the lighter core. On the other hand, for the hypernuclei^{11}_{ΛΛ}Be,^{12}_{ΛΛ}Be, and^{13}_{ΛΛ}B, B_{ΛΛ} calculated with sets SLL1 and SLL2 are similar and reproduce the experiments data better than those obtained with the set SΛΛ3. In a recent shell model calculations [23], the experimental value for B_{ΛΛ}(^6_{ΛΛ}He) was used to constrain the ΛΛ interaction. This is in contrast to our case, where the bond energy of^{13}_{ΛΛ}B was used for this purpose. For heavier systems our results for B_{ΛΛ} are similar to those obtained in the shell model calculations of Ref. [23].

In Fig. 1 we show the A dependence (A is total baryon number of the hypernucleus) of the bond energy ΔB_{ΛΛ} for three parameter sets of ΛΛ force. The parameter sets for NN and ΛN interactions are taken to be the same for all the three cases. It is seen that generally ΔB_{ΛΛ} decreases with increasing A for all the cases. For lighter hypernuclei the decrease is very steep with increasing A, while for medium mass and heavier systems it is more gradual. This can be understood from the fact that with increasing A the mean distance between hyperons increases which leads to

TABLE II: B_{ΛΛ} of various hypernuclei calculated using sets SLy4, HPΛ2 of Ref. [31], for NN, and ΛN interactions, respectively, and all the three sets of parameters for the ΛΛ force.

Hypernuclei B^{S ΛΛ1}_{ΛΛ} [MeV] B^{S ΛΛ2}_{ΛΛ} [MeV] B^{S ΛΛ3}_{ΛΛ} [MeV] B^{(Expt.)}_{ΛΛ} Ref., Event 6 ΛΛHe 11.88 9.25 7.60 6.91 ± 0.16 [11], NAGARA 10.06 ± 1.72 [11], MIKAGE 10 ΛΛBe 19.78 18.34 15.19 11.90 ± 0.13 [8] 11 ΛΛBe 20.55 19.26 16.27 20.49 ± 1.15 [11], HIDA 12 ΛΛBe 21.10 19.97 17.18 22.23 ± 1.15 [11] 13 ΛΛB 21.21 20.26 17.76 23.30 ± 0.70 [11], E176 7 ΛΛLi 14.33 12.81 9.81 12 ΛΛB 20.90 19.81 17.07 14 ΛΛC 20.77 20.03 17.91 16 ΛΛN 21.83 21.13 19.17 18 ΛΛO 22.47 21.81 20.01 42 ΛΛCa 24.41 24.20 23.53 92 ΛΛZr 26.6 26.50 26.2 210 ΛΛ Pb 28.1 28.00 27.9

the weakening of the attraction between them. After certain value of A this attraction reaches a saturation value. In this figure we also note that with the ΛΛ force parameter set SLL3 the agreement with the last two data points is somewhat better as compared to that obtained with other two sets. However, given the large statistical errors in the data points it may be premature to draw any definite conclusion about the preference of one parameter set over the other. More experimental data, particularly for heavier double-Λ hypernuclear systems are needed to get an unambiguous information about the ΛΛ force from such calculations.

In Fig. 2, we show the sensitivity of ΔB_{ΛΛ} to the ΛN force. In these calculations parameters sets SLy4 and SLL1 have been used for the NN and ΛΛ interactions, respectively. For for the ΛN force we have used sets HPΛ2, NΛ1 and OΛ1 of Ref. [31]. We note that even the currently available sparce data clearly favor the parameter set HPΛ2. It may be recalled that in the case of the single-Λ hypernuclei this set provided the best agreement with the experimental binding

FIG. 1: (Color online) A dependence of the bond energy ΔB_{ΛΛ} for three parameter sets of ΛΛ force. NN and ΛN interactions have been described by parameter sets SLy4 and HPΛ2, respectively, in each case.

energies of the Λ single-particle states.

In conclusion, we have calculated the binding energies and the bond energies of the light to heavy double-Λ hypernuclei within a Skyrme-Hartree-Fock model. This is an extension of the model used earlier to describe successfully the binding energies of the Λ single particle states of both lighter as well as heavier single-Λ hypernuclei. For the NN interaction the parameter set SLy4 of Ref. [36] has been used while for the ΛN force the parameter sets HPΛ2, OΛ1 and NΛ1 of Ref. [31] have been employed. These parameter sets provide a reasonable overall description of the single-Λ hypernuclear data. The parameter sets SLL1, SLL2 and SLL3 of Ref. [22] have used for the ΛΛ force.

We have calculated the A dependences of the ΛΛ binding energy as well as that of the ΛΛ bond energy in the ground states of the double-Λ hypernuclei. We observe that the currently available limited experimental data for such hypernuclei do not allow the extraction of an unambiguous information about the ΛΛ force. Even though they already show a significant selectivity for the ΛN force where the set HPΛ2 is clearly favored. Of course, the ΛΛ force used by us are too simplified. However, calculations made with more realistic ΛΛ potentials in Ref. [21] arrive at the similar conclusion. The experimental information on the double-Λ hypernuclei over a wide range of masses, is necessary for the extraction of the ΛΛ potential from the data. Nevertheless, our work demonstrates that the Skyrme-Hartree-Fock model can be used as a workable theoretical framework for investigating the properties of both lighter and heavier ΛΛ hypernuclei. In contrast,

FIG. 2: (Color online) A dependence of the bond energy ΔB_{ΛΛ} for three parameter sets of ΛN force. NN and ΛΛ interactions have been described by parameter sets SLy4 and SLL1, respectively, in each case.

numerical complications limit the application of cluster models to only some lighter systems.

One of the authors (NG) would like to thank the theory division of the Saha Institute of Nuclear Physics for the kind hospitality during her several visits there.

[1] R. H. Dalitz, P. H. Fowler, A. Montwill, J. Pniewski, and J. A. Zakrzewski, Proc. R. Soc. London, Ser.

A 426, 1 (1989).

[2] O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57, 564 (2006).

[3] J. Schaffner, C. B. Dover, A. Gal, C. Greiner, and H. Stöcker, Phys. Rev. Lett. 71, 1328 (1993). [4] J. Schaffner-Bielich, Nucl. Phys. A 804, 309 (2008). [5] R. L. Jaffe, Phys. Rev. Lett. 38, 195 (1977).

[6] P. J. Mulders and A. W. Thomas, J. Phys. G 9, 1159 (1983).

[7] J. K. Ahn et al., Phys. Rev. C 62, 055201 (2000); C. J. Yoon et al., Phys. Rev. C 75, 022201 (2007). [8] M. Danysz et al., Nucl. Phys. 49, 121 (1963); J. Prowse, Phys. Rev. Lett. 17, 782 (1966). [9] S. Aoki and et al., Phys. Rev. Lett. 65, 1729 (1990); S. Aoki and et al., Prog. Theor. Phys. 85, 1287 (1991);

[10] H. Takahashi et al., Phys. Rev. Lett. 87, 212502 (2001). [11] K. Nakazawa and et al., Nucl. Phys. A 835, 207 (2010).

[12] R. H. Dalitz and G. Rajasekaran, Nucl. Phys. 50, 450 (1964); S. Ali and A. R. Bodmer, Phys. Lett.

B24, 343 (1967).

[13] H. Bando, Prog. Theor. Phys. 67, 699 (1982); K. IKeda, H. Bando, and T. Motoba, Prog. Theor. Phys.

Suppl. 81, 147 (1985).

[14] A. R. Bodmer and Q. N. Usmani, Nucl. Phys. A 463, 221c (1987); ibid., 468, 653 (1987). [15] Y. Yamamoto, H. Takaki and K. Ikeda, Progr. Theo. Phys. 86, 867 (1991); Y. Yamamoto, Nucl. Phys.

A 547, 233c (1992).

[16] H. Himeno, T. Sakuda, S. Nagata, and Y. yamamoto, Prog. Theor. Phys., 89, 109 (1993). [17] E. Hiyama, M. Kamimura, T. Motoba, T. Yamada, and Y. Yamamoto, Phys. Rev. C 66, 024007 (2002). [18] I. N. Filikhin, A. Gal, Phys. Rev. C 65, 041001(R) (2002).

[19] Q. N. Usmani, A. R. Bodmer, and B. Sharma, Phys. Rev. C 70, 061001(R) (2004) [20] H. Nemura, S. Shinmura, Y. Akaishi, and K. S. Myint, Phys. Rev. Lett. 94, 202502 (2005). [21] D. E. Lanskoy, Y. A. Lurie and Y. Shirikov, Z. Phys. A 357, 95 (1997). [22] D. E. Lanskoy, Phys. Rev. C 58, 3351 (1998). [23] A. Gal and D. J. , Millener, Phys. Lett. B 701, 342 (2011).

[24] M. Rufa, H. Stöcker, J. Mahrun, P. -G. Reinhard, and W. Greiner, J. Phys. G 13, 143 (1987); M. Rufa, J. Schaffner, J. Mahrun, P. G. Reinhard, H. Stöcker, W. Greiner, and P. -G. Reinhard, Phys. Rev. C 42, 2469 (1990).

[25] J. Mares and Z. Zogka, Z. Phys. A 333, 209 (1989); ibid. 345, 47 (1993). [26] J. Schaffner, C.B. Dover, A. Gal, C. Griner, D. J. Milner, Ann. Phys. (N.Y.) 235, 35 (1994). [27] S. Marcos, R. J. Lombard, and J. Mares, Phys. Rev. C 57, 1178 (1998). [28] H. Shen, F. Yang, and H. Toki, Prog. Theor. Phys. 115, 325 (2006). [29] D. Vautherin and D. M. Brink, Phys. Rev. C 5, 626 (1972).

[30] M. Rayet, Ann. of Phys. 102, 226 (1976); M. Rayet, Nucl. Phys. A 367, 381 (1981). [31] N. Guleria, S. K Dhiman and R. Shyam, Nucl. Phys. A 886, 71 (2012). [32] J. Caro, C. Garcia-Recio and J. Nieves, Nucl. Phys. A 646, 299 (1999). [33] C. Albertus, J. E. Amaro and J. Nieves, Phys. Rev. Lett. 89, 032501 (2002). [34] I. R. Afnan, B. F. Gibson, Phys. Rev. C 67, 017001 (2003).

[35] T. Fernandez-Carames, A. Valcarce, P. Gonzalez, Phys. Rev. D 72, 054008 (2005). [36] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and R. Schaeffer, Nucl. Phys. A 635, 231 (1998)