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Why we don’t want density-dependent term

violation of Pauli principle ⇒ spurious contribution
in multi-reference EDF calculation

I self-interaction

I finite step or divergences in MR-EDF energies

I nonzero energies when restoring good negative particle
number

I noninteger power of density → multivalued EDF kernel



SLyMR1: Skyrme interaction with 2-, 3- and 4-body terms
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I 14 parameters → SLyMR1

I Simplification: 2-body Skyrme + 3&4-body contact
interaction → SLyMR0 (9 parameters)

I SLyMR1 and SLyMR0 used for particle-hole and pairing
interaction consistently



Mean fields from 3 & 4-body terms for SLyMR0

Normal fields:

hqσσ′(r) = Uq(r)δσσ′ +
∑
µ

Sq,µ〈σ′|σ̂ν |σ〉+ . . .
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Mean fields from 3 & 4-body terms for SLyMR0

Normal fields:

hqσσ′(r) = Uq(r)δσσ′ +
∑
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I from 4-body term
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Mean fields from 3 & 4-body terms for SLyMR0

Anomalous fields:

h̃qσσ′(r) = Ũq(r)δσσ′ + . . .

I from 3-body term
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Real calculations of SLyMR0
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Figure 1. Neutron spectral gaps of singly magic even–even nuclei
in the isotopic chains as indicated at the SR-EDF level.

Figure 2. Binding energy residuals as a function of A for singly
magic nuclei for spherical SR-EDF calculations. Nuclei in isotonic
and isotopic chains are connected by lines.

In figure 1, pairing properties are examined via the
spectral gap Epair,n/

∫
d3r ρ̃n(r) of neutrons as obtained

from spherical HFB-type SR calculations of singly magic
even–even nuclei. Empirical pairing gaps obtained from a
three-point mass difference are shown for comparison. When
solving HFB equations, pairing matrix elements have been
multiplied with a smooth cutoff at 8.5 MeV above and below
the Fermi energy. SIII, SIV, SHZ2 and SV give null pairing
or at most a weak pairing in some nuclei. Only SLyMR0,
for which this property was enforced during the fit, provides
pairing gaps of a realistic size.

Figure 2 exhibits mass residuals for isotopic and isotonic
chains of singly magic nuclei as obtained from spherical
HFB-type SR calculations. The particularly large drift of
the curves obtained with SLyMR0 results mainly from its
very low value for the asymmetry energy coefficient asym,
which cannot be increased without jeopardizing pairing or the
time-odd terms in the EDF. We have checked that, in spite of
its poor description of masses, SLyMR0 gives a reasonable
description of the deformation of nuclei in the sd and pf
shell regions, and of their rotational bands in cranked HFB
calculations.

4. Conclusion

The simple pseudo-potential (2) allows for a description
of basic nuclear properties that does not meet the
standard of state-of-the-art SR-EDF calculations. However,
it is sufficient for its main purpose of benchmarking
multi-dimensional MR EDF calculations, which then will
be free from the pathologies encountered with any modern
standard parametrization. In particular, we achieved a fair
description of pair correlations while avoiding (finite-size)
spin-instabilities. However, the simple form used here is
clearly over-constrained and higher-order terms will be
needed to replicate the performance of the best available
general Skyrme EDFs at the SR level. Work in that direction is
underway. As a first step, the most general central three-body
contact operator up to second order in gradients has been
worked out recently [25]. First fits that aim at the set-up of a
suitable protocol are currently underway and show promising
results.
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Binding energy residuals for singly
magic nuclei with spherical SR
calculations. Sadoudi et al., Phys.
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I poor description of masses
in SR-EDF calculations

I reasonable description of
rotational bands in
GCM-HFB
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FIG. 3: (Color online) Comparison of the calculated low-
lying levels grouped into rotational bands with data taken
from Ref. [22].

state leads to a spectrum with a 5/2+ band head, and an
excited band built on a Jπ = 1/2+ state. This is very dif-
ferent from the spectrum corresponding to the other 1qp
state that, when interpreted in the unified model [1, 2],
looks like a band built on a 1/2+ level with a large decou-
pling factor resulting in the yrast 3/2+ level becoming the
lowest one. For a given deformation, the lowest level for
a given Jπ value might be a band head, but could also be
the member of a rotational band build on top of a level
with lower Jπ value. The near-degenerate 3/2+ yrast
levels in panels (a) and (b) illustrate this point nicely.

Let us now illustrate the fourth step of our method for
the case shown in Fig. 2. For a given value of Jπ, all the
states represented in panels (a) and (b) are being mixed.
In the case of the yrast 5/2+, 7/2+ and 9/2+ levels, this
mixing has a limited effect and the energy gain is just a
few keV. In contrast, most other levels are significantly
shifted, in particular the yrast 1/2+ and 3/2+ levels, and
also the 11/2+ in the ground-state band. This reflects,
not surprisingly, that energy surfaces such as those of
Fig. 1 obtained from the projection of single 1qp config-
urations and that are drawn as a function of the collective
coordinate cannot represent the entire complexity of an
odd-A system.

The gain in total binding energy from projection
strongly depends on the specific configuration. The two
1qp HFB states that the spectra of panels (a) and (b)
of Fig. 2 are projected from differ by 4.8 MeV in energy.
This difference is reduced to 3.2 MeV by PNP and to
2.2 MeV for the lowest levels after combined PNP and
AMP. The yrast 5/2+ state in panel (a) gains 7.4 MeV
from AMP compared to the PNP state, and the yrast

FIG. 4: (Color online) Excitation energies of states in the
ground-state band of 25Mg and B(E2) and B(M1) values for
transitions between them.

3/2+ level in panel (b) even 8.4 MeV. These values are
larger than the typical 5 MeV difference that is found
for well-deformed even-even systems with the SLy4 and
Gogny EDFs [5, 6, 10, 11]. We attribute this difference
to the small effective mass m∗0/m of SLyMR0; and in-
deed large energy gains are also found when calculating
adjacent even-even nuclei with SLyMR0.

The projected states have then been combined for a
complete GCM calculation. Sampling the deformations
q1 and q2 in steps of 40 fm2 and considering several 1qp
states at each combination, we have constructed a basis
of Ω+ = 100 1qp configurations of positive parity and
Ω− = 60 of negative parity, respectively. After elimina-
tion of all redundant states, the Hamiltonian is finally di-
agonalized in a space of 226 K-mixed projected states for
Jπ = 5/2+, 149 for Jπ = 3/2+ and 106 for Jπ = 3/2−,
to give a few examples. The large number of 1qp con-
figurations makes it possible to analyze the calculation’s
convergence. When adding the states to the GCM in the
order of the energy of the 1qp state they are projected
from, the last 20 states being considered for each parity
just add about 20 keV to the energies of the low-lying
states, with their energy differences changing even less.
This smooth convergence could only be achieved by using
a Hamiltonian in the GCM.

The GCM gives a quite satisfying description of the
low-lying levels, cf. Fig. 3: the overall band structure
is reasonably well reproduced, including the excitation
energy of the lowest levels with negative parity. Band
2, however, has an incorrect signature splitting and its
band head is computed somewhat too low in energy.
Within each band, the spectrum is slightly too spread
out as is also found for even-even nuclei. This can be
corrected for by projecting HFB states cranked to finite

Energies and B(E2) and B(M1)
values in the ground-state band of
25Mg with GCM calculations. Bally
et al., arXiv:1406.5984

In progress: implement SLyMR0 into HFODD code



Calculations of SLyMR0

I benchmark the HFODD code against the 3D CR8 code and
the spherical LENTEUR code

I systematic study of low-lying 0+ and 2+ states in Sn isotopes
with the GCM in HFODD



Outlooks

I adding 3-body term to the finite range 2-body interaction
F. Raimondi et al., J. Phys. G 41 (2014) 055112

I implementation of SLyMR1


