EPJ manuscript No. (will be inserted by the editor)

Large-Scale HFB Calculations for Deformed Nuclei with the Exact Particle–Number Projection

M.V. Stoitsov^{1−4}, J. Dobaczewski^{1−3,5}, W. Nazarewicz^{1,2,5}, and J. Terasaki^6

1 Department of Physics & Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA 2 Physics Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831, USA 3 Joint Institute for Heavy-Ion Research, Oak Ridge, Tennessee 37831, USA 4 Institute of Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia-1784, Bulgaria 5 Institute of Theoretical Physics, Warsaw University, ul. Hoża 69, PL-00-681 Warsaw, Poland 6 Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-3255, USA

Received: date / Revised version: date

Abstract. Recent theoretical advances in the large-scale HFBTHO calculations of nuclear ground-state properties are presented with the emphasis on the exact particle number projection. The applicability of the widely used Lipkin-Nogami procedure is discussed together with the analysis of the particle number projection after variation.

PACS. 21.00.Dr – 21.60.Jz

1 Introduction

Modern nuclear structure theory is rapidly expanding from the description of phenomena in stable nuclei toward regions of exotic short-lived nuclei far from stability. Stringent constraints on the microscopic approach to nuclear dynamics, effective nuclear interactions, and nuclear energy density functionals are obtained from studies of the structure and stability of exotic nuclei with extreme isospin values, as well as extended asymmetric nucleonic matter.

The Hartree-Fock-Bogoliubov (HFB) method is a reliable tool for a microscopic self-consistent description of nuclei, which can be used in the context of the density functional theory (DFT). We solve the HFB equations by using the Transformed Harmonic Oscillator (THO) basis [1], which allows for a correct asymptotic behavior of single-quasiparticle wave functions. The method is adopted for performing massive calculations for many axially deformed nuclei including those which are weakly bound [2].

Recently, it has been shown [3] that the total energy in the particle-number-projected (PNP) HFB approach can be expressed as a functional of the unprojected HFB density matrix and pairing tensor. Its variation leads to a set of HFB-like equations with modified Hartree-Fock fields and pairing potentials. The method has been illustrated within schematic models [3], and also implemented in HFB calculations with the finite-range Gogny force [4]. In the present paper, we adopt it for the Skyrme functionals and zero-range pairing term; in this case the building blocks of the method are the local densities and mean fields. The HFB results using the Lipkin-Nogami (LN) approximation, followed by the particle-number projection after variation (PLN), are compared to the HFB results with projection before variation (PNP).

2 Particle-Number-Projected Skyrme-HFB Method

The particle-number-projected HFB state can be written as: |Ψ⟩ ≡ P^N |Φ⟩ = 1 2π ∫_{2π} 0 dϕ e^{ıϕ(N̂−N)}|Φ⟩, (1)

where N̂ is the number operator, N is the particle number, and |Φ⟩ is the HFB wavefunction which does not have a well-defined particle number. As shown in Ref. [3], the PNP HFB energy

E^N [ρ, ρ̄] = ⟨ Φ|HP^N |Φ ⟩ ⟨Φ|P^N |Φ⟩ = ∫ dϕ⟨Φ|He^{iϕ(N̂ −N)}|Φ⟩ ∫ dϕ⟨Φ|e^{iϕ(N̂ −N)}|Φ⟩

, (2)

is an energy functional of the unprojected particle-hole and pairing densities ρ and ρ̄, respectively. In the case of the Skyrme force, the projected energy (2) reads:

E^N [ρ, ρ̃] = ∫ dϕ y(ϕ) ∫ dr ( H(r, ϕ) + H̃(r, ϕ) ) , (3)

where

x(ϕ) =^1_{2π}^{e−iϕN det(eiϕ I)}

√_{det C(ϕ)} , y(ϕ) =^{x(ϕ)}∫_{dϕ′ x(ϕ′)} , (4)

I is the unit matrix, and the gauge-angle-dependent energy densities H(r, ϕ) and H̃(r, ϕ) are derived from the

2 M.V. Stoitsov et al.: Large-Scale HFB Calculations for Deformed Nuclei with the Exact Particle–Number Projection

unprojected ones by simply replacing particle (pairing) local densities by their gauge-angle-dependent counterparts. The latter ones are defined by the gauge-angle-dependent density matrices.

Obviously, the projected energy (3) is a functional of the unprojected density matrices. Its derivatives with respect to ρ_n′_n and ρ̃_n′_n lead to the PNP Skyrme-HFB equations ( h^N h̃^N h̃N −hN ) ( U V ) = E^N ( U V ) , (5)

where

h^N = ∫ dϕy(ϕ) [ Y (ϕ)E(ϕ) + e^{−2iϕ}C(ϕ)h(ϕ)C(ϕ) ]

− [ ∫ dϕy(ϕ)ie^{−iϕ}sin(ϕ)ρ̃(ϕ)h̃(ϕ)C(ϕ) + h.c.] ,

h̃N =^1_2 ∫ dϕy(ϕ)e−iϕ{h̃(ϕ)C(ϕ) + (h̃(ϕ)C(ϕ))T }, (6)

and Y (ϕ) = ie^{−iϕ} sin ϕC(ϕ) − i ∫ dϕ^′y(ϕ^′)e^{−iϕ′} sin ϕ^′C(ϕ^′) and C(ϕ) = e^{2iϕ} ( 1 + ρ(e^{2iϕ} − 1)

)_{−1} . The gauge-angle-dependent field matrices h(ϕ) and h̃(ϕ) are obtained by simply replacing the particle and pairing local densities in the unprojected fields with their gauge-angle-dependent counterparts.

3 Results

Figure 1 shows the PNP results for the complete chain of the calcium isotopes (from the proton drip to the neutron drip line), calculated with the SLy4 Skyrme functional and mixed delta pairing [1]. Comparison is also made with the LN and PLN results. One can conclude that the PLN approximation works best for open-shell nuclei, where the total energy differences between various variants of calculations are less than 250 keV. For closed-shell nuclei [5], however, the energy differences increase to more than 1 MeV. In such cases, one can improve the PLN results by applying the projection to the LN solutions obtained for the neighboring nuclei [6], as illustrated in the top panel of Fig. 1.

In summary, the Skyrme HFBTHO PNP framework has been implemented and tested. The particle-number corrections maximize for magic nuclei where the static pairing breaks down. It is to be noted that conceptual questions related to the notion of symmetry restoration in DFT still remain; those will be discussed in the following work [7].

Acknowledgments

This work was supported in part by the U.S. Department of Energy (contract Nos. DE-FG02-96ER40963, DE- AC05-00OR22725, and DE-FG05-87ER40361); by the National Nuclear Security Administration under the Stewardship Science Academic Alliances program (contract DE- FG03-03NA00083); by the Polish Committee for Scientific Research (KBN) (contract No. 1 P03B 059 27) and by the Foundation for Polish Science (FNP).

Fig. 1. The LN and PLN (projection after variation) and PNP HFB (projection before variation) results obtained for the SLy4 force and mixed delta pairing. Arrows in the top panel indicate projection results from the neighboring nuclei.

References

1. M.V. Stoitsov, P. Ring, D. Vretenar and G.A. Lalazissis, Phys. Rev. C58, 2086 (1998); M.V. Stoitsov, W. Nazarewicz and S. Pittel, Phys. Rev. C58, 2092 (1998); M.V. Stoitsov, J. Dobaczewski, P. Ring and S. Pittel, Phys. Rev. C 61 034311 (2000); M.V. Stoitsov, J. Dobaczewski, W. Nazarewicz, S. Pittel and D.J. Dean, Phys. Rev. C68 054312 (2003).

2. Mass tables are available at:

http://www.fuw.edu.pl/∼dobaczew/thodri/thodri.html 3. J.A. Sheikh and P. Ring, Nucl. Phys. A665, 71 (2000). 4. M. Anguiano, J.L. Egido, and L.M. Robledo, Nucl. Phys.

A696, 476 (2001).

5. J. Dobaczewski and W. Nazarewicz, Phys. Rev. C47, 2418 (1993).

6. P. Magierski, S. Ćwiok, J. Dobaczewski, and W.

Nazarewicz, Phys. Rev. C48, 1686 (1993).

7. J. Dobaczewski, W. Nazarewicz, P.G. Reinhard, and M.

Stoitsov, in preparation.