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Skyrme functional from a three-body pseudopotential of second order in gradients:
Formalism for central terms

J. Sadoudi,'23 T. Duguet,l*4 J. Meyer,5 and M. Bender??
'CEA-Saclay DSM/Irfu/SPhN, F-91191 Gif sur Yvette Cedex, France
2Université Bordeaux, Centre d’ Etudes Nucléaires de Bordeaux Gradignan, UMR5797, F-33175 Gradignan, France
3CNRS/IN2P3, Centre d’ Etudes Nucléaires de Bordeaux Gradignan, UMRS5797, F-33175 Gradignan, France

“National Superconducting Cyclotron Laboratory and Department of Physics and Astronony,
Michigan State University, East Lansing, Michigan 48824, USA

SUniversité de Lyon, F-69003 Lyon, France; Université Lyon 1, 43 Boulevard du 11 Novembre 1918, F-69622 Villeurbanne cedex, France;

and CNRS-IN2P3, UMR 5822, Institute de Physique Nucléaire de Lyon
(Received 2 October 2013; published 26 December 2013)

Background: In one way or another, all modern parametrizations of the nuclear energy density functional
(EDF) do not respect the exchange symmetry associated with Pauli’s principle. It has been recently shown
that this practice jeopardizes multireference (MR) EDF calculations by contaminating the energy with spurious
self-interactions that, for example, lead to finite steps or even divergences when plotting it as a function of
collective coordinates [J. Dobaczewski et al., Phys. Rev. C 76, 054315 (2007); D. Lacroix et al., Phys. Rev. C
79, 044318 (2009)]. As of today, the only viable option to bypass these pathologies is to rely on EDF kernels that
enforce Pauli’s principle from the outset by strictly and exactly deriving from a genuine, i.e., density-independent,
Hamilton operator.

Purpose: The objective is to build cutting-edge parametrizations of the EDF kernel deriving from a
pseudopotential that can be safely employed in symmetry restoration and configuration mixing calculations.
Methods: We wish to develop the most general Skyrme-like EDF parametrization containing linear, bilinear, and
trilinear terms in the density matrices with up to two gradients, under the key constraint that it derives strictly from
an effective Hamilton operator. While linear and bilinear terms are obtained from a standard one-body kinetic
energy operator and a (density-independent) two-body Skyrme pseudopotential, the most general three-body
Skyrme-like pseudopotential containing up to two gradient operators is constructed to generate the trilinear part.
The present study is limited to central terms. Spin orbit and tensor will be addressed in a forthcoming paper.
Results: The most general central Skyrme-type zero-range three-body interaction is built up to second order
in derivatives. The complete trilinear EDF, including time-odd and 7" = 1 pairing parts, is derived along with
the corresponding normal and anomalous fields entering the Hartree-Fock-Bogoliubov equations of motion. Its
building blocks are the same local densities that the standard Skyrme functional is constructed from. The central
three-body pseudopotential is defined out of six independent parameters. Expressions for bulk properties of
symmetric, isospin-asymmetric, and spin-polarized homogeneous nuclear matter, as well as associated Landau
parameters, are given.

Conclusions: This study establishes a first step towards a new generation of nuclear EDFs that respect Pauli’s

principle and that can be safely used in predictive and spuriosity-free SR and MR EDF calculations.
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I. INTRODUCTION

Methods based on an energy density functional (EDF) are
at present the only available microscopic tools to address
all medium- and heavy-mass nuclei within one consistent
framework. They allow for a unified description of many
phenomena in nuclear structure and dynamics over the entire
chart of nuclei [1-4]. The EDF method coexists on two
levels: One level is usually characterized as “mean-field” and
frequently identified with Hartree-Fock (HF), HF 4+ BCS, and
Hartree-Fock-Bogoliubov (HFB) methods. The second level is
often qualified as “beyond mean-field,” a notion used for both
the random phase approximation (RPA) and its extensions on
the one hand and symmetry restorations and the generator
coordinate method (GCM) on the other hand. Throughout
this article we refer to mean-field methods as single-reference
(SR) EDF methods, as all densities entering the kernel are
constructed from a single product state. Symmetry restoration
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and GCM are denoted as multireference (MR) EDF methods,
as the densities entering the kernel are constructed from pairs
of product states belonging to a large set of reference states.
An overview over the SR- and MR-EDF formalisms can be
found in Ref. [5].

In the literature, one finds nuclear EDF kernels of many
different forms, being either local or nonlocal and being either
relativistic or nonrelativistic. For the purpose of the present
study, there is a third categorization of energy functionals
that has to be made that concerns the handling of Pauli’s
exclusion principle. Its most obvious consequence, namely that
all single-particle levels are occupied by at most one nucleon, is
always satisfied at the level of individual densities used to build
the EDF given that one-body density matrices are explicitly
computed from antisymmetric product states of either Slater
or Bogoliubov type. However, a violation of Pauli’s principle
may arise when multiplying two or even more such densities
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to build bilinear, trilinear, etc., terms in the EDF kernel. Terms
of a given power in the density matrices have to combine in a
very specific way to cancel out the unphysical interaction of a
particle with itself or that of a pair of particles with itself [6—11]
and to provide an antisymmetric residual interaction [8].

As of today, the only practical way to enforce all aspects of
exchange symmetry is to set up the off-diagonal EDF kernel
as the matrix elements of a genuine, i.e., density-independent,
operator between two product states of Bogoliubov type,
taking all exchange and pairing terms into account without any
approximation or simplification. Such an effective Hamilton
operator is typically meant to be the sum of the kinetic energy
operator and a pseudopotential. By virtue of the generalized
Wick theorem [12-14], the resulting kernel takes the form of
a specific functional of one-body transition density matrices
built from the two product states. In what follows, such EDF
kernels are said to be pseudopotential based.

None of the modern, e.g., Skyrme, Gogny, or relativistic,
parametrizations belong to this category of pseudopotential-
based kernels. The most remote are kernels directly built on
the level of combinations of one-body densities or density
matrices without making reference to any underlying operator.
In what follows, such EDF kernels are said to belong to
the category of gemeral functionals. In that case, the form
of the EDF kernel is typically constrained by all symmetries
of the nuclear Hamiltonian [15] but the exchange symmetry.
Frequently used examples are the EDF kernels constructed by
Fayans and collaborators [16] and the Barcelona-Catania-Paris
parametrization [17].

The large majority of existing parametrizations, however,
falls between the pseudopotential-based kernels and the gen-
eral functionals. We denote those as hybrid parametrizations.
The paradigm here consists of relating the interaction part of
the EDF kernel to the expectation value of a density-dependent,
and therefore state-dependent, effective interaction, keeping
all exchange and pairing terms. Prominent examples are the
Gogny family of parametrizations [18-21] and those derived
from the density-dependent M3Y interaction by Nakada [22].
Also, very few Skyrme parametrizations were constructed
along this line; examples are SkP [23], SkS1-SkS4 [24], SKE2,
and SkE4 [25]. For most of the other Skyrme parametrizations,
the link to the density-dependent effective interactions is
only kept for some terms, but not for all.! First of all, the
particle-hole (i.e., normal) and particle-particle (i.e., pairing
or anomalous) parts of almost all Skyrme parametrizations are
entirely unrelated. As a matter of fact, only the particle-hole
part of the kernel is usually referred to as the Skyrme EDF,
which is then combined with the pairing EDF of the respective

! As arelic of the historical origin of the Skyrme effective interaction
as a pseudopotential, general or hybrid Skyrme parametrizations
are frequently defined in terms of the parameters of a density-
dependent effective interaction, to which is added a list modifications
of the EDF generated by an actual density-dependent two-body
effective interaction [3,4]. This ambivalence of the Skyrme EDF and
the representation of its parameters is a source of confusion and
frequently provokes its inconsistent use in RPA and in the calculation
of infinite nuclear-matter properties [3,10,26].
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author’s preference. Second, specific exchange terms in the
energy functional are often modified or simply set to zero
for reasons of phenomenology. The latter practice mainly
concerns spin-orbit and spin-tensor terms [3,4,27-30] and the
so-called time-odd terms entering the particle-hole part of the
EDF [3,4,26,31-34]. Such modifications bring the functionals
close to the spirit of the general functionals.

Among the existing functionals, Gogny or M3Y-based
parametrizations are the closest to the concept of a
pseudopotential-based EDF kernel. Still, from the point of
view of Pauli’s exclusion principle, they are fundamentally
different given that the exchange symmetry is not respected
by the density-dependent term. In that respect, general and
hybrid functionals all belong to the same category. Indeed, it
makes no difference that the exchange symmetry is broken by
just one term in the functional or by many of them.

In spite of the many successes of general and hybrid
functionals, there are good reasons to revisit pseudopotential-
based EDF kernels. Indeed, it was recently demonstrated
[6,7] that any breaking of Pauli’s principle contaminates the
EDF kernel with spurious contributions that can jeopardize
MR-EDF calculations [35—40]. The problem manifests itself
through finite steps and/or even divergences when plotting
the symmetry-restored energy as a function of a collective
coordinate [7,35,39—41]. Even more striking, contaminated
kernels can lead to nonzero (non-normalized) energies when
restoring good negative particle number [7], which is im-
possible for projected operator matrix elements. Generally
speaking, the results of MR-EDF calculations based on hybrid
or general functionals depend on how the sums and/or integrals
over the collective coordinates are discretized. Decreasing the
step sizes often amplifies the contamination with spurious
contributions as they become better resolved [7]. In addition,
using nonanalytical functions for the density dependence,
such as the popular p®(F) dependence, introduces a further
problem into the MR EDF frame by making the EDF kernel a
multivalued function of the collective coordinates [41].

In the use of the Gogny functional, whose only breaking of
Pauli’s principle relates to its density-dependent term, a special
treatment of the latter has been used in some MR calculations to
bypass the problem invoked above [38,42]. Besides not being
consistent with the definition of the rest of the EDF kernel,
this recipe cannot be expected to work for all configuration
mixings of interest [43].

Isospin and angular-momentum projected MR EDF calcu-
lations of Refs. [44,45] employ a kernel that derives strictly
from a simple two-body Skyrme pseudopotential without
density dependence. In doing so, the pathologies alluded to
above are fully avoided by construction. As these calculations
neglect pairing correlations altogether, it is of no concern
that the two-body Skyrme pseudopotentials employed fail to
provide reasonable pairing correlations. To the best of our
knowledge, there has been only one recent attempt by us
to construct a Skyrme pseudopotential without any density
dependence that is meant to be used in both the particle-hole
and the particle-particle parts of the EDF [46]. This was
achieved by adding gradientless three- and four-body contact
terms to a standard velocity-dependent two-body Skyrme
pseudopotential. However, the best parameter fit generated
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in this way did, by far, not match the performance of modern
hybrids or general Skyrme parametrizations. As a matter of
fact, it turned out to be impossible to have simultaneously
appropriate empirical nuclear-matter properties, attractive
pairing and stability against infinite- and finite-size instabilities
[46]. This limitation points to the necessity of introducing
additional higher-order terms.

Aiming at a strict pseudopotential-based approach, there
are two possible directions of enriching a Skyrme-like
parametrization. One is to include terms containing a higher
number of gradient operators in the two-body pseudopotential.
Terms of this kind have already been suggested in the seminal
papers by Skyrme [47-49]. Their most general form has
recently been worked out systematically up to sixth order
[50]. The associated EDF kernel remains strictly bilinear,
but is expressed in terms of a larger set of local densities
invoking more derivatives than is the case for the standard
Skyrme functional. An alternative is to stick to the second
order in gradients, but to consider many-body operators, e.g.,
velocity-dependent three-body interactions. The associated
EDF kernel can still be expressed in terms of the same set of
local densities as the bilinear one deriving from the standard
Skyrme two-body pseudopotential, but contains higher-order
polynomials.

The number of contributions to infinite nuclear-matter
properties that originate from fourth-order gradient operators
in the two-body pseudopotential is much smaller than the
number of those originating from second-order terms [51].
In the end, one mainly obtains a multitude of contributions
that influence surface properties of finite nuclei. Consequently,
many-body terms might offer an easier access to a decoupling
of nuclear-matter properties from pairing and instabilities.
This is thus the route we wish to pursue in the present
work. Ultimately, one may, of course, combine both types of
extensions. However, and although those two extensions are
systematic, one should note that no strong formal argument
exists at this point to declare one to be superior to the other.
Even though “naturalness” can be invoked [52] in the context
of Skyrme EDF parametrizations, this concept has not yet been
proven to provide a truly meaningful and systematic power
counting at finite density.” A formal framework that establishes
a hierarchy of terms in the EDF is currently missing and clearly
deserves attention in the future.

Skyrme-type contact three-body pseudopotentials contain-
ing up to two gradient operators have been already used in
the past [25,54-63]. None of these developments has been
systematic and aimed at the complete set of possible terms.
Also, not all of these studies have combined their three-body
pseudopotential with a Skyrme-type two-body interaction.
Additionally, all these studies limited themselves to central
interactions, and none of them aimed at the most general
structure. Only time-even contributions to the normal part
of the resulting EDF were discussed, if at all, and spherical

2We note that Weinberg’s power counting based on naive di-
mensional analysis already does not provide an appropriate power
counting for in-vacuum nuclear interactions based on chiral effective
field theory [53].
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symmetry was assumed and exploited in all cases to simplify
the resulting energy functional and one-body fields.

The aim of the present study is to supersede the existing
body of work in several respects.

(1) Constructing the most general contact three-body pseu-
dopotential containing up to two gradient operators. In
the present study, we focus on its central part, i.e., on
terms that do not couple the orientation of spins and
momenta. Central terms are the most important ones for
our goal of replacing the traditional density-dependence
of the standard Skyrme EDF. At the SR-EDF level, only
central terms contribute to properties of nonpolarized
infinite nuclear matter and therefore to bulk properties
of even-even nuclei. By contrast, three-body spin-orbit
and tensor interactions produce terms that allow for the
fine-tuning of the nucleon-number dependence of shell
structure. These will be discussed elsewhere [64].

(2) Deriving the complete trilinear EDF kernel from the three-
body pseudopotential, i.e., providing time-even and time-
odd contributions to the normal part of the EDF along
with the complete pairing part, in a form that is suited
for symmetry-unrestricted SR and MR calculations. We
limit ourselves to the case where single-particle states, and
consequently the one-body density matrices, retain a good
neutron or proton character.

(3) Deriving the expressions of the corresponding one-body
fields entering the HFB Hamiltonian matrix.

(4) Computing infinite nuclear-matter properties and associ-
ated Landau parameters.

As will become clear below, there exists a large number of
possible central three-body contact operators that respect sym-
metries of the exact nuclear Hamiltonian. Only a small subset
of these, however, provide linearly independent contributions
to the EDF kernel. To find a complete irreducible set of such
operators, we proceed in the following way.

(1) Write all possible operator structures consistent with
symmetries of the underlying nuclear Hamiltonian.

(2) Derive the corresponding EDF kernel.

(3) Perform the singular-value decomposition (SVD) of the
matrix expressing the coupling constants multiplying each
contribution to the EDF kernel in terms of the parameters
entering the underlying pseudopotential and determine the
number of independent parameters defining the latter.

Owing to the large number of possible three-body terms,
the above tasks cannot be accomplished safely on the basis
of pen and paper. Consequently, a formal algebra code has
been developed to carry them out [65]. The code also derives
contributions to normal and anomalous one-body potentials,
bulk properties of infinite nuclear matter, and associated
Landau parameters.

The paper is organized as follows. Section II introduces
the building blocks needed to construct the pseudopotential in
a pedestrian, though necessary for the following discussion,
fashion. Section III outlines the use of pseudopotentials with
gradients within the context of the nuclear EDF method.
The central three-body Skyrme-like pseudopotential is then
built in Sec. IV. The construction of the standard two-body
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Skyrme pseudopotential is provided as a reference through-
out. Section V details bilinear and trilinear contributions to
the EDF kernel derived from two- and three-body central
pseudopotentials. Expressions are given there in the so-called
isoscalar-isovector representation. Section VI concludes the
discussion and gives perspectives for future work, some
already under way. Appendixes provide further details on (i)
the derivation of infinite nuclear-matter properties at zero and
nonzero spin and isospin asymmetry, as well as associated
Landau parameters, (ii) the formulation of the EDF kernel in
the so-called neutron-proton representation, (iii) the explicit
expressions of normal and anomalous one-body fields entering
the HFB Hamilton matrix, (iv) the algebraic steps needed to
derive the EDF kernel from the pseudopotential, and (v) a
verification of the local gauge invariance of the functional.

II. BASIC INGREDIENTS

This section introduces the necessary ingredients to set up
the three-body pseudopotential and to compute the EDF kernel
that derives from it.

A. Introductory remarks

In addition to invariances of the pseudopotential under
time-reversal, parity, rotational, translational, and Galilean
transformations, we also assume it to be isospin invariant.
Translational and Galilean transformations are special cases
of local gauge transformations [50]. The invariance of the
EDF under the latter has been invoked as a possible guiding
principle for the construction of pseudopotentials and general
EDF kernels [50,66—68]. We check the local gauge invari-
ance for the pseudopotential-based EDF constructed here in
Appendix E.

The EDF is derived assuming pure proton and neutron
one-body density matrices, which excludes at this stage
the possibility of having 7 =0 or 7 = 1 proton-neutron
pairing [69,70]. Such correlations, however, have never been
addressed so far in a systematic and complete fashion in
nuclear EDF calculations anyway. When needed, extensions
of the present work to this case are straightforward.

The formulation of the three-body contact potentials,
however, is not a straightforward generalization of the for-
malism usually used to set up the standard Skyrme two-body
interaction. To illustrate these differences and to validate our
procedure, we describe two- and three-body terms side by side.

The Coulomb energy is omitted from the present discussion
because its evaluation is standard. In a strict pseudopotential-
based framework, its exchange and pairing contributions have
to be calculated exactly [38,42]. By contrast, the kinetic energy
is kept at various places throughout the paper as it contributes
to nuclear-matter properties discussed in Appendix B.

B. Coordinate basis

The coordinate representation {|[Fog)} = {|F) ® |o) ®
lg)} labels nucleon states with the position vector 7 € R3,
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the spin projection o = 41/2, and the isospin component®
q = £1/2 such that

Flioq) =Flioq), (1a)
5% |Foq) = %zh"'aq), (1b)
§:[Fogq) = holrog), (lc)
t2|Foq) = %zﬁaq), (1d)
t.|Foq) = hqlioq). (le)

This constitutes a continuous orthonormal direct-product basis
of the one-body Hilbert space H; =Hi; @ Hio ® Hiq.
Associated orthogonality and completeness relations are
given by

(Foqli'o'qy = 8GF =T )8s084q's (2a)
/d3rZZ|7aq><?aq| =1, (2b)
o q

where 1) =1, ® 1, ® 1, , is the unity operator on ;.
Introducing a complete set of orthogonal single-particle wave
functions,

(roqli) = ¢;(Foq), 3

creation and annihilation operators of a nucleon at coordinates
{Fogq} are given by

Giog = Y _¢,(Foq) a;, (4a)
a;aq = Z(pi*(Faq) aj. (4b)

The pseudopotentials constructed below act on two-body (H;)
and three-body (H3) Hilbert spaces. We thus introduce bases
of H, and H3 through tensor products of the one-body basis
{IFog)} = {|€)}. This provides non-antisymmetrized basis
states,

|&384) = |1 : 13033, 2 : F404qa) (5a)
= |F303¢3, T404q4), (5b)
|E4E5E6) = |1 : F404q4, 2 < F505q5, 3 : Fe0sqs)  (5C)
= |F404q4, 50595, T60646). (5d)

where the shorthand notation is used whenever possible.
In such non-antisymmetrized states, each individual nucleon
occupies a well-defined single-particle state. This is made very
explicit in Egs. (5a) and (5c), but only implicit in Egs. (5b)
and (5d) for brevity. It is clear from the former equations that
the particle index (i.e., being the first, second, or third particle
in a two- or three-body state) should not be confused with
the indices labeling different states in the single-particle basis.
For example, in Eq. (5a) nucleon 1 occupies single-particle

3The quantum number ¢ is sometimes labeled by a letter, i.e., n for
neutrons and p for protons, instead of +1/2 for neutrons and —1/2
for protons.
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state |F303q3), whereas nucleon 2 occupies the state |7404q4).
Associated orthogonality,

(616218384) = 35,0556, (6a)
(152831848586) = Oc,6, 05,6505, » (6b)

and completeness relations,

/ / d&1d&, |£16) (616 = 1b, (7a)

///d§1d€2d€3 |616:63) (616283 = 13, (7b)
can be derived from Eq. (2), where

851&2 = 8(;1 - ;2)60102 q192° (Sa)

/dé—/d3 >y (8b)

o=+1/2g=+1/2

C. § and gradient operators

1. § operators
The § operator Sl’ . describes an interaction between nucle-
ons i and j located at the same position. Its two-body and
three-body matrix elements in coordinate representation are
given by
(E162187,163E) = (E162|E3E0)8(Fy — 7y, (9a)
(£16283187,E4E5E6) = (£16283|E48586)8(Fy — 7s),  (9b)
(E1528318151E48556) = (§162831648586)0(Fy — T),  (9¢)
(6162831055184E586) = (E162831848556)8(Fs — ). (94)

2. Gradient operators

The one-body gradient operator is introduced through
matrix elements connecting coordinate and configuration basis
states,

Vi 0i(€) = (EIVIi) = / &' (E|VIEYVpiE).  (10)

From the definition of its Hermitian conjugate (i|%7|§) =
[(|V]i)]* it follows that

Vi g(E) = (i|VT[E) = fdskof(s’xsﬁﬂs). (1)

Matrix elements of the gradient operator and of its Hermitian
conjugate in coordinate basis can deduce directly from
Egs. (10) and (11)

(& VIE) = (&1162) V5,
& VIE) = Vi (£1]6),

where the convention used states that %; acts on functions
depending on 7 located to its right, whereas V; acts on
functions depending on 7 located to its left. The momentum

(12a)
(12b)
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operator ﬁ = —ih% being Hermitian, it follows trivially that
5 5
(i|V|j) = —(i|VT|j) is anti-Hermitian, such that
(EIVIE) = (E1&) Vs, = =V E@l&),  (13)
&IV I&) = V5 (116) = —(&1&) V5. (13b)

3. Relative momentum operators

The gradient structure of the pseudopotential involves
relative momentum operators associated with particles i
and j,

b

_ I 4 5 iz 2
j =5, Pi = )= =5 (Vi = Vj), (14)

5 3 5
where V; acts on particle i. Using that k;; is Hermitian k|, =
A
kf(z, we first provide two- and three-body matrix elements

connecting coordinate and configuration basis states,

Enalkyolif) = [k 5, 0i(E00;E). (152)
(lkpl6i18) = [k, o EngiE)]. (15b)
<$1§2€3|212|i1k [71;2 9i ()9 (EDee&)].  (15¢)
(ijklklai5aEs) = [k ofEDeiEerED]. (15d)
Eieatslkslijh) = [Fs . 0G0 ED@ED].  (15e)

ikl Ei5a8s) = [K7 ofEDiEeLED]. (15D
Erbatslkylijh) = [z, 0i(ED0;ED@E].  (159)
ikl E15283) = [K7, ¢ ED@iEDRLED]. (15h)

where

ﬁr-,.r-/. = _%(%7,- - %7,-)’ (16)

while I;«*f denotes its complex conjugate. The brackets in

Eq. (15) 1nd1cate that kr 7, acts only on the wave functions
located inside. Matrix elements in the coordinate basis can be
deduced to take the form

(€1$2|212|§3‘§4> = (E162]63) K, (17a)

= ki;, (E162]E384), (17b)
($1§2€3|/§12|’§4§5€6) = (51§2§3|E455€6) ;4;5 (17¢)
= k;, (E1626:lEksE),  (17d)
($1§2€3|213|’§4§5€6) = (§162631648586) k;4;6 (17e)
= k7, (EieadslEatste),  (17D)
<§1§2€3|223|$4%—5§6> = (§162831646586) ];;5;6 (17g)
= ki, (E16a8s|EatsEe),  (17h)

where kq-b acts on functions located to its right, while k—q_
acts on functions located to its left. The quantum mechanical
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operator k, ; has to be distinguished from its position-space
matrix element k;z;4 that is a differential operator on R ® R>.
Thorough definitions of the matrix elements of elementary
operators have been given above. Matrix elements of a product
of such elementary operators can be computed in a pedestrian
way by inserting as many completeness relations as necessary
to invoke matrix elements of the elementary operators.* Let
us consider as an example two types of matrix elements
that will have to be considered for the two-body Skyrme
pseudopotential. By virtue of Egs. (17b) and (17a), and by
inserting enough completeness relations on H5, one obtains

= (51621&364)8(F3 — 74) 7_5;2;4

= 8(F1 — 72) k72 (E1621E3Es).

= k7 (162183608 — 74) Kz,
(§1§2|E%€4)k;3;43("3 ) k;3;4

= k7, - 8(F — ) K (E1Ea|E3Es).
(18b)

(§1$2|3121§122|§3§4)
(18a)

S A B
(§1§2|k12 : 5{2k12|§3§4)

Any of the alternative formulas can be used when evaluating
matrix elements of the interaction given that the resulting
expressions can be related by one or several integrations by
parts. Proceeding as above, one can easily show that gradient
and § operators do not commute,

k 8 7&8,, ”_(k 8’). (19)

ijYij ijYij

D. Position-, spin-, and isospin-exchange operators

Two-body coordinate-exchange operators will be used to
formulate the pseudopotential. Additionally, such operators
are elementary building blocks of the antisymmetrizers that
will enter the calculation of the EDF kernel; see Eq. (38).
Applying the exchange operator P;; = PJ,, which acts on the
coordinates of particles i and j, with i 5% j, two- and three-
body basis states are transformed according to

Pio|&3Es) = |E4&3), (20a)
ProlEstske) = |&séa), (20b)
Pi3|E4Ese) = |&6&sEa), (200)
Prs|Eagsts) = |5akets), (20d)

and similarly in any other basis representation. Of course,
applying the same exchange operator twice gives back the
original state. Furthermore, different exchange operators act-
ing on the same space do, in general, not commute with one
another, i.e.,

PPy = P3Py = Py Py, (21a)
Py Py3 = P3 P13 = Pi3Pys. (21b)

“Taking shortcuts by “applying” operators sequentially on bras or
kets rather than resorting to matrix elements of elementary operators
might sometimes lead to ambiguous computational steps.
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In coordinate representation, exchange operators factorize
into position-, spin-, and isospin-exchange operators P;; =
131.’}. 131.‘1’. 133 that only exchange the corresponding coordinates,
e.g.,

P|EsEsEs) = |Fs0u4qa, 40545, Fs064s), (22a)
P |E4EsEe) = 740544, Ts04gs, Fs06q6), (22b)
PL\EsEsEs) = |F,04q5, F505qa, Ts064s).- (22¢)

Coordinate-exchange operators do not commute with relative
momentum operators. One finds that

>
>

b
bantid
I

|
)
L
b

i i’]',: l.’j ji ! ki (23a)
5 A - 5

ki PL= P ke, (23b)
k; P = By Ky, (23c)

i.e., in general, the commutation with a position-exchange
operator changes the particle indices involved in the gradient
operator. In the particular case where particle indices are the
same in both operators, they anticommute; see Eq. (23a). These
features can be established in a pedestrian way, e.g.,

5o B A N 5 5 5 5o o5\ 7
(rirars|kyy Pylrarsre) = (rirars|rsrare)k;.;, (24a)

= —(Fi1ars3| P, |FaFsTe) ;. ;.
A B NN
= —(r]r2r3|Plr2k12|r4r5r6),
5,3 A [N S5 5 5 o oo T
(Firars|kyy Pi3rarsie) = (Firars|rersra)k;, -,

- o o

=(V1rzerP1;kqglr4rsf’6> (24b)

This indicates that it may not be equivalent to have position-
exchange operators located to the right or to the left of gradient
operators in three-body potentials. Also, while it is always
possible to replace f’i;. directly with £1 in the matrix elements
of the two-body potential by virtue of Eq. (23a), where the
sign ultimately depends on the parity associated with the
combination of gradient operators at play, this is in most cases
not possible in matrix elements of three-body operators.

To evaluate matrix elements of the pseudopotential, it turns
out to be useful to write spin-exchange operators in terms of
spin Pauli matrices [71],

A

=11 +35-0). (25)
Recalling that

Giubin = 8uv]l +1)_ €uucbisc, (26)

when both Pauli matrices act on the same particle i, with
w, v,k € {x,y,z} and €,,, denoting the Levi-Civita sym-
bol, the product of two spin-exchange operators can be
expressed as

Ao 1 5 4 3 4 3 4
P1(72P163=Z l14+0y-00+01-03+0, 03

+1 E EMVK61,K62,M63,V> s (273)

JAVK
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Ao Ao 1 5 5 5 4 5 s
P12P23:4_1 I+o01-00+02-03+01-03

27b)

+1 E GMVK61,M62,k63,U) .

VK

E. Antisymmetrization operators

Let us introduce /Allz and ./21123 as the two- and three-body
antisymmetrizers, respectively, under the form

Ap =1 - Pp), (28a)
Ay = Apn(1 = Pis — Py)
=(1— Py — P13 — Py + PPy + Py Py3). (28b)

We introduce A}% as another useful combination of exchange
operators,
123 =(1— Pj3 — Py). (28¢c)

Basic properties of two-body exchange operators lead to

PLAplij) = —Aplij), (29a)

P Aslijk) = —Aslijk), (29b)

Pi3 Ainslijk) = —Apslijk), (29¢)

Py Appslijk) = —Aplijk), (29d)

from which trivially follows that

ﬁ;;A123|§4§5€6) PanA123|§4§5§6) (30a)

PJ Ains|Estsks) = — P, P Aips|aksés), (30b)

ﬁ,-‘fA123 1648586) = P,; P,7A123 1€4&586). (30c)

III. THE ENERGY DENSITY FUNCTIONAL

Before coming to the construction of the pseudopotential
itself, let us explain its use within the context of EDF
calculations.

A. Reference states

The EDF method originates from the picture of a nucleus as
an ensemble of quasiparticles moving independently in their
self-created average field. It relies on the use of product states
of Bogoliubov quasiparticles,

@) = No [ [ B.10). 31
"

where {ﬂl} and {8, } denote quasiparticle creation and annihi-

lation operators relating to an arbitrary one-body basis {a;, g}
through a unitary canonical transformation of Bogoliubov
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type [13,14],

Bu= Y (Ua;i + Via)), (32a)

Bl = (Viua; + Usua)). (32b)

The factor NV in Eq. (31) ensures the normalization (®|®) =
1 of the quasiparticle vacuum.

B. Pseudopotential-based EDF kernel

Within the pseudopotential-based formulation of the EDF
method, the energy kernel is derived from a pseudo-
Hamiltonian that reads, in an arbitrary basis, as

pseudo = lTl(jl) i (33a)
+ 5 Z a'aTvl(ﬂ)dalak (33b)
T ijkl

+_. Z a;a ljklmna”amal +o, (339

ijklmn

where

) = (iIf1)), (34a)
viy = (ij|0nlk)., (34b)
Vi = (ijk[D123]Imn), (34¢)

denote matrix elements of the effective one-body kinetic
energy operator and non-antisymmetrized matrix elements of
two-body, three-body ... (density-independent) pseudopoten-
tials. In the present work, we do limit ourselves to two- and
three-body pseudopotentials, but the further extension of the
formalism to four-body and higher operators is straightfor-
ward, though cumbersome.

The corresponding SR,
computed as

i.e., diagonal, EDF kernel is

E = (®|Hpsendo| P) (35a)
= E[p, k, k] (35b)

and takes the form of a functional of one-body density matrices

pij = (Plaja;| @), (362)
kij = (Plaja;|P), (36b)
= (®|a]al|®), (36¢)

by virtue of Wick’s theorem [72]. The normal density matrix
is Hermitian p;; = p}fi , whereas the anomalous density matrix
is skew symmetric k;; = —Kj;.

Multireference calculations invoke an extension of the SR
EDF kernel to define the off-diagonal kernel involving two
different Bogoliubov states. As opposed to hybrid and general
functionals [73], such an extension is formally straightforward
and unambiguous for a pseudopotential-based parametriza-
tion. By virtue of the generalized (i.e., off-diagonal) Wick
theorem [12-14], the off-diagonal energy is obtained from
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Elp, k,k*] by replacing the density matrices of Eq. (36)
with transition (i.e., off-diagonal) density matrices [5], and
multiplying the entire EDF kernel with a norm kernel.

C. EDF kernel in a configuration basis

When evaluating Eq. (35a), the resulting terms can be
grouped according to their content in normal and anomalous
density matrices

Elp,k,k*] = EP + EPP + E** + EPPP 4 E¥<P_ (37)

There are several equivalent possibilities of how these can be
expressed. We choose a form where each given product of
density matrices appears only once and where the antisym-
metrization is done explicitly in the matrix elements by virtue
of the antisymmetrization operators fllz, flm, and ./21{%3 of
Eq. (28)

EP =) (ilf1j)pji. (382)
ij
1 ~
EP = 23 (ijlonAnlkl) pipy. (38b)
ijkl
I, \
B = 2 ) (i 1olkl)a (38¢)
ijkl
1 A
=7 Z(ij|ﬁ12A12|kl)Ki*ijlv (38d)
ijkl
1 "
Ef =< > (k|23 Aasllmn) pri pmjonic: - (38e)
ijklmn
1 " A
E? = = ) {ijkIAR 0103 A llmn) i scim e (38)
ijklmn
1 N
=5 2 (kD A limn)cicimpn (382)
ijklmn
1 "
=7 2 (ijklos Apslimn)iimpu.  (38h)
ijklmn

Exploiting relations (21) and the cyclic nature of the particle
trace in expressions containing normal density matrices only,

e.g.,

> ij1Prdu kD pipy =Y (ij10nPolkD ey, (39)
ijkl ijkl

as well as the skew symmetry of the pairing tensor, antisym-
metrizers and exchange operators can be placed either to the
left or to the right of the pseudopotential according to what is
shown in Egs. (38).

D. Symmetry under particle exchange

Because we are dealing with identical particles, pseudopo-
tential operators must be symmetric under the exchange of any
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pair of nucleons, i.e.,

(40a)

U3 = Upy3 = U3 = Ugp1 = U371 = U373, (40b)

where the bar over a certain set of particle indices indicates
from here on the symmetry of the operator under any permu-
tation within that set. In matrix elements, exchanging particles
corresponds to exchanging the complete set of associated
single-particle quantum numbers in both the bra and the ket.
This leads to symmetry properties of the kind

(ijl0malkl) = (jildzllk), (41a)
(ijk|Dyszllmn) = (kij|Oyz|nlm). (41b)

When constructing a two-body Hermitian operator out of § and
relative momentum operators, along with exchange operators,
the symmetry of the potential under particle exchange is
automatically fulfilled. When the three-body potential is
constructed from the same two-body building blocks, its
symmetry under permutation of the particle indices is not as
automatically fulfilled. This property, however, can always be
enforced by constructing the pseudopotential as the sum of
six permutations over the particle indices of a nonsymmetric
potential },;. More convenient for our purpose is to take
advantage of the fact that any fully symmetric operator d{35 can
be decomposed into the sum of three parts that are symmetric
under the exchange of two particles,

Uiz = Uiz + Up3p + U3 (42)

We use this property to build explicitly di3;, with the other
two parts being obtained through the application of two-body
exchange operators

U135 = U733 + Pa3iz3 Pas + Piadiz; Pis. (43)

Invoking the skew symmetry of « [Eq. (43)] allows one to
rewrite trilinear contributions to the EDF kernel in terms of
D735 only, i.e.,

1 A
E = = 3 {ijklops Avs|lmn) pii o oni (44a)

ijkimn

EKK,O

1 o A2 A2 *
> Z (l]klA&vﬁ;A&|lmn)/<l-j/qmp,,k. (44b)

ijklmn

IV. BUILDING THE PSEUDOPOTENTIAL

In this section, we describe the setup of two- and three-body
Skyrme-type pseudopotentials containing up to two gradient
operators.

A. Generic structure

We build Hermitian two- and three-body operators out
of two-body §, relative momentum, and exchange operators
such that symmetries listed in Sec. I A are fulfilled. To
the best of our knowledge, all earlier attempts to construct
Skyrme-type three-body contact interactions were limited
to operator structures where 33 is set up by inserting an
additional § function into a subset of the standard two-body
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Skyrme interaction [25,54-63]. As seen below, this does not
generate the most general set of three-body terms.

We separate two- and three-body pseudopotentials into a
sum of terms that all are functions of the elementary two-body
operators, i.e.,

Z P kD, 51,), (45a)
pluiyit ZO @ p r
Z 123 123 ¥ kl; ’ k2§ ’ klg ’ 8 3823]' (45b)

The index i labels the possible coordinate-space structures,
i.e., terms with a different content in gradient operators. The
number of such terms is limited by the number of interacting
nucleons (i.e., two and three in the present case) and the
number of gradient operators allowed (i.e., up to two in
the present case). Each of these can be combined with a
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large number of distinct combinations of two-body exchange
operators, represented by 2" and i,

B. Structure in coordinate space

Each function UE

t; and x;;, and each function 6’1;23 contains a set of parameters
denoted as u; and y;;. Parameters #; and u; represent the
overall coupling strength of a given coordinate space operator,
whereas x;; and y;; weigh the possible combinations of spin-
and isospin-exchange operators, labeled by ;.

We first specify the dependence of functions 0% and 9,
on gradient operators and § functions by forming all possible
Hermitian scalars. Using for now the most simple spin and
isospin dependence under the form of unit operators in spin
and isospin space, one obtains

contains a set of parameters denoted as

A%(ﬂlmw 872) =1, 5q012: (46a)
055 (12.04- ]?g)’ 8,) = ﬂ2~04%(21T2 : zfzgiz + 812212 : 212)’ (46b)
ﬁ%z(ﬂlaq’ ]_21(;)7 1) = ﬁlaqzﬁng '212’ (46¢)
for two-body terms and
013 (13,09 813853) = 13.048738%, (464)
03 (3,09 Zl(;) §363) =13 04%(]?;[2 ]? 281385 + 3r3323k12 klz) (46e)
0033 (13,04, ]_21(;)’ 813653) = ﬁ3,aqzl-r2‘§f38£3 '2121 (46f)
07 (T304, kz(;)’ kg)’ §383) =13 aq%(izzg leS 305 + 87 553213 ']223)7 (46g)
07 (I3.04- km kg)’ §1363) = J13«”12(]‘ 37385 k23 + kza 383 - /?13)7 (46h)

for three-body terms. The list of arguments has been reduced to those that each function actually depends on.

C. Structure in spin and isospin spaces

As the next step, we deduce the most general operators f’l{é"’x"} and ﬁl{;g‘y " that accompany each term in Eq. (46). For terms

involving two Hermitian conjugate contributions, one has to employ P! or ﬁ]{g"‘” for one and ﬁl{é”x"” and 131{33

other, such that the overall operator remains indeed Hermitian.

Y for the

A priori, the most general form is given by the sum of two- and three-body terms obtained by multiplying position-, spin-,
and isospin-exchange operators in all possible ways. In the end, P 5} and f’l{;‘g‘y " can be expressed solely in terms of spin- and

{ti,xi}

isospin-exchange operators by virtue of Eq. (30). While P
defined in Eq. (22), the same does not hold in general for P1;§ il

and 2,
ﬁ%’xi} =1

plui.yi}
P123

(ﬂz +)C,‘1ﬁf2 ‘|‘Xi2ﬁ1qz +xi3ﬁf‘2ﬁ1qz),

= Pl{;”x'” derives from the Hermiticity of exchange operators

, because products of exchange operators of the same type (i.e.,
space, spin or isospin) associated with different pairs of particles do not commute.

All terms in Eq. (46) but those entering 6%3 are individually symmetric under the exchange of particles 1 and 2 such that
they have to be joined by a spin-isospin operator that itself is symmetric under such an exchange. These considerations lead
to the following general spin-isospin operators acting on H, and H3 that are symmetric under the exchange of particles 1

(47a)

_“i[ﬂ3+y1‘113102+)’i2(P13+P23)+yl3(P12P + P PS) + yino Py
+y511ﬁf72131qz+y512(Pf§P1qz+Pi‘3P1qz)+yil3(P1az

P Pl + P162P203P12) + yi20(131q3 + 132‘13)

+yio1 (PPl + PLPY) + yia (P Py + P PYL) + yios (PR P + Py L)
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+ yioa (PO PG Py + PO PSP + yios (PY, PSPl + PY PG PRL) + yiso (P P + P, PY)
+ it (PR PYL Pl + P PY PY) + yisa (PR P PE + YL P PYL) + visa (Y P, P + Py P PLL)
+ yisa (PR PG PYL Py + P P PYL PRL) + yiss (PR P P, P + P P L P (47b)

As for terms entering 9%, we have to introduce two other functions of spin- and isospin-exchange operators, the first of which
only depends on particles 1 and 2, whereas the second one depends on all particles and is not symmetric under the exchange of
particles 1 and 2,

ﬁ]{gé Z‘ = (]13 + y:1P12 + y12P12 + yz3P12Pf’2) (48a)
ﬁl{%z = u; (Y Py + vis PR PG + yinn PG PY + yiis PR PL PY, + yioo PYy + yiot P Py + vio PP P
+ i3 PL PSSy + yina PY PR P + yins PPy P P + yiso PY, P + vis1 P P, P

+ i PR PL Pl + yiss P P Py + yisa PR P P Pl + yias PR P P Py). (48b)
It has to be noted that
plui,yi} plui,yi} {ui,yi} plui,yi}
P57 = P, +P123b + P35y s (49)
i.e., operators Plz’3 Fand Pl3y7) are nothing but subparts of P oy . Also, one has that P53 = Pl

_ Whenever a given term dlsplays good parity under the exchange of the spatial coordlnates of particles i and j, one can replace
P}, by 1 in its matrix elements a priori. For instance, it can be easily seen that ¢ changes its sign under particle exchange;

hence, it has negative parity. As a consequence, one can make the replacement UEP = %2 in its matrix elements. Whenever

such property can be exploited, one can use Eq. (30) to re-express ﬁq in terms of 13" This can be done in Eqgs. (46a), (46b),
(46¢), (46e), and (46f) for Plz, as well as in Eq. (46d) for P12» qu3, and qu3 In the end these considerations bring P{t’ i) and

P into the simpler form,

123
P = (1o + xi PD), (50a)
Pl{;’;; = u;[1s + yi1 Y + yio (PP + PG + vis (PR PY + PO PG, (50b)
Pl{;‘w’ = u;[13 + yi1 PG + yio (P + P3y) + vis (PR PP + PO PS) + vioo (P + Psh)
+ vt (PR PY + PGP + vina (PG PY, + PSP + vios (PGPS, + PSPLL)
+ yioa (PG L PY + PO PG PL) + yios (PO PR Py + PP P PY) . (50c)

No such reductions, however, are possible in Egs. (46g) and (46h). In the end, the complete exploitation of the symmetry relations
listed above leads to the following set of the most general possible structures,

09, = P, (51a)
12 = %P{tl o [kT 2:28?2 +8T2]§'12 : 212]’ (51b)
9127 = T;;Z klzgiz : 7312, (51c¢)
for two-body terms and
00, =3[P+ P 8158 (51d)
Ai23 = %[ A%;,;]}’Tkﬁz ]? 813523 + P1;31 ;'}5'3523/‘12 /_22] (51e)
ﬁ%@ = %[ AT;;'ZZH + 131{*;; ,;2 ]k125{3553 2127 (51f)
ﬁ%n = %[ Al{zl; ym;; klz‘ST%‘Sg% + PIZ; M}‘sr 5r3k13 k23] (51g)
0%3 = %ﬁl{g o [k1T3 1365 'k23 ‘H?; 813855 - k13]

+ 3[Rl Bl KA -k + LRSI o Bl S8, - Ko

%[ ?34' 242 St Pl;; B ]]? 87385 '213 [ﬁ{g B o Pzg 242}]2123?3353 '2237 (51h)
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for three-body terms. At this stage, ¥z is defined out of six
coupling constants, whereas 733 includes altogether about 70
parameters. The two-body terms correspond already to the
final form of Skyrme’s standard central two-body vertex. For
the three-body pseudopotential, however, it can be expected
that many terms are, in fact, linearly dependent. Further re-
dundancies among these terms, however, become increasingly
difficult to detect, and we do not attempt to find them by
hand. Instead, the task is carried out by a formal algebra code
that constructs first the complete energy functional deriving
from Eq. (51) and then analyzes the correlations between the
original terms in the pseudopotential.

V. DERIVING THE EDF KERNEL

We now provide the full expression of the EDF kernel
obtained from the two- and three-body pseudopotentials
given in Eq. (51). The mathematical steps actually taken
by the numerical code to derive the results are sketched in
Appendix C. Correlations among the terms in the original
pseudopotentials are then identified using a SVD. This allows
us to deduce a set of linearly independent central three-body
Skyrme-like pseudopotentials.

A. Ingredients of the EDF kernel

1. Density matrices
In coordinate representation, the normal and anomalous
one-body density matrices read

poq,7'a'q)) = (®lal

Plo'q

=Y ¢iF'd'd ) Foq)p. (52a)
ij

/a70q|cb>

k(Foq, 7/0/6]/) = (Plarioq Giog|P)

= ¢;(F'o'g)p(Fog;.  (52b)
ij

We assume pure proton and neutron density matrices, such

that p(Foq,7'0'q") = k(Foq,7'0c’'q’) =0 when g # q'. As

already noted, the normal density matrix is Hermitian, i.e.,
>0 )

p(foq,7'0'q’) = p*(F'o'q’, Foq), whereas the pair tensor is
skew symmetric, i.e., k(Foq,7'0'q") = —k(F'o'q’, Foq).

B. Nonlocal densities

When assuming pure proton and neutron single-particle
states, the most straightforward representation of the densities
is obtained in terms of proton and neutron densities. In this
case, nonlocal normal and anomalous densities take the form

pgF 7= p(Fog.7log). (53a)
squF, 7 =) pFaq,7'o'q)o'16]a),  (53b)
PP F) = 26k(Foq.7'5q), (53¢)
S0P, 7)) = iZ&’K(?Gq, 7'5'q)(o’16,|0).  (53d)

o'c
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One further introduces kinetic densities

T F P =Y Vi uVirupg (7,7, (53e)
u
TywF 7)) =D Vi Virusgo (. 7). (53f)
I
TG F) =D Vi ViubgF. 7)), (53g)
1
TywG P =D Vi ViruSgo (7). (53h)
and currents '
Jqu T = —%(Vm = Vi)og(F, 1), (531)
Jquw(F, 1), = —%(Vau = Vi sgu @ 7, (53))
Jgu@ 7)) = —%(Vau = Vi (F, 7, (53K)
Ty 7' = —%(Vm = Vi )80 7, (53D
where 6 = —o. Greek indices taking values x, y, or z refer to

Cartesian components of spatial vectors and tensors. Densities
without Greek index such as p and g are scalars. Densities
in Eq. (53) denote nonlocal matter, spin, pair, pair-spin,
kinetic, spin-kinetic, pair-kinetic, pair-spin-kinetic, current,
spin-current, pair-current, and pair-spin-current densities for
a given nucleon species ¢, respectively.

The particular definition of the pairing densities g,(r,7")
and §,, (7, 7") involves the time reversal of coordinates 7 'a’q’,
which is done to provide a compact representation of the EDF
kernel derived from contact interactions in terms of a local
densities, which cannot be achieved in terms of ¥ owing to its
being skew symmetric [23,66].

The nonlocal pair density is symmetric under coordinate
exchange, whereas the pair-spin density is skew symmetric

154(?/7 ?) = +15£](?7 7/)7 (543)

Sy F) = —=5,,(F, 7). (54b)

Instead of constructing them from the pair tensor (52b), the

pair densities could alternatively also be derived from a pair
density matrix defined as [23,66]

p(roq,7'a'q") =20'k(Foq,7'0’q). (55)
The full normal and pair density matrices can be expressed
in terms of the nonlocal densities, which is equivalent to
expanding a complex 2 x 2 matrix in spin space over the unit
matrix and Pauli matrices, which together form a complete
basis of that space,

p(foq,7'c'q")

= oy 7 N8eor +5,(F, ') - (015107) ]840, (562)
proq,r'c’'q")
= 3[Bg(F, FNoo0r +54(F, 7)) - (o]0 ]07)]844.  (56b)

C. Local densities

Ultimately, the expression of the EDF kernel in-
vokes local densities obtained from the nonlocalones
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through
P,(F) = P,(F,7), 57

P,(F) = P, (7, 7), (58)

where P, and 75q represent any of the normal or anomalous
densities in Eq. (53). The local pair densities Sy0(P), T, o (F),
and j, M(?) turn out to be zero,

S (P) = Ty o(F) = Jgu(F) =0, (59)

because the corresponding nonlocal densities (53) are skew
symmetric under the exchange of ¥ and 7' [Eq. (54)].

Single-reference EDF calculations based on time-reversal-
breaking quasiparticle vacua [Eq. (31)] involve pair densi-
ties that are, in general, complex. The energy being real,
the EDF kernel necessarily contains also their complex
conjugate deriving from g} (7, 7') = 3_, 26«*(Foq,7'6q) =
Y, 26(®lal, al, 1), etc.

Foq"r'aq

D. Isoscalar and isovector densities

We now recouple the density matrices to isoscalars and
isovectors, which allow for a more transparent representation
of the physics contained in an energy functional,

P, F) =Y pFog,Flog), (60a)
oq
praF P =" p(Foq,F'og ) ta gy, (60b)
aq'q
sou(F P =Y p(Fog,7'o'q)ouon, (60c)
o'oq
Sl.a.v(;:’ ;:/) = Z P(FUQ, ?,O—/q,)o—v,ﬂ/ﬂfu,q’q’ (6Od)
o'oq'q
poF. 7y =Y 46qx(Foq.F'5q), (60e)
aq
Ora(F, 7 = Z 456G’k (Foq,7'6q ) Taqq, (60f)
oq'q
Sou(F. ) =) 46'Gk(Foq, 75 9)0v00s, (60g)
o'oq
SLavFF) = Y 46'G'k(Foq. 7570000 Taqq. (60h)
o'aq'q

where 0, ., = (0'|6,|0) and 1444 = (¢'|Talg) are matrix
elements of spin and isospin Pauli matrices, respectively,
whereas § = —gq. Densities with index 0 are isoscalar, whereas
densities with index (1,a) are Cartesian components of
isovector densities, with the index in fractur labeling its
components a € {1, 2, 3}.

In this representation, local densities are obtained in the
same manner as above in Eq. (57).

When limiting oneself to pure proton and neutron density
matrices as done here, it follows that [69,70]

(1) the first (a = 1) and second (a = 2) isovector compo-
nents of all normal densities are zero,
(i1) all isoscalar pairing densities are zero,
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(iii) the third component (a = 3) of all isovector pairing
densities is zero.

For the sake of compact notation, normal isovector densities
are written without reference to the isospin component

p1 = P13 (61)

in what follows. For pair densities, however, the index for the
third isospin component has to be kept.

E. Link between the two representations

The definition of the pair densities in isoscalar/isovector
representation labeled with a “breve,” such as g;(7), differs
from the ones labeled with a “tilde,” such as ﬁq(?), by
a transformation in isospin that is the homolog of the
transformation in spin space that leads from k (Fo g, 7 'o’q’) to
p(foq,7’0’'q’) [69,70]. Both transformations are performed
to obtain local pair densities from the skew-symmetric
k(foq,7'a’q’). As long as densities are represented in
proton-neutron representation, only the transformation in spin
space is needed, whereas the recoupling of the local densities
in isospin space requires also the transformation in isospin
space. For any normal density P, the transformation between
the two representations is given by

P = 5(Po+ P1),
Pp = 3(Py— Py).

(62a)
(62b)

The first (731,1) and second (751,2) isovector components of
the pairing densities are related to neutron and proton pairing
densities P,, g € {n, p}, according to [69]

7511 = %(751,1 + i751,2)s
751, = %(751,1 - 1751,2).

(63a)
(63b)

F. Deriving the energy functional

The analytical derivation of the EDF kernel from the three-
body pseudopotential considered here is more cumbersome
than for the usual two-body Skyrme pseudopotential. The main
reason relates to the large number of terms obtained by multi-
plying the antisymmetrizer A3 with the exchange operators
of Egs. (48), (48a), and (50). Still, the intrinsic difficulty of
calculating each individual term is the same and, for most of
them, the evaluation can be done in the same manner as for the
two-body Skyrme interaction. A slight complication arises in
a small number of terms where position-exchange operators
cannot be directly replaced with 1 in the matrix elements.
For those terms, one has to pay additional attention to which
nonlocal density the gradient operators do act.

In the end, the main challenge is to handle the sheer
number of terms to be evaluated. The numerical code that
performs the necessary algebraic manipulations is based
on shape recognition and has been written as a Unix shell
script [65]. To present how the calculation proceeds in the
code, Appendix C lists the steps to be taken to reduce the
matrix elements of the pseudopotential to an EDF kernel that
depends on local densities only for a few typical terms arising
from the three-body pseudopotential.
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G. Redundant terms in the pseudopotential

Having derived the energy functional from the two- and
three-body pseudopotentials, we are now looking for strict
correlations between its terms. The analysis is performed at
the level of the EDF kernel, i.e., examining whether the energy
functional deriving from different potential terms are linearly
dependent. To do so, we apply the SVD to the matrix relating
the coupling constants multiplying each term in the EDF
kernel to the set of parameters entering the pseudopotential.
Whenever such a correlation is identified, the number of
independent terms in the original pseudopotential is reduced.

Two-body terms in Eq. (51) serve as a consistency check
for the procedure. In this case, the formal algebra code gives
the well-known energy functional of Refs. [23,69,70], and
the correlation analysis confirms that all terms are linearly
independent, as expected.

Most of the redundancies in the three-body pseudopotential
are easily identified given that the functional obtained from one
term is often directly proportional to the functional derived
from another term; see Table I for the identification of such
strict proportionality. For a smaller number of terms, however,
only the SVD can reveal their more intricate interdependency;
see Table II. For example, the energy functional obtained
from the term with parameter u;yy; in Eq. (51) equals the
sum of the energy functionals obtained from the terms with
parameters uy, U o1, and u, yop with relative weights —1, +2,
and —1, respectively. The two terms containing a single spin
or isospin-exchange operator in 131{%;’20} [Eq. (51d)] give an
energy functional that is zero. The term with simultaneous spin
and isospin exchange (or, equivalently, a position exchange)
in Eq. (51d) provides the same energy functional as the
term without an exchange operator, such that the three-body
term without gradient is in the end defined by a single free
parameter, as expected from earlier studies [8,59]. Last, but
not least, it turns out that all gradient terms of Eqgs. (51g) and
(51h) are fully correlated to those in Egs. (Sle) and (51f),
respectively.

TABLE 1. Equivalent terms in the three-body
pseudopotential of Eq. (51).

Term Correlated terms

Uo <~ UoYos

UoYo1 <~ UoYo2

uj <~ Ui y13, Uzy3o, U3yss, U1 yiz1, U1y122,
U3z ys21, Uzy3z, U1y123, U3Y323

uiyn <~ Ui yi2, U3 ysr, Us3ys, U1yi20, Ui1yi25s,
U3 Y320, U3y325, U1Y124, U3 Y324

23] <~ Ug, U4Y43, U5Y520, U6 Y622, U2Y2225
U5Y534, Ue V634

Uz y21 <~ Us5Y52, U5Y513, U6 Y625 U5Y5205
U6Y620, U2Y225, U5Y525, U5Y531,
U6 Y624, U2 Y224, U6 Y6325 U6 Y633

Uzy22 <~ UsYa2, U6 Y613, U5Y532, U5Y533

Uz y23 <~ Usys12, U Y612, U5Y530, U5)535

Uz ¥220 <~ U4Ya1, U5Y524, U6 Y625, U6 Y631

Uz y21 <~ U5Y53, UsY521, U6 Y621, U6 Y635

Uz y223 <~ Y63, U5Y523, U6 Y6235 U6 Y630
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TABLE II. Correlations between terms of the pseudopotential
Eq. (51). See text.

Term 175 Uzy21 Uzy2
Uryr3 = —1 +1 +1
UzY200 = +1 -1
Uz Y1 = -1 +2 -1
Uy23 = +2 -3

H. Final form of the pseudopotential

The irreducible set of central three-body operators contain-
ing two gradients is not unique as there are many equivalent
possibilities to select independent terms. For consistency with
the standard representation of the central part of the two-body
Skyrme interaction,

ﬁﬁ = l‘o(ﬂz + xoﬁf‘Z)SIZ (64a)

oA ~ B A S
+ 5 (L2 + 20 P) (k5 8+ 5, kD) (64b)
—+ 1 (ﬁz + xzﬁ&)%f2 STZ . %12, (64¢)

we choose a form that contains only spin-exchange operators.
This leads to

153 = 1o 87385, (64d)
+ %(Tb + 3 Pp) (2522 573855 + 313353;122) (64¢)
+uz(1s + Y2113102)]§1T2 813855 - 212 (641)
+uayn (Pl + 132%)]?1*2 813855 - 2127 (64g)

where ug, u1, y1, U2, y21, and yy, denote the final set of free
parameters complementing #y, Xg, f1, X1, 2, and x,. There are
altogether 12 parameters for the central terms.

The complexity of the final three-body pseudopotential is
tremendously reduced compared to the original expression
[Eq. (51)]. As a matter of fact, its spatial content can be
obtained by inserting a mere § operator 353 into the central
two-body terms. Still, the spin-isospin structure in Eq. (64g)
is richer than that of the corresponding two-body operator of
Eq. (64c¢), such that the form of the three-body pseudopotential
could not have been completely guessed by analogy with the
two-body terms.

Compared to three-body contact potentials with two gra-
dients studied in the past, our final form contains one term,
Eq. (64g), that, to the best of our knowledge, has never
been considered before; see Table III. As a matter of fact,
most published work considered an even smaller subset.
Most importantly, these earlier works [54—58,60,62] discussed
only nuclear matter and/or spherical nuclei and ignored the
possibility of pairing correlations, such that they present only
incomplete expressions for the energy functional and the
corresponding one-body fields.

I. Energy functional

Starting from a Skyrme-like pseudopotential, each term of
the resulting energy functional can be expressed as the integral
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TABLE III. Three-body terms in Eq. (64) labeled by their
parameters that have been considered in earlier work as indicated
by +.

Reference Ug 7 Uy Uz Uz y21 Uz y2
[54] + + - - - ~
[55] + + - - - _
[56] + - - + + -
[60] + + - - - ~
[57] + + - + + -
[58] + + - - - -
[62] + + + + + —
over a local energy density, i.e.,
Ef = / &r £ (), (65a)
EFP = / d’r EPP(F), (65b)
E<° = / d’r £ (7), (65¢)
EPP = / d’r EPPP(F), (65d)
EX = / d’r 0 (F). (65¢)

We give now the energy functional in a representation using
isoscalar and isovector densities. Its representation in terms of
proton and neutron densities can be found in Appendix A.

1. Linear part

Omitting the argument 7 of the local densities for
brevity, the linear energy density associated with the effective
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one-body kinetic energy operator is given by

h2
EP = %1’0. (66)

2. Bilinear part

The normal part of the bilinear energy density is well known
and reads

£ =3 [Af pior+ ALpit+ A (V) - (V)
t=0,1
+ D A D di + A5 S+ AT T,

iy
+ ALY A,V‘Y(V,Lst.n(vus,,v)} . (67)
nv
whereas its anomalous part is given by
£ = X |8 ubia t AT o+ AT
a=1,2
+ AVﬁ(%Ib’ia) : (%ﬁl,a) + Z Aj‘il*,a,ﬂvjl,a,ﬂv]'
" (68)

The relations between the coupling constants of the energy
functional and the pseudopotential parameters are listed in
Tables IV and V.

3. Trilinear part

The normal part of the trilinear energy density reads

PP = Z {Btpptptpo + stgt - 8o + B;PtTtPO + B,U'Ctgt - 5o+ B,TEt - Tipo + B,T; 5 Trpy

t=0,1

+ B (Vo) - (Vodeo + Bl Ji - o + Y [BY (Viust ) (Viust)po + By (Vo) (Viusin)so.s

Y

Vps
+ th'

(V/Apt)(vusf,v)sl,v + Btj Jt,;w-]t,;wp() + szsjl,ujt,/wso,v + Bljt’sjz,ujf,uvsl.v]

+ Z Gm[BrV‘VJ(VMSz,v)Jz,MSo,K + B;”(Vust,u)ff,uxsl,;c]} + B}yS1 - Sop1 + Biypi1top1 + BiTos) - 51

HUVAK

+ Blvop(%pl) - (Voo)or + Z B (Vus1,:)(Vyuso.0)p1 + Blj();l - Joo1 + Z B{oJ1 i Jo o, (69)

Y

whereas its anomalous part is given by

Y

g0 =3 {B{fﬁiﬂamapo + BEE} Brapo + BBl o trapo + BY Bt oBraTo + By L(VT L) - (VLa)po

a=1,2

50 o o d 3*V 5 o = = RN v, Ll = v ird Vo7 o = o ird
+ By PVt e (Vo) + By Bt o(Vira) - (Vo) +iBy " (VT b - Jo+iBy ™ 5t o (Viia) - Jo

. 9 Frp . 5T ow v vt . .
+ Z [B()JJl*,a,MVJl,a,y.WOO + Bo le*,a,,,,Vpl,aJO,uv + Bé) pik,a-ll,a,;wJO,uu + IBO ? (vupiu)]l,a,/wso,v

ny

s VS vk o - J*Vs ¥x o spJVs <k ¥
+ 1BO ‘Il,a,uu(v,upl,a)SO,v + 1Bo Jl,a,uupl,a(vp,SO,v) + 1Bo pl,a-ll,a,,uv(vuso,v)]
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. 2. ¥ v . 0 o o . i* o v . ¥ o 9
+ Y e iBy ‘YJlfa,,le,u,MSo,K]} + Y Zfabc{lePT,apl,bpl,c +iB| ¥ oPrep1,c + 1B ] T

JLVAK a,b=1,2 ¢=3

+iB{ B} o BroTrc +1B) (VAT ) - (VBLe)pre +iB) " (Vi Db - (Vor.e) +iB] 5} o(Vire) - (Vpr.e)

Vi v = Vij« < v s st ¥ ¥ R 7 o
+Bl r j(V,OT,a)PI,b *Jle + Bl pj/OT,a(VPl,b) cJle + Z [1Bi]]]*,u,uv~]l,b,uvpl.c + lBl pjl*,ayuvpl,bjl,c,;w

Y

o ex ¥ vptJ o 2 J*Vp v o
+1B]p quaJl,b,y.v-ll,c,p,v + B] r (Vupia)-]l,b,uvsl,c,v + B] p-lia,l,,v(v,upl,b)sl,c,v

¥* 4 o y o v y2 v v
+Blj Vsjl*,a,ﬂupl,b(vusl,c,v) + Bljvsp;uJI,b,;w(vuSl,c,v)] + Z Eka[Blj Sjl*,a,ﬂvjl,b,;msl,c,x]}- (70)

Sums over Greek indices run over x, y, and z components
of spatial vectors, whereas sums over indices in fractur are
over isovector components. In the normal part of the trilinear
EDF, the notation 7 is such that # = 1 (0) whenever t = 0 (1).
Coupling constants are related to pseudopotential parameters
according to Tables VI and VII.

4. Discussion

A few further comments on the structure of bilinear and
trilinear contributions to the EDF kernel are in order.

In the case of pure proton and neutron density matrices,
as considered here, only a pairing functional of isovector
character remains [69,70], as all isoscalar pair densities are
zero; see Sec. V D. The generic isospin structure of the terms
containing isovector densities is

Zpl,a e =P13Pi3, (71a)
a

Y PlPla=PLPL+ PP (1)
a
TABLE IV. Coefficients of the normal part of the bilinear EDF

kernel [Eq. (67)] as a function of the parameters of the pseudopotential
of Eqgs. (64a)—(64c). Missing entries are zero.

Ty foXo n hx 1) Xy

P 3
Ay = +3

P _1 _1
Ay = 8 i

s 1 1
Ay = 8 +y

s _1
Al = 5

T 3 3 1
Ay = +16 16 +3
T _ L _1 1 1
Al = 16 8 +16 +3
T _ _1 1 i 1
Ay = 16 +3 BT +3
T o_ _ 1 L

Al = 16 +16

Vo _ 9 _5 _1
AO = +64 64 16
AVP — _3 3 _ 1 _ L
1= 64 32 64 32
Vs _ _3 3 _ 1 _ L
AO - 64 +32 64 32
Vs __ _3 _ 1
AP = 64 64

jo_ _3 _3 _1
Ay = 16 16 4
VA 1 1 _L _1
A = +16 +3 16 3
J 1 _1 _ 1 _1
Ay = +16 8 16 3
J 1 _ 1

Ay = +16 16

HUVAK

> PraPi Py = P3P 5Py (71c)
a
Y PraPr Py = (PE P+ PELPLPY. (1)
Z eabtfpfaﬁi,hpi/,c = (75i1751,2 - 751*,2751,1)7){/,3- (71e)

abe

Equations (71a) to (71d) correspond to scalar products of
two isovectors coupled to isospin zero (and which might be
multiplied by a normal isoscalar density), whereas Eq. (71e)
displays a triple product of three isovectors that are thereby
also coupled to an isoscalar.

As all pair densities are, in general, complex, all terms
containing two different pair densities P* and P’ taking the
form P*P’ + PP for the functional kernel to be real.

The bilinear part of the functional does not contain all
possible combinations of local densities compatible with
spatial symmetries [15,69]. Indeed, some of those combina-
tions only emerge in the functional derived from spin-orbit
and -tensor forces [28,34]. The same applies to the trilinear
part of the functional. We postpone the discussion of spin-orbit
and -tensor terms to a future publication [64].

There are two equivalent ways of writing the terms with
derivatives of local densities in the bilinear part of the EDF, i.e.,
the third and last term in Eq. (67) and the last term in Eq. (68),
which differ from each other by an integration by parts [15].
Usually, these terms are expressed in terms of Laplacians
[3,15,28,30,34]. Trilinear terms, however, do not offer such
a freedom. For internal consistency, we thus define associated
terms in the bilinear part of the EDF in terms of first derivatives
of local densities, at variance with most of the literature.

Trilinear terms £°°° and £4“P display a much more complex
structure than would be obtained by adding a mere density

TABLE V. Same as Table IV, but for the anomalous part of the
bilinear EDF kernel [Eq. (68)].

) ToXo 13 hxy 5] Xy
T
a” = s
AT = + T
AV = tn —m
A’ +3 +3
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TABLE VI. Same as Table IV for the normal part of the trilinear
EDF [Eq. (69)].
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TABLE VII. Same as Table IV, but for the anomalous part of the
trilinear EDF kernel [Eq. (70)].

Ug uj Uiy U Uz y21 Uz y» Uo uj Uiy Up Uz y21 Uz y»
r_ 3 P _ 3
By = +16 By = +6
[ _3 o 3 3
By = 16 R s R s By = ta T8
T 3 15 3 3 T _ 3 _3
By = +3 +& +16 +3 By = +a 128
T _ 1 €1 _5 _ L _ 1 pTo_ 1 1 5 1 1
Bj, = 312 +312 614 116 312 By = +3 +a ta +16 16
T 1 _1 1 L _L vp 1 1 5 1 1
B 16 ) +35 +16 16 By)" = +35 — R +55 + —w
32 128 256 64 64
BYr — 415 _ 15 _3 _3 Vs 5 1 5 1 1
0 128 256 64 128 B," " = +3 + 35 — 75 & +&
Vo _ _5 4L 42 +L + L PVp 5 1 5 1 1
Blvo 64 32 128 3 64 By "= +33 +15 — 35 & +&
B’ = -3 -4 L -4 -2 Vit 1 1 5 1 1
1 - _ 1 _ L _ 5 _1 1
; 128 32 26 2 128 B, . o4 128 128 32 t5
By = LR T ~3 T gy +4 0 4 +3 +L L
Bl = 1 1 1 3 0 64 128 128 32 32
0 = 16 +16 +3 +i6 Bl = +2 +1 +L
B/ = +L _7 _ 1 _ 1 0 64 16
1= 32 64 16 32 7 1 3 1 1
By = -3 By "= &% —a "~ ti
0 16 Fidi 1 3 1 1
B, = +3 By = & & T T
s 3 vprf 1 3 1 1
By = 16 BOV = +s +13 +5 n
BT = _ 1 1 1 hs 1 J*Vp 1 3 1 1
BOT 115 + 312 + 312 +3 16 + ? B, = 128 128 32 +3
= += — = —= —= —= J*Vs _1 3 L _ L
BITO N 16 32 32 16 8 BOV = & + 135 +5 )
= % -3 JVs _ 1 _ 3 1 1
BT _ N | Bov ta 128 32 +3
1= 16 T3 B — +3 4L _1
BT — L L _3 L +3 9 b4 32 8
0 32 32 64 16 32 B’ = _3
s _ T 5 1 1 1= 16
By = 3 64 16 32 o _3 3
B = +
BT = +-L 4L 1 1 4L 1 64 128
1 16 32 32 16 16 B = _3 43
BYs — _ 35 +L 1 1 4L 1 64 128
[ 128 32 256 32 128 B" _ 1 _ 1 + L +L _ 1
BYS = +2 -1 +-L +3 L= 32 64 64 32 32
10 64 32 128 64 BY — _ 1 4L 4L +-L L
BYS — _ 3 A _L L 1 32 128 256 128 128
1 128 256 64 128 Bv,;*,; _ 5 1 1 1 1
BOV’” — _35 _ L 42 +L _5 1 - 128 T 128 T 256 T8 1%
s o 32 B 32 o B Vp _5 _1 __ 1 +-L
s _ _5 5 1 1 1 = 128 128 256 128 128
By, 64 +13 +5 ta v+ | | I 1 1
Vps 5 1 1 1 B — — +—= + = -
B — + 2 —+— += —+ = 1 64 128 128 64 64
10 64 128 32 64 V5j \ 1 1 1 1
Vps 1 _ _
BV — +3 +L 4L 3 B, +a +15 128 64 ta
1 64 32 128 64 p
Js 1 1 5 1 5 B/ = _3 L _3
By* = +76 +76 +3 +3 —T% 1= 64 32 2
Js _ 1 5 1 1 I _ 1 _3 _ 1 1
By = +1 +5 +3 +16 By "= ta 3 +35
A — _ 1 i 1 L vl 1 3 1 1
Bjy = 116 . +312 +3 +136 By " = 64 e 3 +3
B)s = _ L L 4+ —= vp*J 1 3 1 1
1 - L _3 _1 1
BV _ 16 16 _32 s +E BR* ) +13 128 64 t&
o= 64 32 k) Blj vp _L 43 4L —1
VsJ L _3 _ L 1 - 128 128 64 64
By = +16 64 32 +32 Bi*VJ‘ _ 1 _3 _ 1 _{_L
Blvo” = -+ — -4 +4 1 - 64 128 64 54
32 64 32 32 Jvs _ 1 3 1 L
BYsI — 1 _3 1 +L B = +& 1% & T4
1 32 64 32 32 72 3 1 1
. B § . —_ = —_
Bé — _% _é,i _% _312 — 64 16 32
Bj — _|_L _ 1 _|_i +l +l
10 . . . .
: 16 16 2 8 16 Keeping the coupling constants consistent with Tables IV,
B — 4+ 4 7 1 5
1= 32 16 64 8 =

dependence to the coupling constants entering £7° and £°“.
Although one can find trilinear terms that do have the structure
of terms appearing in the bilinear part of the functional times
0o(7), relative weights between isoscalar and isovector terms,
or between time-even, time-odd, and pairing terms, are not the
same as in their bilinear counterparts. This is a consequence
of Pauli’s exclusion principle that is fully preserved for energy
functionals deriving from a three-body pseudopotential, but
violated for functionals deriving from density-dependent two-
body interactions; see the discussion in Refs. [8,60] regarding
terms without gradients.

V, VI, and VII, the energy functional (66)—(70) is invariant
under arbitrary local gauge transformations; see Appendix E.
This property indicates the local character of the underlying
pseudopotential [14]. Galilean invariance, which is a necessary
requirement for interactions to be meaningfully used in
dynamical calculations such as time-dependent HF, is one
special case of the more general invariance under arbitrary
gauge transformations and therefore automatically fulfilled.
The first critical check that the formal algebra code is
proceeding correctly is provided by the fact that well-known
results (EDF, one-body fields, infinite matter properties)
associated with the central part of the (density-independent)
two-body Skyrme interaction are recovered. For the trilinear

064326-16



SKYRME FUNCTIONAL FROM A THREE-BODY ...

part, two nontrivial, though indirect, tests give us further
confidence; i.e., (i) the local gauge invariance of the EDF
kernel is exactly fulfilled as mentioned above and (ii) the
numerical code that tracks both the real and the imaginary
parts of the EDF kernel computes the latter to be strictly zero
for each Hermitian piece of the pseudopotential.

Properties of homogeneous nuclear matter, both symmetric
and asymmetric in isospin and/or spin, along with Landau
parameters, are discussed in in Appendix B. Additionally, the
energy functional in the often-used proton-neutron represen-
tation is provided in Appendix B, whereas the expressions for
the associated one-body fields entering the HFB equations of
motion are listed in Appendix D.

VI. CONCLUSIONS AND OUTLOOK

We have constructed the most general central Skyrme-type
three-body pseudopotential containing up to two derivatives,
derived the corresponding EDF (i.e., time-even and time-odd
contributions to the normal part of the EDF along with
the complete anomalous part) and one-body fields as well
as computed an extensive set of infinite nuclear-matter
properties. Our objective is to build EDF parametrizations
that derive strictly from (density-independent) two- and
three-body Skyrme-like pseudopotentials as required for
spuriosity-free MR calculations.

The main observations and conclusions of the present work
are as follows.

(i) The central three-body pseudopotential is defined out of
six independent parameters in total. Combined with the
central part of the two-body Skyrme pseudopotential,
this leads to a total of 12 parameters prior to considering
spin-orbit and -tensor terms.

(i1) The structure of some of the three-body terms contain-
ing gradients cannot be conjectured by just inserting
an additional § function into a two-body Skyrme
interaction of standard form.

(iii) The EDF trilinear kernel possesses a much more
complex structure than the functional resulting from
a density-dependent two-body vertex, in particular as
far as time-odd and pairing parts are concerned.

The main points for future studies are as follows.

(i) The structure of the effective three-body interaction
to be used in nuclear EDF calculations has been
investigated in Ref. [74] on the basis of a general
analysis of low-density finite fermion systems. The
starting point of the inquiry is the Lee and Yang
expansion of the ground-state energy of an homo-
geneous low-density fermionic gas governed by a
short-range two-body interaction [75]. Combining this
expansion with ab initio Green’s function Monte Carlo
calculations of dilute fermions in a harmonic trap, it is
concluded that the finite range and nonlocality of the
effective three-body interaction, resulting in a nonlocal
trilinear energy kernel, may play an important role
in inhomogeneous systems. Whether our much more
computationally friendly Skyrme-like parametrization
of the trilinear energy kernel based on a momentum
expansion to second order can fully account for these
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nonlocality effects remains to be demonstrated. The toy
system studied in Ref. [74] could constitute a useful test
case to address this question in the near future, at the
price of extending the analysis to the part of the effective
three-body interaction induced by genuine three-body
forces.

(i) The discussion regarding three-body spin-orbit
and -tensor pseudopotentials constructed along the
same lines as here will be given elsewhere [64]. These
do not contribute to bulk properties of nonpolarized
nuclear matter, but can be used to fine tune the
nucleon-number dependence of the shell structure with
more freedom than when using two-body spin-orbit and
-tensor interactions only [28,30].

(iii) A first tentative adjustment of the parameters of the
newly derived EDF kernel, complemented by the
Coulomb interaction, is currently under way [76].
The most important question to answer before pro-
ceeding further regards the capacity of the presently
developed pseudopotential-based EDF to give a satis-
fying description of bulk properties of nuclei, including
pairing correlations.

(iv) To avoid ultraviolet divergences, a contact interaction
such as ours has to be accompanied by a cutoff when
used in HFB [77] or beyond-mean-field calculations,
such as RPA, Quasiparticle RPA or many-body per-
turbation theory [78,79]. The preservation of the Pauli
principle, which is the prime motivation of our work,
demands that one and the same cutoff is consistently
used everywhere. An important question to be answered
will concern how to formulate such a cutoff that can be
efficiently used in all many-body methods of interest in
a representation-independent manner.

(v) When combined with a Coulomb energy functional
that contains exact exchange and pairing contributions,
the pseudopotential-based EDF constructed here can be
safely used in MR EDF calculations performing sym-
metry restoration and/or configuration mixing based on
the GCM.
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APPENDIX A: NEUTRON-PROTON
REPRESENTATION OF THE EDF

A widely used alternative to the representation of the EDF
kernel in terms of isoscalar and isovector densities presented
in Sec. V1 is a representation in terms of proton and neutron
densities.

1. Energy density

a. Linear part
The kinetic energy density is given by

hZ
5/’=EZT,{. (Al)
q
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b. Bilinear part
The normal part of the bilinear energy density reads

EPP = Z {Aplplpqpq +A,01ﬂzpqu _I_ASISlEq 'Eq _i_ASl»VZEq +A 1,01.[ Pq ~|—AT“02'L’ Pq + A 1Y1T —}—AT'YZT
q

+ AV (Vpy) - (Vo) + AV (V) - (Vo) + D [AY Y (Vs ) (Visg) + AV V2 (9,5,0)(Vias.0)

Qnv
4+ AN Ty v dg v —i—AJ'JZJq g, HV] + A]l]l ] +A1112 ,J_"q , (A2)
whereas its anomalous part takes the form
=3 |:A‘3 5, ATPE G, + AV g 5T AV - (Vp)+ S AT, ,} : (A3)
q nv

Index g appearing in the sums over nucleon species g denotes nucleons of the other kind, § # ¢g. The relation between the
parameters of the pseudopotential and the coefficients of the energy functional are given in Tables VIII and IX.

c. Trilinear part

The normal part of the trilinear energy density reads

gppﬂ — Z:Bmpmzp p p +Bb1blpzs qu +Bf1,01p21. ,0 ,0 +BT101ﬁ1.C p ,0 +Bflpzpz.c )0 p +B7"161/J2T quq
q

- - -

—|—BT‘W"T 5,00 + BYITE, 5, + BT, Sq + B S, 5, + BVmVplpl(%p ) (%qu)pq
—i—BVp‘Vp“oz(Vp ). (qu)pq + valvpzpl(qu) (qu)pq 4 lejmlj ] pg + Bjm/)zj ] 0g + lejzm]q jqpq
+ Y [BYV (V0 ) (ViuSg)pg + BY V(Y080 )(Viusg)pg + BV V2N (V15000 (Vusg ) pg

v
+ BV (V0 (ViuSg)5q.0 + BY Y2 (V00 (Vu5q.0)85.0 + B V21 (V,000)(V1055.0)84 0
+valvszsz(Vupq)(vﬂsq,u)sq,u‘Flejlpl Jq ,uVJq,/wpq +BJ1J1/02Jq /qu wPa +Blllzﬂ1 -]q ;w-[q,;wpq
+ lejlsqu-ﬂ‘]q,uvsq,v + lej]szjq,ujq,uvsé,v + B/ Jaudg.uvsqn + Bj]Jqu 1dg.uvsq., V]

VsiJis VsiJis: Vs Jps
+ § €k [B PNV Sq ) g uaSqe + BT (V g ) g uaSg e + BN (V usg 0) g, 108 .

HVAK
+ Bvslstz(vﬂsq,v)-]ci,#ksl?,"] > (A4)

whereas its anomalous part is given by

EXKkP — Z {Bﬁfﬁ,pz N*ﬁ 0 + BT]P])OI.L- ,5*/3 + BTzPIPI.L. ,5*/3 + Bf,*mmf*ﬁqp + Bﬁﬁf‘ﬁz-f ﬁ;pq

+BV”IV”"“(V 3 - (Vopg + BV 5y - (VB )pg + BV (Y B7) - (Vpy)dg
+ BV G,) - (Vo )y + BV (V) <qu>pq+BW‘Wl(Vp) (Vo)s;
+iBVﬁi‘-f1ﬁl<%ﬁ;)-fq,mq+IBVW'<V WE Jqpq‘f‘leP”‘p‘(V,Oq) JaBy + BV By - iy

+ Z [BJMP1 ‘i;,uujq,uqu + Bliie Jq*uvjq,wpq + BT Jq*uv‘]q,uqu + BIiho j;uujq,uqu
v
+ BN jq,;qu Ml’ﬁ; + B jq»uvjciﬁuvﬁ; + tiﬁTj]Sl(Vuﬁ;)jq,uvsq,v + tiﬁrj]sz(VMﬁ;)jq,#vsé,v

BV, 5T sq + 1BV BT g + 1BV (s, )T LB,

HiBY (Y 55 )T 1 By + 1B P (V50 )y o B+ 1BV (V055,00 g ]

q,1v q,1v

+ ) e[ iBI T Ty urso +iBIn g iq,,msw]}. (A5)

HUVAK

The relations between the parameters of the pseudopotential and the coefficients of the energy functional are listed in Tables X
and XI.
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TABLE VIII. Coupling constants of the normal bilinear part of
the EDF in neutron-proton representation [Eq. (A2)] as a function of
the pseudopotential parameters of Egs. (64a) to (64c). Missing entries

PHYSICAL REVIEW C 88, 064326 (2013)

TABLE X. Same as Table VIII for the normal part of the trilinear
EDF kernel [Eq. (A4)].

are Zero. Uo U uyi uz Uuzy21 Uz ¥y

PIPIPY — 3

o foXo 131 X 12} Xy B - + 4

BSis1,2 — _%
APIP1L = —|—i —i BTriAl — +% +% —%
AP = +5 +i Brrm — 41—l g +1 +3

1
ASIS1 — _1 +1 T1papr 1 1 1 1 _ 1
a i B = ts  tie  ts ti i
A2 = +3 BTisi,2 — _1 +L +1 +1 +1
- 4 16 8 8 4
AT = i T T T L +is +5  +
A = e RN
AT = —% +é +é +é BTS2 — _ L 43
: 16 8
ATIAZ = —|—é +% BT1s22 — _1 _ 1 _1 _ L _|_L
AV/J]V,O] _ _|_l 3 3 3 8 16 38 136 ]36
- 3 Y Y 3 BYAiVaor — -2 -2 +2
3 3 1 1
AVeIVR = +% +5 T —3  BVAVem — 43 L _1 _1 11
AVS]VS] _ 3 +i 1 1 32 16 8 64 64
- 32 32 32 32 BYP1VPet — +3 +L 1L 1 4L
RO 43 | 16 16 16 32 32
- £V 3 BVYsiVsipr — _% _% _’_%
AV = —% +% —% —% BYsiVsim — _3 4 1 _3 _3
Ajlj2 = -1 -1 -1 -1 BVA Vsyp * l16 0 614 6l4
- 4 8 4 8 YR = - — % >
Ajljl = +l -1 -1 -1 Vp1Vsys +I6 3 332 +332
- 1VS18S1T — = = =
8 8 8 8 B = +3 +3 32
A2 — _1 _1 BVPIVSNZ _ 1 5
8 8 = -3 -3
BVpl Vsas) — _ 1 _’_L 1
16 32 32
BYP1Vs2s2 — _5 _ 1 1 €1 _ 1
- 16 16 + 16 + 32 32
Biiier — _3 _3 +3
APPENDIX B: INFINITE NUCLEAR MATTER i 1 1 16 15 I6
11, — 1 +1 1 L U
8 8 2 16 16
1. General definitions Biti2e1 — _1 _1 _1 _1 +1
4 8 4 8 8
A first insight into the physics described by a given energy ~ B”1/171 = - -2 +3
functional is provided by the analysis of the model system B = +3 -3 -1 -2 -2
of homogeneous infinite nuclear matter (INM), where the Bl = _é _é +§
Coulomb interaction is neglected. Although it is an idealized BiJist — +3 +3 ~3
system, INM has relevance to the study of several real systems, Bihs — 1 5
. . - 8 8
e.g., the physics of neutron stars or the dynamics of supernovae Biths — 41 41 1
explosions. In this context, one is first and foremost interested Biths: _ 4 +§ 4 +? 8
in computing the equation of state (EOS) of such a system, BV ]m_ 4 8 N 3§ 3§
i.e., its energy per nucleon as a function of its density. — . T 6 16 +§
.. . . . . 1/182 — —_ - = =
Below, pairing correlations are omitted as they little impact B —_— 16 16 +116
. s ST —

bulk properties such as the EOS. However, one should note BTt = 16 16 +1
.. . .. VsiJasy 1 1 1
that pairing properties, such as pairing gaps, of INM are of  B'"'2% = +3 — 6 t16

importance to the physics of neutron stars; see, e.g., Ref. [80].
Infinite nuclear matter being translationally invariant, it is
convenient to use a plane-wave basis,

o, - _3 o
(Foqlko'q") = ¢, (Foq) = (2m) "2 exp(ik - )356/844's
B1)

TABLE IX. Same as Table VIII, but for the anomalous bilinear
part of the EDF [Eq. (A3)].

To foxo 141 X [5) Xy
N
APTPL = +1 _%
Afl*ﬁl _ +l _1
8 8
el — 1 _1
A = +3 8
VpiVer — €1 _ L
A +1 16
J*Jy
1 1 1
Ay = +3 +3

where go = {n t,n |, p 1, p |} labels proton/neutron states
with spin up/down. Neglecting pairing, the SR state reduces
to a Slater determinant obtained by filling individual orbitals
(p,;g,q,(faq) up to the Fermi momentum; i.e., the normal
density matrix is diagonal in the plane-wave basis and equal
to 1 for states characterized by |l;| < kr 4o and O otherwise,
where kr ,, denotes the spin- and isospin-dependent Fermi
momentum. In doing so, we make the usual assumption that the
respective Fermi surface is spherical for each particle species
and spin direction.

When calculating densities for each of the combinations
qo, the sum over basis states (i, j) in Eq. (57) becomes an
integral over the Fermi spheres of radius kr 4, leading to
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TABLE XI. Same as Table VIII, but for the anomalous part of the
trilinear EDF kernel [Eq. (AS)].

Uo uj Uy us Uz y2i Uzy22
BAIAP — 43
4

o102 3 3

; 3 _3

B +16 32

upi — 3 -3

BhPir = +36 B
5% 5 3 3
BnAif = TS t1i6 16
5* 5 1 1 1 1 1
BR2P1P1 = +3 +1% +3 +1% I3
\ 717 3 3 3
BYA VAol — +2 +2 -2
VoiViier — 1 _ 1 1 1 _ 1
BN = +3 3 +3 +a 64
o ~ 3 3 3
BVp]Vp]p] — 2 1 +=
BYAi Vel — +i +L _6,14 T +T
= n 32 32 64 64
VpiVp1 sy — _3 _3 3
B = 64 64 ta
VoVep; — 5 1 _1 _1 L
B = +% +35 32 64 ta
J*J; 3 3 3
B = tis  tie i
JEJ 3 5 7
B/ir2 = +§ +E +E
71 5 3 3 3
BJ] N — 2 — 2 +=
16 16 16
Blinn — _ L _ L +L
= 16 16 16
B.l~1.11,5i'< _ 3 _3 Jr_l
= 16 16 16
Blihst — _ 1 _ 1 +L
= 16 16 16
T¥Jis) 3 3 3
B = T T ~16
7 7, 1 5
BJ] Jisa — — 4 2
16 16
VET s 3 3 3
BV~ = +_72 +37 3
V5 s 1 1 1
BV = +3 5 %
I 3 3 3
BVA1P1 — — = — = +=
3 3
BVAT b — _ 1 _ L _Lz _ﬁ _|_L2
= 16 32 16 32 32
5 J* 3 3 3
BVp]]]sl — 4 N +=
32 32 32
5 J¥s 1 1 1
BVp;J] - 1 — L +=
32 32 32
Vs1J*py 3 3 3
B 1P = +5 +35 -3
Vs J¥p 1 1 1
BVs2Jh1 — T +§ -3
V5 i 5 3 3 3
BVALIAT — +§ +§ -5
Vi — 1 1 L L 1
B = +16 +5 +16 +35 32
Vsi Y — _3 _3 3
B = 32 32 32
Vs i BF — 1 _ 1 1
B = T 3 +3

expressions for the matter and kinetic densities of the form

1

Pao = ki g (B2a)
3 2

Tgo = % W kF,qU‘ (BZb)

With the choice of a Fermi surface centered at k= 0, current
densities vanish j,, = 0. Also, all gradients of local densities
are zero V, 0,6 = 0 by construction, as are the pair densities.

The densities (B2a) for the four different combinations
of spin and particle species can be recoupled to scalar-
isoscalar pg, scalar-isovector p;, vector-isoscalar sy, and
vector-isovector s; densities [26],

PO = Put + Py F+ Ppr + Ppy, (B3a)
PL= Pnt + Pny = Ppt — Ppl (B3b)
S0 = Pnt = Pny + Ppt = Ppi (B3c)
S1= Pt = Pny — Ppt + Ppy- (B3d)
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The inverse relationships read

pnt = 3L+ I + 1o + Lo)po, (B4a)
puy = 3L+ Iy = Io — Lo)po, (B4b)
ppr = 3(1= Lt + Iy = Lo2)po, (Bdc)
ppy = 31 = I = I + I2)po, (B4d)

where the relative isospin I; = p1/po, spin I, = so/po, and
spin-isospin I,; = s1/py excesses, taking values —1 < [; <
1, have been introduced. Typical cases of interest are (i)
symmetric nuclear matter (I, = I, = I,, = 0), (ii) isospin-
asymmetric nuclear matter (I; # 0), (iii) spin-polarized nu-
clear matter (I, # 0), and (iv) isospin-asymmetric spin-
polarized nuclear matter (I, # 0, I, # 0 and I,, # 0), but
the definitions given above allow also for the coverage of all
intermediate cases.

In analogy to Eq. (B3) one can also define isoscalar and
isovector kinetic densities using Egs. (B2a) and (B2b),

5
3 (0
=T + Ty +Tpp +Tp, = %Csp(; Fj(/;(lts Iy, I57),

(B5a)
5
T = Ty + Tny — Tpr — Tpl = %Cxp(; F;;;(Ita I, Ia‘r)v
(B5b)
3. 3 )
To=1Ty —Tny +Tpp — Tpy = gcsp(; F5/3(Irs Is, I50),
(B5¢)

5
T = Top — Tn) — Tpp +Tpy = %Cxpg F5(?3T)(Ira Iy, I52),
(B5d)
where ¢, = (3712 /2)% and ¢, = (3712)% and where functions
F of the relative isospin, spin, and spin-isospin excesses
introduced in Ref. [26] have been used. Their definitions are
listed in Appendix B 2 along with useful properties.

As mentioned above, the main quantity of interest is the
EOS that can be easily calculated from Egs. (66), (67), and
(69). The fact that most of the local densities are zero in INM
implies that quantities of interest will be expressed in terms of
a limited number of couplings.

2. F functions
The kinetic densities in INM can be expressed in a
very compact manner in terms of functions Fn(P)(I,, 1;,1,;),
FI,, 1y, 1,.), F9(,, I,, I,,), and F°O(I,, I,, I,) that
have been introduced in Ref. [26]:
FO=MA+L+L+L)"+(0+1L — 1, — ;)"
+ (0 =L+ 1, = L)"+ (=1 — I, + 150",
(B6a)
FO=HA+ L+ 1+ )"+ (U + I — Iy — )"
(A =L+, — L))" — (1= I — Iy + 15)"]
(B6b)
FO=0+ L+ L+ L))" —(+1 — I, — L))"
(U =L+ 1 = Ie)" — (1= I = Iy + I5)"].
(B6e)
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FVO =3[0+ L+ 1+ )" = A+ I — I, — I;)"
~( =L+ Iy = Lpe)" + (1 = Lt — Iy + )]
(B6d)

Their first derivatives with respect to spin, isospin, and spin-
isospin excesses that are needed for the derivation of some
nuclear-matter properties are

oF) 9k ARy o
= = =mF,”,, (B7a)
al; al, 01y,
AFY  9F©@  9F©Y ©
= = =mF,”,, (B7b)
al; 0ly: a1,
OF,) AR Ry ©
= = =mF, ", (B7c¢)
al, 01ly; al,
oF® QF® JF©@
m_ m__ m_ mF(U_Tl), (B7d)
ly: a1, al; "
whereas their second derivatives are given by
azFrglj) (J)

for any i, j € {0, 7, 0, ot}. Special values that are appear in
the nuclear-matter properties discussed below are

FOU 1y, 1) =1, F Uy, 1y, I,:) =0, (B9a)
FOU 1y, 1) =1, FOUq, 1y, I,:) =1, (B9b)

and
F,;O)(O, 0,0) =1, (B10a)
F%(0,0,0) =0, (B10b)
F®0,1,0) = F0,0,1) =0, (B10c)
F(1,0,0) = Fi(0,0,1) =0, (B10d)
F™(1,0,0) = F(0,1,0) =0, (B10e)

F91,0,0) = £Y0,1,0) = F®(0,0, 1) =2""",

(B10f)
F(1,0,0) = F0,1,0) = F°7(0,0, 1) = 2",

(BlOg)
F91,1,1) = FP1,1,1) =41, (B10h)

where i € {r,0,07}.

3. Symmetric nuclear matter

Symmetric nuclear matter (SNM) is characterized by an
equal number of protons and neutrons as well as of spin-up and
spin-down particles in both nucleons species, p; = I; = 0 and

EH_

2
o> Is)pg +

)
1 — CSFS/S(

3
5
+ B; po)polz,
+
+

2m

(A}

(AT I, + B} pol. + B}*
(Al

5
Ioe + B] polor + Bl poloIe) Fyj3 (I, Iy, Ior)]espg -
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I, = I, = 0.0nly pg and 7 are nonzero, i.e., p, = pp = %po
and 7, =1, = %ro. The resulting energy per particle reads
Ey & 3 K2 2

——=—"==—¢p; + (A + B}

3
+ Cs(A +Bop0)po (B11)

5

Symmetric nuclear matter presents a stable state such that
a minimum energy is obtained for some finite value of the
density pg. The pressure of the fluid relates to the first
derivative of the EOS with respect to the isoscalar density,
which in SNM reads
p=p 0Ey/A
900

2
=S ent

o, 8 §
+ cy AO +§B() Lo )Py -

The saturation density psy is naturally obtained as the solution
of P(psat) =0.

The incompressibility of the nuclear fluid relates to the
second derivative of the EOS with respect to the isoscalar
density and expresses the energy cost to compress the nuclear
fluid. It is defined as

A

(Ap + 2B} ,00),0

(B12)

18P ,?Ey/A

=—+4+9 , (B13)
Po 0 g
such that at equilibrium
_ 9, 2aZEH/A
2
8 PO=Psat
6n 4B o)k

=32 —¢y poy + 18B) pSal + 6¢; (Ao + 4B, PO)Psan
(B14)

which needs to be positive for the system to be stable against
density fluctuations.

4. Asymmetric nuclear matter

More general cases of homogeneous nuclear matter are
characterized by (i) unequal proton- and neutron-matter
densities, i.e., I; # 0, (ii) a global spin polarization, i.e.,
I, # 0 and (iii) a spin polarization that differs for neutron
and proton species, i.e., I,; # 0. Based on Egs. (66), (67), and
(69), the EOS of such a nuclear fluid is given by

(AG + Bg po)po + (A7 + BY po)pol7 + (Ay + By po) poly + By pile e lo
3
+ 51045 + BS oo+ Bio pol? + B§® ol + BIS pol3) Fyjs(Ue, Lo loe)

polo Loc) Fs )3 (I, 1o Loe) + (AG Iy + BY pols + Bly poleloc) Fsj3 (e, o, Ie)

(B15)
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Spin, isospin, and spin-isospin symmetry energies are analogs of K., with respect to spin, isospin, and spin-isospin excesses,
respectively, i.e., they characterize the stiffness of the EOS with respect to generating such nonzero excesses. At saturation of
SNM, i.e., when I, = I, = I, = 0 and py = psy, the three symmetry energies are given by

19%Ey/A 1 r? 2 1 3 s
a; = ————— = - —oqcp + (A + BY + | = (A + B po) + AT + B po+ =By po |cspq »
T 5 313 Ltz 3 2m Lo ( 1 ,00) L0 3( 0 0 PO) 1 1 o 3 10 L0 [CsPg
(B16a)
19%Ey/A 12 e R 1, . 3 s
o =523 = 3m cspy + (A() + B, ,00) Po + |:§(Ao + By ,00) + A§ + Bj po+ gB() Po]csp(f,
o 1,=I,=1,,=0
(B16b)
13°Ey/A 1 r? 2 1 3 H
op = ——— X A + B AL+ B} AT 4+ BT ~BY 00 »
Aot 3 313, Ltz 3 m ~ . C ,00 + ( + B ,00) o+ |:3( + B, ,00) + A} + By po + 5010 P0i|c Py

and must be positive for the minimum of the EOS to be
stable.

Two other quantities of interest are intimately con-
nected to the skin thickness of heavy isospin-asymmetric
nuclei, i.e., to the difference between their neutron and
proton radii. These quantities are the density-symmetry
coefficient L,

9 [(103%Ey/A
=3 (AEnA)

Ip \2 97 Iy=I,=I,=0
2R
3 2 vpo +3(A +2Bl ,00),00

5 8 . 24 . 5
3A0 + 330 po + SA + 831 po + 5 Bl()po CsPg >
(B17)
and the symmetry incompressibility coefficient,

X _9232 13*Ey/A
wm = 902 \ 2 a2

Ia:lr: ar:()
2 2

10 o
= =3 cspg + = 3 (AO +4B; ,oo)cspo

+18B{ p2 + [10(AT + 4B7 po) + 24B,polespg

(B18)

5. Pure neutron matter

A particular case of isospin-asymmetric nuclear matter is
(spin-saturated) pure neutron matter (PNM) obtained for I; =
1, I, = I,, = 0. The EOS of PNM reads

Ey 3R 2
- =5 —cupg + (Ay + BY po)po

3 5
+ (A7 + BY ,oo)p0+5 (A5 + BS po)pg

3 H
+Sen(AT + B} po+ By po)g (B19)

(B16c)

6. Effective masses

The average energy of a nucleon inside the nuclear medium
is the sum of a kinetic term plus a momentum-dependent self-
energy term® coming from its interaction with all the other
nucleons. This energy can be rewritten as a kinetic energy
term involving an effective mass. One can thus define four
different effective masses for neutron or proton with spin-up
or -down, i.e., m,";T, m,";i, p?’ and mpl The expressions for
such effective masses at arbitrary values of the spin, isospin,
and spin-isospin excesses read as

m _ 2m BEH
mi, 72 0ty

2m
L 2245+ B o)

+ (A} + Bf po)ngI:po + (A§ + Bg po)noIs po
+ (AT + B{ po) g 1oz p0
+ (BloI? + B I2 + B 12, + B ng 1, I

+B10’70[rlar + Boﬂlaﬂqh’a)ﬂo]v (B20)
where
_ ) +1 forg =n,
ng = {_1 for g — p. (B21)
_J+1  foro =1,
o = {—1 foro =|. (B22)

One can further define effective masses of the particle
species ¢

m_1<m+m)
g 2 \myy my,

2 T
=1+ — e —-[(A§ + B§po)po + (AT + Bf po) g1z po

+(BioI7 + B3' I3 + Bf§ 17, + B 0415 Io2) 5 ]
(B23a)

3The standard notion of (physical) self-energy that appears in many-
body theories is not to be confused with the notion of spurious self-
interaction in energy functionals as invoked in the Introduction.
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and of particles with spin orientation o

m 1 m n m
* * *
mg 2 m,s mpa

2
1+ h—’?[(AS + B§po)po + (Ag + Bg 00)no 1o po

+ (BjoI? + BJ* I + B{3 12, + Blyna I+ Io-) o3 |.
(B23b)

Equivalently, one can define scalar-isoscalar, scalar-isovector,
vector-isoscalar, and vector-isovector effective masses m,,

m 1 (m m m m 2m 0Ey
myy  a\my wy any my ) T
00 nt nl pt pl 0
(B24a)
m 1 [ m n m m m \ 2m o€y
my A N\my o omy o omh o omb, R ot
(B24b)
m _1{m m m m\ 2m €y
mig 4 \my, omyomy omy ) R 9Ty
(B24c)
m _1[m m m n m \ 2m oy
my, A4 \mp, omi o omh o omh TR ATy
(B244d)
which for our functional gives
m 2m . .
o = L+ = [(AG + B3 po) oo
00
FBLR T BPR 4 BRR)A]L (B250)
m 2m
o = 27 (AT + Bl po)Tepo + B* L Loepg). - (B25D)
01
m 2m
= 27 [(AD + B o) opo + BioLeLocpf], - (B250)
10
m 2m
= o [(A] + B po) loepo + By Ielop]. - (B25d)
11

The implication of these nonstandard definitions of the effec-
tive masses will be expanded on in a forthcoming publication
[81]. Note that mg, is different than the usual definition of
the isovector effective mass. The various effective masses at
the saturation point of SNM can be trivially obtained from
the expressions given above by setting I, = I, = I,; = 0.

7. Landau parameters

a. Introduction

Landau parameters are interesting quantities [82-84] to
compute for several reasons. Two sum rules must be fulfilled by
Landau parameters for the Pauli principle to be respected [85].
In the present case where the EDF kernel does derive from a
pseudopotential, the two sum rules are fulfilled analytically by
construction.
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There are also two other sum rules that derive from the
antisymmetry of the scattering amplitude, which is determined
by the residual interaction. The antisymmetry of the residual
interaction itself, to which Landau parameters are related,
however, does not ensure the antisymmetry of the observable
scattering amplitude [86].

Landau parameters can also be used to detect and con-
trol infinite-wavelength instabilities. Such instabilities appear
when Landau parameters do not respect the stability conditions
[85,87],

1+

!
> 0, B26
21 4+1 (B26)
where X; = {F;, F/, G;, G;} with[ = 0, 1 denotes the Landau
parameters. In particular, four of the Landau parameters, Fy,
F}, Go, and Gy, are also related to the stiffness of the EOS,
i.e., its second derivatives with respect to density, isospin,
spin, and spin-isospin fluctuations. This leads to the following
relationships at saturation:
nk?
Koo = 6—2(1 + Fy),
2my
L% 1 4 Ry
3 2m 0"
2
lh k2.
3 2mj
17%k%
3 2mg

(B27a)

(B27b)

a, =

(1 + Go), (B27c)

dy =

Aoy = (1+ Gp). (B27d)
For the EOS of SNM to have a stable minimum, all these
second derivatives have to be larger than zero, such that Fj,
F}, Go, and G|, are greater than —1, which is equivalent to the
stability conditions (B26).

It has to be noted that parametrizations must not only
be stable against infinite wavelength instabilities signaled by
Landau parameters, but also against finite-size instabilities that
probe gradient terms in the EDF [32-34,88,89]. The control
of finite-size instabilities for the newly proposed Skyrme-
like parametrizations will be discussed in a forthcoming
publication.

b. Definition

Landau parameters are calculated via the residual particle-
hole interaction in INM, which, in general, is defined through

vy = (71/‘71/‘11’ ’72/‘72/512|9?25|71(’1‘11772"2‘12)
3%E
= _ (B28)
0p(ry0,q,, 1,0,4,)0p(r{0{q,,1,0,q;)

and can be written in INM, for momenta lying on the Fermi
surface, as

1 > o
vl = N, E [FF+F tion+ G, 0102
I

+ G) 61 - 02 71 0 2] Pi(cos 0), (B29)
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TABLE XII. Landau parameters expressed in terms of the
pseudopotential parameters. Missing entries are zero.

’ ’ ! /
fo fo 80 8o fi f] 81 81
; 3 1 _1 _1
0 1 1 1 1
1 1
foXo ~3 2
2 3 _1 _1 _1 _3 1 1 1
tiky 8 8 8 8 8 8 8 8
2 1 1 1 1
hxiky —i 3 A
2 5 1 1 1 _3 _1 _1 _1
kg 8 8 8 8 8 8 8 8
2 1 1 1 1 1 1
ok 3 i i ~2 T3 T3
9 3 3 3
Uopo 8 8 8 3
2 3 _ 1B _ 13 _ 13 _3 1 1 1
w1 poke 80 80 80 80 16 16 16 16
2 1 1 1 1
u1y1 pok% ~%0 20 g -3
2 % _ 1 _ 1 _1  _15  _71  _71 _71
us poky ) 32 32 32 2 32 32 32
2 39 €1 €1 _3 _3 _1 _1 _1
u2ynpoky g 20 20 Ty 8 1 1 8
2 39 31 3 3 3 _5 1
urynpoky g 80 80 80 16 16 16 16

where coefficients F;, F/, G;,and G, are Landau parameters,
No = 2mgkr /J'rzh2 is a normalization factor, P;(x) are Legen-
dre polynomials, and 6 is the angle between the incoming
momentum of nucleon 1 and the outgoing momentum of
nucleon 2. In the present case, Landau parameters read
explicitly as

fo =245 +2Af ki + 6B{ po+ 2B to + 4B ki.po,

(B30a)
fo =2A% +2A7 k7 + 2B po+ 2B}, ©0 + 2B} ki po,
(B30b)
g0 = 2A} +2A{ kj + 2B po+ 2Bj’ 1 + 2B k7 po.
(B30c)
g, = 2A +2A7 ki + 2B} po + 2B 1o +2B] k¥ po,
(B30d)
fi = 2A} k% +2B] k2 py, (B30e)
fi =2AJ k2 4+ 2B] i p, (B30f)
81 = 2A5 ki + 2By kipo, (B30g)
g = 2A] kz +2B] k3 po, (B30h)

where f; = F;/No, f/=F//No, g =G;/Ny, and g =
G)/Ny and where we have used Eq. (BS) to express 7 in
terms of k% and pg. The Landau parameters with /! > 2 are zero
for a Skyrme-type interaction with only up to two gradients.
The expressions for the Landau parameters in terms of the
pseudopotential parameters are given in Table XII.

c. Sum rules from the residual interaction

The EDF from which the residual interaction derives has
been constructed from an antisymmetrized vertex such that
the Pauli principle is respected throughout. When the anti-
symmetrized vertex is a two-body pseudopotential multiplied
by a two-body antisymmetrizer, taking two derivatives of the
EDF with respect to nonlocal densities gives back the original
antisymmetrized vertex. When the antisymmetrized vertex is
made of two- plus three-body pseudopotentials multiplied
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by appropriate antisymmetrizers, the residual particle-hole
interaction remains an antisymmetrized two-body vertex. Con-
sequently, the exclusion principle demands that the residual
interaction Eq. (B29) is antisymmetric under the exchange
of incoming or outgoing particles. This is equivalent to
requiring that incoming and outgoing two-body states carry
odd values of L 4+ S+ T, where L denotes the two-body
orbital angular momentum of the relative motion, whereas §
and T characterize the two-body spin and isospin, respectively.
Starting from Eq. (B29) with p; = p,, ie, 6 =0, and
requiring that the antisymmetry holds for each spin-isospin
channel separately, provides two sum rules,

Y (Fi+F +G+G)=0, (B31a)
1

> (F—3F —3G,+9G) =0, (B31b)
1

where we have used that P;(1) = 1 for all /. Equation (B31a)
holds for spin and isospin triplet (S = T = 1) two-body states,
for which o - 6, = 11 0 1 = 1. Equation (B31b) holds for
spin and isospin singlet (S =7 = 0) two-body states for
which g} - 02 = 11 0 T, = —3. In both cases the relative orbital
angular momentum of the two-body state is odd.

Sum rules (B31) are fulfilled for Landau parameters
derived from the presently developed two- plus three-body
pseudopotential; see Table XII. This property provides a
stringent test that the derivation of the EDF and of the residual
interaction are correct.

Note that in the presence of tensor-type pseudopotentials
there are additional contributions to the sum rules [84,89,90].

d. Sum rules from the scattering amplitude

The residual particle-hole interaction is not a physically
observable quantity in contrast to the scattering amplitude I"j,
associated with the motion of a particle-hole pair [86]. The
latter is related to the former through an integral equation, such
that the particle-hole interaction can be seen as the irreducible
vertex and the scattering amplitude as the total vertex. Analogs
to Eq. (B31) can be derived from the antisymmetry of the
scattering amplitude. Plugging the expansion of the scattering
amplitude on Legendre polynomials,

F125N512[31+C1 1101+ D; G- 0y
/

+ E; 5 -0 11 0 2] Pi(cos 6), (B32)

into the integral equation that relates it to the residual
interaction (B29), one obtains, in the absence of tensor terms,
the relationships [82,86,91]

F
B=——"1 B33a
T+ R/Q+ ) (B332)
C = il (B33b)
"TATEQIFLY
G
D=——"2t (B33c)
1+ G/l + 1)
G/
E=— L (B33d)

1+ G/l +1)
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The reasoning used in Appendix B 7 ¢ now provides sum rules
for the expansion coefficients of I'j,,

> B+ Ci+D+E)=0, (B34a)
1
> (B, —3C; = 3D, +9E) =0, (B34b)
1
which can be rearranged as [91]
> (Bi+3E) =0, (B35a)
1
2
Z <§Bl +C + D[) =0. (B35b)

1

In Born approximation, i.e., when the magnitude of Landau
parameters entering Eq. (B33) are negligible compared to
21 + 1, Eq. (B34) reduces to Eq. (B31). However, Landau
parameters are not small in nuclear matter, such that, physically
speaking, sum rule (B31) cannot be justified starting from the
scattering amplitude.

Interestingly, the antisymmetric character of the residual
particle-hole interaction does not guarantee the antisymmetry
of the scattering amplitude, which is frequently broken in
practice. Through the iteration process of the integral equation,

A5 A _ ho 5r B 5r Bo Bo BHd 5r o Ho BHd 51 Br Ho Hd B 5r Br Ho B9 Hd
P12A123 - P12 - P12P12 - P23P12P23P23 - P13P12P13P13 + P12P23P23P12P23 + P12P13P13P12P13'

PHYSICAL REVIEW C 88, 064326 (2013)

reducible diagrams might appear without their Pauli principle
counterparts [86,92], which is a fingerprint of the lack of
complexity of the irreducible residual interaction. Inserting
density dependencies into the pseudopotential has allowed
in some cases to effectively compensate for such missing
diagrams [86] at the price of compromising the antisymmetry
of the residual interaction itself and thus of violating Eq. (B31).
In the end, fulfilling both the antisymmetry of the irreducible
vertex and of the scattering amplitude is a difficult task. In the
present case, the former is ensured analytically, whereas the
latter is not. The extent to which it is violated will depend on
the values of the parameters that result from a given fit.

APPENDIX C: STEPS TO DERIVE THE EDF KERNEL

This section lists the steps to derive the energy functional
in proton-neutron representation from the pseudopotentials
defined in Eq. (51). We limit the illustration to a few
normal and anomalous terms resulting from the operator 0%* =

5 5
po .T &r &r : A2
ury» PY k567305, - k,,, one of the terms contained in D7,

[Eq. (46f)]. Such an operator is used in Egs. (44a) an(31
(44b) where one has to multiply it to the antisymmetrizers.
For the normal part one must thus evaluate ﬁf‘zAlﬁ, which
leads to

(ChH

Selecting only the third term as an example, i.e., —0¢* P53, which is also obtained in the pairing part when evaluating A3, % AlZ,,
one computes its matrix elements by inserting closure relations on H3 in the coordinate basis according to

—(ijk|0%" Pasllmn) = — /déldEzd&d&d%d& <pf(r§1)(pj(Ez)wi(&)(SlEzEzlﬁ” Py31848586) 01(E1)om (Es)gn(6).  (C2)

1. Spatial part of the matrix element

Using Egs. (17) and (22), one obtains

With that at hand, Eqgs. (44a) and (44b) become

1 o
EN* = ) E (ijk|0°* Py|lmn) pgi pmj Pnk
ijklmn

-'*-’A"\r’\r > Droz 22 7 % = = = QF QF 222\ T
(r1r2r3|k12813823 . k12P23|r4r5r6) = k;];z (r1r2r3|513823|r4r6r5) k;ﬁa' (C3)
Applying the gradients on the wave functions to the right and to the left, one can write
—(ijk|0" Pys|lmn) = — /d§1d§2d§3d$4d$5d§6 (0191022033 | PYy Py P |04qu05q506q6) (172731875855 (74T 6Ts)
X ki ke s 0] EDOHELE)QED P (E5)pn (o) (Ca)
- /dgld§2d53d§4d§5d$6 (0191022033 | PYy PSPk |04q405q506q6) 8(F1 — 74)8(F — To)
x 8(Fy — Fs)8(F — 5)0(Fs — 75) k7' i, 01 (610} (E2)0) (E3)01 (€)@ (E5)pu(Eo). (C4b)
(C5a)
1 A
=3 /d«fld&d&d&d%d&(l’f’zl’%qu3) S{ry =7) ki 7 kz 5, (84, §1)p(Gs, £2)p(E6, 63), (C5b)
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1
EGP = =3 2 (WKI0™ Palimn)iimpu (C50)
ijklmn

1 A0 BDo D - >\ 7% 7 *

=5 /d§1d$2d§3454d§5d§6(f’f'2f’£'3P2q3> S{ry =r) kiz, - kiy, k7 (61, 620k (64, &5)p (6, €3), (C5d)
where we have introduced the shorthands

<l31621320313§3> = (01910292033 | P}, P3, P3s1049405G50646) (Co6a)
SUrYy =7F) = 8(F1 — F4)8(Fy — T6)8(F3 — F5)8(Fs — T'5)8(Fg — Ts). (Céb)

2. Isospin part of the matrix element

The matrix element of the isospin-exchange operator is trivially evaluated using Eq. (22),

(0192931 P5194q506) = (9192031940695) = 84144842468 4s45 ()]

Recalling that local densities are diagonal in isospin, the integrand is null if g4 # g1, g5 # q2, g6 F g3 for the normal part and if
q1 # q2, 94 # qs, g6 7 g3 for the anomalous part. One thus obtains

Er = —% f de1d&dtsdtadEsdte Y (PO PRAF = K, - Kis g (o 810, (85, £2)0g, (6. ). (C8a)
491,92
EP = —% / de1dedtsdtadEsdte Y (PR PS) (7Y = 7) ki, - Kis, 361 £2Kg,(Lan £5)pgy (L6 £3), (C8b)
q1
where ¢ =7, o and (1‘3{’2 Azfg) = (010703| 13,"2 152(3 |o40506). More generally, matrix elements at play in the normal part of the EDF
are
(9192q93111q495q6) —> Z 0q1 (84, £1)0g, (L5, $2) g, (65 £3), (C9a)
q1,92-93
(9192931 Py |q495q6) — Z P (Cas $1)0g, (855 £2)0g3(L6» £3), (C9b)
q1.93
(0192931 Ps1q4q5q6) — Z Pq1(&a, £1)0g, (85, £2)pg, (L6 C3), (C9¢)
491,92
(9192931 P3| q49506) — Z Pq1(Ca, 104, (&5, £2)0g, (865 £3), (C9d)
491,92
(0192431 Py Ps1qsdsqe) = Y Pg, (84, £1)g, (&5, 22)pg, (L1 C3), (CYe)
q1
(9192431 Py Pls1qaq5q6) — Z Pq1(Cas $1)0g, (855 £2)0g, (L6» £3)s (C9f)
whereas those at play for the pairing part are '
(01929311194q5G6) = D K381, 22)Kg, (G4, 5)Pgy (6, £3), (C10a)
91,92
(0192931 P} 1gaq5q6) — ZK;, (&1, &2)xcq, (84, 85) g, (L65 §3), (C10b)
q1-92
(0192431 P 1qaqsge) — Y ki (C1, )i, (84, £5)pg, (L6 83), (C10c)
q1
(0192931 P} 1qaq5q6) — ZK;, (81, &2)xcq, (845 5) g, (L65 §3), (C10d)
q1
(0102031 Py P |qagsqe) — D ki (C1, C2)kg, (as £5)0g, (26, C3), (C10e)
q1
(0192431 Py Ply|qsgsae) — Y g (21, C2)kq, (Ga, 5)pg, (L6 C3). (C10f)
q1

064326-26



SKYRME FUNCTIONAL FROM A THREE-BODY ... PHYSICAL REVIEW C 88, 064326 (2013)

3. Spin part of the matrix element for the normal energy

Using Eqgs. (27), one arrives straightforwardly after one step of algebraic computation at

1
EXr =—3 / &Erd’nd nd’ nd'rsd'rs )87} = 1) K, - kg, [pql(m, F1)Par (5. F2)pgy (o, )

491,92
+ 50, (Fa, F1) - 5, (Fs5, 72) g, (Fo, 73) + pg,(Fa, 11)Sq,(Fs, 12) - 54,(Fe, T3) + Sq, (Fa, F1) g, (F5, T2) - 54, (e, 73)
+ i Z Euxksql,u(?4’ ;:1 )qu,)\(’_%? ?Z)qu,/((?& 73)i| ) (Cl 1)
VKA
where Eqgs. (53a) and (53b) have been utilized under the form
> (o111104) pg, (G4 1) = pg, (o F1), (C12a)
0104
> (01164104 g, (8. &1) = 5,0 F1)- (C12b)
0104

4. Spin part of the matrix element for the pairing energy

Expressing the pairing part of the EDF kernel in terms of nonlocal pair-spin densities is trickier. Using Eq. (27) to express
spin-exchange operators in terms of spin Pauli matrices, let us take one resulting term, i.e., the one proportional to 51 - G, 1O
illustrate the procedure. One needs to compute

Z (01 - 02) K5, (C1, £2)kq, (84, £5) g, (C6, §3) = Z (0115 104) - (0210 05) o305k K, (81, £2)icq, (Las £5) g, (L6, £3)

010203040506 010203040506

= > (ololo) - (02lo|os) k5 (C1. Ca)kg, (Lar £5)pg, (Fen F2). (C13)

01020405
To do so, one exploits the relations

kq(Fo,7'c") =25'p,(Fo,7'G"), (Cl4a)
KJ(?G, r'e’) = 26//5;(70, 7'’ (C14b)

[Egs. (56) and (54)], as well as the following set of relations involving matrix elements of spin Pauli matrices,

(0116,|02) = —40102(6216,1671), (Cl5a)

6,6, = Sy, (C15b)

Y {oléulo) =0, (C15¢)

Y olo) =2, (C15d)
Z(0|6u6v6-k6k|6> = Suua}u( - 8/4)»81% + 8MK8V)L’ (Clse)

o

to perform the following algebraic manipulations:

D (1l0104) - (o215 |o5) K5 (1, EaVicq, (Ca, Ts)

01020405

= Y (01l0lou) - (oalolos) 402055, (F101, 7262) g, (Fas. 755s)

01020405

5 — 5 _ ~ - - _ ~ - - _
=— Y (o1lclou) - (650162) B}, (Fr01, F262)py, (Faou. Fs6s)

01020405

a 2 o o N IR N
=— > (ololoy) - (05|0102) B}, (F101, F202)py, (Faou. F505)
01020405
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Z > (o118v]04) (0516,]02) [pq,m,rz)smﬁqul (P, 72) (@I@Im)}

oloza4a5 v

X |::5q1 (P4, 5)8 0405 + qul,x(74, Fs) (U4|U/\|05):|

A

=—7 [Z Y (o18.80l0) By (Fr, F)py (Fas Fs) + Y Y (0160606,10) B, (Fr, ), 5(Fa, Ts)

g VA

+ D (01606,6¢|0) 55 i F2)Bg, FaFs) + Y Y (016062606]0) 5, (1. F2)Sg 0 (Fa 79]

o VK o Vik

1 S 5o\ - o o S5 o L~ > -
=3 |:3,5;1 (F1. F2)Pg (Fas Fs) = D 85 (P F2)g, 1 (s rs):| ~ (C16)

A

The normal density matrix p,, (76, 73) in Eq. (C13) is not involved in these manipulations and has been omitted for brevity.
Altogether, the evaluation of Eq. (C5d) requires the identities

1 N - I - o
> (o102l 1louas) K, (1. Ea)iy (5. 85) = 5 [ﬁ;,(rl,rz)pql(m,rswZs;;,,u(rl,rz) sql,um,rs)] (C17a)

01020405

1
Z (01021610 |040s) kg, (51, £2)kg, (84, &5) = [pq, (F1, 72)3q, 0 (Fas 75) + 55, (F1, T2) By, (Fa, 7s)

01020405

—i ) €S, Py 723, (Fa, ?5)}, (C17b)

Ak

1
Z (01021620 |040s) kg (51, £2)kg, (84, §5) = ——[qu (F1, 72)8q, v (Fa, 75) + 55, (F1, T2) Py, (Fa, Ts)

01020405

1) €] (Fr P28 wc(Fa %3)] (C17¢)

Ak

1
D (0102161082,010405) (€1, 2, (@, &5) = =5 [35, o Py (Fas Fs) = 55, (1 P, 0(Fas 7)) (C17d)
01020405
[
. . .
5. Applying gradient operators Vi ”(V) i =3V, 73 - —i qﬂ(v)’ (C18b)
Now that the matrix element has been evaluated, the 1 ApF 77
. . . . . " 77" i = 3P, +iV - , (C18

integrand contains 8 functions and differential operators acting ) i ) q - lﬁ ‘Z‘{’(”) (C18¢)
on nonlocal densities. The latter must be evaluated prior to P”(V) |- L, = IAP’ w — T — iV - Ty ) (C18d)

utilizing the former. Simple rules can be obtained that express
the action of specific combinations of gradient operators on
nonlocal densities in terms of local densities [93,94]. Those
rules work 1dentlca11y for ,oq(r P, $qu(F, 7 ) pq (7', F), or
Sq, ,(7', 7). Defining ; (V), q vy’ 7:]’(”, and J () 88 generic
notation for the densities, for each column on the right-hand
side of the table,

Applying those rules and exploiting the § functions, one ends
up with a local energy density expressed in terms of the local
densities of interest.

q (v) = {,oq(r r) Sq. u(l’ r); ﬁq(f/, ,7); gq,v(,ﬂ, ,7)}’ APPENDIX D: ONE-BODY FIELDS
Pq o = (Pg(F) 5 sq0F)s Py(P)s 5,0}, . Havin'g the explicit expression of the EDF ke.:rnel at hand,
e its contributions to the one-body fields entering the HFB
10y = (1) Tpo () T(F): Ty}, equations can be derived. Normal and anomalous fields are
~7qru(u) = {j, u(”) . J, W(;) . fq M(;) . jq uv('?)} gathered into the HFB Hamiltonian matrix [13,14],
there is a set of four relations
77 7 H= ( e Al ) (D1)
VF,M r:‘ lv P ) +1i qr’ﬂ(v)’ (C18a) —\ —A9x  _pax )
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and are respectively defined as

SE SE
hbo =57+ Bop =5 (D2)
80qp Sk yg

for B < «. Field & is Hermitian, h% = hgﬁ, whereas A9 is
skew symmetric A%, = —AZ,. These fields can be specified
either in a configuration basis {«, 8} € {i, j} or in coordinate
representation {«, B} € {&, &'}.

Below, we explicitly provide contributions to the HFB
Hamiltonian that derive from the energy functional defined by
Egs. (A2), (A3), (A4), and (AS), which constitutes just a part of
the complete EDF kernel. In a realistic calculation, additional
terms contribute to the one-body fields in the HFB equation,
such as the center-of-mass correction, the Coulomb interac-
tion, as well as constraints, in particular the obligatory one on
neutron and proton numbers. None of these are specified here.

The EDF being a functional of local densities, it is of
advantage to calculate contributions to the matrix elements
of the one-body fields in a configuration basis through the
chain rule

. s | 8E Sp(F) | 8E 8T,
hjl. = |dr = 7 = 7
5pq(r) Sp,-» 8ty(r) dpy;
() 8E  85,,(F)
+ q,;w + _ 9,1
28.1 W(r) 5,0?1 ;8sq,/t(r) 8:0,'qj
8E 8T, . (F) 8E  8jyu(F)
+Z$T 5o +Za' 5 00
u(F) 8p;; m Jg.u () 8p;;
(D3a)
o /d3 8 8py(r)  8E 8T;()
ij 5p~;(7) Sl 8TI(F) Si
8J* (P
+Z - 2L . (D3b)
5Jq W(r) Sic

The functional derivatives of the local densities can be obtained
for j <ias

8pq(r)

S ij}‘(?aq)wi(%q), (Dda)
8 F ~ = = -
;Z)(qr) =Y VeiFoq)] - [VeiFog)l. (D4b)
ij o
5J v r i ko= _/ /A -
%@ = =Y 3 WF0')(0"16,10) V.0 Fog)
ij oo’
Vupi(Fo'q)(a’|6,]0)pi(Fog)}, (D4c)
8s V(f) K%t s -
gp[gj = ; ¢ (Fo'g) 0" |6,l0) i (Fog), (D4d)
8T, ’V(?) S k= 1 /A = ->
(;Ipiqj = ; V(pj(ra q){d’|6,]o) - Vei(rag), (D4e)
8j
Yo 7) —Z @i FoIV,upiFog)]
6,01]
9, *Folei(Fog)), (D4f)
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85;(7) o
3,37 = ;40% F5q)pi(Foq), (Dag)
8
;T(jr) Z4a[w F5q)) - [Vgi(Fog),  (D4h)
877 0(P)
% — 45 —{90, (75'q)(0'16,10) V105 (Fo q)
ij oo’

= V9! (F5'q) (016, |0 )¢} (Fog)}. (Déi)

The functional derivatives of the local energy density £ define
the local potentials,

Uq(r) = 5,0[](7)’ (Dsa)
. 8E
B,(r) = 514(7)’ (D5b)
W (F) o =, (D5c¢)
8J4,0(r)
)
Sq,“(7) d —, (D5d)
3sq,.(r)
1)
Cq,u(?') € —, (D5e)
8T, ,.(r)
N 8€
qn(r) = qu,u(’_;)’ (D5f)
o 8&
() = 55,6 (D5g)
B,(F) = ~8 Eﬁ (D5h)
51’3‘(1’)
Wy ) =~ (D51)
SJ;,W( )

Matrix elements in the configuration basis can be related to
those in the coordinate basis through

]’llfl = //d3rd3r/ Z(pj(?b/q)hq(fa, 7/0'/)(Pi(70'q),

(D6a)
Al = / / Ird’r' Yy 46'95(F & Qhl (Fo, 7o )} (Foq).
(D6b)

In the present case, fields are local in coordinate space
representation, i.e.,

h(io,7'c’)=8(- —F

W (Fo,F'oy=8(G —TF

/)hzo-’(7)7
DR (5,

(D7a)
(D7b)
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with the generic structure

he (7)) = Uy(F)dor — VB*vaf—i W,V (0’6 V,u(o'16,|0)Y Wy (P
a'g’(r) q(r) oo m q(r) w9oo 2 [ q,;w(r) /.L(U |6v]o) + }L(U |6v]0) q,uv(r)]

"
+ 80P 016ul0) = Y ViuCan ()0 16410) Vi —Z S[Agu PV + ViAg u (oo, (D8a)
v J7AY
he o (F) = Uy()500 —Zvﬂéﬁ)mw - Z[W V(0 16,]0) + V(0" 16u107) Wy 1 (P)]. (D8b)

In Eq. (D8a), gradient operators act to their right on both the local potentials and on the wave function the fields ?_,(¥) and
(7) are applied to. For the functional constructed here, the overall structure of the two fields is the same as for tradltlonal
Skyrme EDF parametrizations, the only difference being additional terms the local potentials.

1. Local potentials

Explicit expressions of the local potentials deriving from the EDF kernel defined through Eqs. (A2), (A3), (A4), and (AS) are
given by

Uq — DAPIP pg + 2Ap”02pq 4+ ATP T, + Aflpzrq —2AVPIV qu _ 2AVP1V/J2qu
+ZBmplpzp Pq + Bplplpzp,p, + BXISIPZEC .E, + Bﬁfﬁlpz ~f ~, +ZBT|P191T Pq
+BTIPIPZT o +BTIPIPZ-L— Pg +23f1ﬂzpzr g +BT1S1P7T Sq +BT1s2p1T S +B‘[Ip1p2f*ﬁ +B lplpzf [).f
_ ZBVPIVPIPI(qu)pq _ BVPIVPIPI(qu) . (qu) _ ZBVmmez(qu)pq _ ZBVmVple(qu) . (qu)
+BYYRR(Y p) - (Vpg) — BV VPP (Apg)p, — BV VPP (Apg)pg — BV V7P (V pg) - (Vpg)

+ D BV (V0 ) (ViuSg) + BV (Vusg ) (Visgo) + BY V2 (V080 0)(V s 0)]
nv

— BYPVSR(AS,) -5, — BYPYVIR(AS,) - 55 — BYPYVSI(AS) -5, — BYPYVIN(AS,) - 5

+ D =BV (V80 )(Visgw) = BV V2 (Vusg ) (Visgo) — BV (V,085.0)(V1uSg.0)

nv
= BV (V5.0 (Viusg )] + BV (V) - (V) + BYAYPP (Y p7) - (V yg)
_ BVﬁi‘Vmﬁl(Aﬁ;)ﬁq _ BVﬁTVmﬁl(ﬁﬁ;) . (ﬁﬁq) _ BVﬁTszﬁl(Aﬁ;)ﬁq _ BVﬁTszp'l(vﬁ;) (V)
— BYPVOP(AG)By — BYYML(V py) - (V) — BV (A pg)py — BYPY PRV pg) - (V)
_|_le]1»01 ] + B]ljlpz ] + B]l]zm ] + Z[Bflflﬁlj vdg o+ BJIJIP7]_ g
Y

+ B Jgdaw + BJ Jipi J;leq,;w + BJ JIPZJ;W) 1“”]’ (D9a)

Sgw =245, + 24" s5 , + AT, + AT T, , — 24V As, , — 24V V2 Asy
+2B"%P2s, | pg + BTIXIPZTq,upq + BTA T, L pg
+ 2B s, 4+ B r,sg , + B s, 4+ 2BT 1y, , — 2BV (Asy )0,
— 2BV (Vs, ) - (Vp,) — 2BV V1P (As, ) pg — 2BV V1P (Vs, ) - (Vi)
= BV (A pg — BV (Asga)pg — BT (Vsq) - (Vog) = BV (Vsg) - (Vog)
= BV (Apy)sq. = BV Bpg)sq0 — BV VNV ) - (Vsgo) + BY YV (Vg) - (Vsg)
= BV (Ap)sg = BV (V) - (Vsg) + BV V1 (V) - (Vsg.0) = BV (Apg)sg.y

+ Z[leflslj wdgw + leJle sl + B]lfzél g+ leszzj gl
"
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+ ZEu)uc[_BVSIJlsI(Vqu,;M)Sq,K — BV Jq,uk(vusq,lc) + BYsihn (V;qu,)\)-]q,;uc
Ak

_ BVSIJISZ(V;/,Jq,MA)Sq,K _ BVS]JISZJq,;LA(V;LSq,K) + BVSIJISZ(VMSQ,)\)JQ,MK _ BVS]JzS] (vujq,u)\)sq,/{
_I_ZBVSIJZ.YI (Vp,sq,)\)-lq,p./( _ BVSIJZSZ(V/LJ(?,/L)L)S(?,K _ BVs'llzszJ_ ;AA(V 57, K) + BVslfzsz(V 53, A)Jq e

+iB]]*]]Sl j;,uqu,/m + iB]'*jls2 jg,u)\jfisuk] + Z[iBVﬁlesl (V/qu)‘]q w + iBVAi Jm(v/uoq)]q v
m

+iBYPIONY, 5 )T+ 1BV (Y, )T — BV, T T )i —iBYIPJE (V,5,)

q,1v G,y q,1v

—iBY 0 (Y, 5 )y — BT (Vupg) — BV (Y, Ty )8 — 1BV (9,50

g,y
_ iBV‘YZi]ﬁT(Vﬂjq,W)ﬁ; _ iBszflﬁl qu/'“)(v/l“ﬁ;)]’ (D9b)
hZ
Bq = % +AT1ﬂ1pq ~|—Arlp2,0q + BTIPIPlquOq + BTIPlﬂzpqu + Bl’qu;Ozlogp(7 + BTmSlEq .Eq
+ BUIRS, S5 4 BUS 5, + BUAA ,5; 5, + szplﬂlﬁ*pq’ (DYc)
Cq b, = ATlsls L+ A 152S L, + BTm,Dzs PG+ BTISZPIS_ 20> (D9d)

Ay = 2Aj1]1 o+ 2AJIJ7 ut 2BJIJIP1 Py + ZB/‘/“)Z] uPq + BJ]JZPI Py + B]l]’)olj Pz

§ : Jis Jis Jos Jas
+ (le 1 qu,;l-vsq,v + le lz-lq,p.vsq,v + B]] 2 qu,;wsq,v + B]l 2 2quﬂvsqu)

v

+iBVAIA (Vp.ﬁ:;)ﬁq 4+ iBVAiRp (Vp.ﬁ:;)ﬁq 4+ iBVAuA (Vp.ﬁq)ﬁ:; + {BVALRAT (V;uaq)ﬁ;: (DY%e)

Wy = 2470, 0 + 2472 05 0 +2B7 2 0, 0 + 2B T, 00
—{-BJ'JZ'O‘ J(prq + B 120 Jc}.p.qu + leJIS]] wSqv + B.IIJIYZ uSqv + Bj]szJ wSqw
+ Bj] szzjé»ﬂsq,v + Bj]w]ﬁ] j;,uvﬁq + Bi]*hﬁl Jl;,;wﬁi? + lejlpl J V'E* + lejzpl J_ l“”oq

Vs J VsiJis Vs Jas
+ ) el =BV (Vusg 1500 — BV (V000550 — BY (V0830057
Ak

— BV (V55 )54 11 (D9f)

U — Aplm —|—A’”’1t AVpIVmAp +Bﬂlplpz ByPi +BT"’1’)21 0q _,_Bnplmt p +B72ﬂlpl-r p
— BV (A ), = BYYPPN(V ) - (Vpg) = BYIVP (A B g — BYIYI(V ) - (Vag)
— BV (Apy)py = BV (Vp,) - (V) — BYYPP (Apg)py — BV (V pg) - (V)
+ BNV ) - (Vpg) + BV (V) - (V) + Y BT dg e + BT g
e
—iBYSY, o usgy — BV T Vs —iBYRTRY T sa — iBVﬁ?‘qu AN
—iBYPIPY - o)y — 1BV o - (Vpy) —iBYPEN(Y - p)py —iBYIEP (Y y)
+iB (V) - jy +iBYP 7 (V@,) o Y B (Y5, ) Ty + iBW‘ﬂl (Viusg ) g ], (D)

nv
B, = AP 5, + BT s, (D%h)
Wq v = AJI Ji Jq v + le Jlﬁl] wPg + le*jlpzjq!“qu + le*‘]lﬁl Iy
+ B2 By 1BV, By )50, + 1BV, By )sg. + BT (V005
+ iBVszfl*ﬁl (Vusg)Py + Z €in [iBj‘*jm jq,ﬂ)\sq,K + iBfl*flsz jq’ﬂ)\sq”(]_ (DY)
Ak
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APPENDIX E: LOCAL GAUGE INVARIANCE

1. Gauge transformations

The invariance of the energy under local gauge transforma-
tion traces back to the locality of the underlying interaction
[14]. Given that realistic nuclear interactions have no reason
to be local, invariance of the diagonal EDF kernel under
general local gauge transformations does not have to be
required. However, invariance under Galilean transformations
is mandatory. Given that Galilean transformations are nothing
but a particular case of local gauge transformations, we now
test the invariance of the nuclear EDF under the latter as a way
to verify its invariance under the former. That the the newly
developed EDF kernel happens to be invariant under general
local gauge transformations indicates that the dependence of
the pseudopotential up to second order in gradients represents
an internally consistent approximation to a local finite-range
three-body potential.

Let us now characterize the behavior of the EDF kernel
under general gauge transformations [66]. To do so, we first
define the transformation law of the one-body density matrices,
ie.,

=!I/ =/ 17

pr(?(rq,raq)ze ,O(F(Tq,raq),
K'(Fog,Flo'q) = 9O Gag 7'a'q).

(@G )—p(F") (Ela)

(Elb)

Galilean transformations are nothing but the particular
gauge transformations obtained for ¢(7) = p - 7/h, where
P characterizes the Galilean boost. Based on Eq. (E1), the
transformation law of the local densities from which the EDF
kernel is built is obtained as

Py = Pys (E2a)
7, =14+ 2] - (V§) + pg (Vo) (E2b)
Il = Ja (Vo). (E2c)
sq/m = Sg.vs (E2d)
T), =T+ Y 1200 (Vi) +50(Vu$)l.  (E2e)
m

IS o = Jguw + 540 (Vud), (E2f)
By =€ py, (E2g)
) = 2T, +i(VA,) - (Vo) — 5, (F)(Ve)’l.  (E2h)
T) o =€ Jg . (E2i)

Although Eq. (E2) makes use of neutron and proton
densities, the same transformation laws hold for isoscalar and
isovector densities. The latter are used in the following to
characterize the gauge invariance of the EDF kernel.

2. Normal part of the EDF kernel

The gauge invariance of the normal part of the EDF kernel
requires that

EPP_ EPP = [EPP]g = 0,
EPOP _ EPIP = [EPPP]5 = 0,

(E3a)
(E3b)
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where £PP and £PPP" denote energy densities computed
from the gauge-transformed densities defined in Eq. (E2).
In Eq. (E3), square brackets with index G have to be zero
for the EDF kernel to be gauge invariant. Such conditions
can be fulfilled only if specific correlations between coupling
constants are at play. Gauge transformation only affects normal
densities 1, T}, Jji.u, and Jy ,,, following Eq. (E2). The
fact that v/ — v, T, — T, j/, — jiu> and J/,,
depend on densities j; ,,, J; v, 0;, and s, , in addition to the
gauge function ¢(r), implies that correlations only involve
coefficients multiplying densities t;, 7 v, jr. ., and J; ,,, having
the same spin and isospin character.

For the bilinear functional, the two densities involved in
a given term are either both isoscalar or isovector and both
scalar or vector, such that each gauge invariant combination
involves only two terms of the functional. As a result, condition
Eq. (E3a) is equivalent to requiring that

- Jt,;w

(AT wpi + A] Jiji]; =0.  (Eda)
[AtT ST+ Y A Jt,wa] =0, (E4b)
v g
for ¢ € {0, 1} and is fulfilled whenever [66]
AT =—A], AT =-A/. (ES)

For the trilinear functional, such combinations can involve
many more terms as two isovector or vector densities are
always multiplied by an isoscalar or scalar density. Condition
(E3b) gives rise to seven independent relations that read

0 = [B5potomo + BY pojo - jolgs (E6a)

0= [ngoTo . E() + B8s§0T0 . 3:() + Z Bd’pOJO,MVJO,MU
Y

+ ZB(‘)IJSO,V].O,MJO,/AV} s (E6b)

nv g

0= [proﬁm + B{ypiTop1 + Blj,Oojl 'jl + Bfoplfl 'fo]g,
(E6c)

0= [B{poﬁ St B 5+ Y B 0T

v
+ Z Bdlfsl,ij,MJl,uv:| s (E6d)
v g
0= |:BlTopl7_;0 “S1+ Borlplfl -S0 + B’Sot1 - 51
+ Z Bioo1J1,u0 o, + Z B{*s0.0 j1.u 1 v
7y )
+ ZB{(;SI,VjI,/LJO,MV} , (E6e)
nv g
0= Z €Evrk B()VSJSO,k(VuSO,v)J(),;M s (E6f)

Ak
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0= { Z fuxk[Blvxjso,k(vusl,u)fl,m

oAk

+ B s1.0(Vys1.0) o + B()Vl‘”s1,k(vuso,v)fl,m]} .
4

(E6g)

Condition (E6a) involves functional terms containing scalar-
isoscalar densities. Condition (E6b) involves functional terms
containing isoscalar densities among which two are vector
densities. Condition (E6¢) involves functional terms contain-
ing two isovector densities and no vector densities. Conditions
(E6d) and (E6e) involve functional terms containing two
isovector densities and two vector densities. Condition (E6f)
involves functional terms containing three vector-isoscalar
densities. Finally, condition (E6g) involves all the functional
terms with three spin densities, among which two are isovec-
tor. Correlations between coupling constants resulting from
conditions Eq. (E6) read

Eq. (E6a) = B{ + B] =0, (E7a)
Eq. (E6b) = 1 220 T By® =0, (E7b)
) =
a 2B +2Bj + B* =0,

2By + Bljo =0,

Eq. (E6c) = . . (E7c)
2B +2B] + B], =0,
2B + By =0,

Eq. (E6d) = ’ S (E7d)
2B +2B] + BJf =0,
2B + B{* + Bl =0,

Eq. (E6e) = § 2B+ B, + Bjj =0, (E7e)
2Bl + B{,+ B{* =0,

Eq. (E62) = B*/ — B}’ =0, (E7f)
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while Eq. (E6f) is respected for all By*’. Conditions (E7) are
fulfilled by our functional coefficients; see Tables IV and VL.

3. Anomalous part of the EDF kernel

The same strategy is followed for the anomalous part of the
EDF kernel. The analog of condition (E3) is

EKK/ — EFK = [gm(]g — 0’
glcklc/ _ EKKK = [5KKK]g =0

As seen from Eq. (E2), all anomalous local densities are
affected by gauge transformations. However, each pairing
density enters the energy density with the complex conjugate
of another pairing density, such that bilinear products of the
form g*p, J*J, p*J, or J*j3 are effectively gauge invariant.
As a result, only % or derivatives of 3 and J have to be
explicitly dealt with. For trilinear terms a gauge dependence
might also arise from the third, then normal, local density.
Again, correlations will only involve coefficients multiplying
densities of same spin and isospin character.

For the bilinear functional, condition (E8a) is equivalent to
requiring

(ESa)
(ESb)

2 : o Jorcs
Tl,ap],q

a=1,2

[Af* Y Haba+ AT
a=1,2

+AY? Z(Wi‘,@ﬁm)} =0,  (E9)
a=1,2 g
which is fulfilled for
AV = 1A = 1A% (E10)

For the trilinear functional, condition (E8b) gives rise to eight
independent gauge-invariant conditions that read

0= [ D B aBrapo + By AT atrapo + BY BT aPraTo + By P(V 5T ) - (V1a)po

a=1,2
+iB) "I (VB - Jo + 1By Bt o (VLa) - fo}:| : (Ella)
~ g

0=1| Y {By" (Vi )bra (Vo) + By 75 o(Vir.a) - (%po)}} : (E11b)
La=1,2 g

0= Z S (B 5 aJl,a,,wJo,w+iBOVﬁ”(vﬂﬁr,a)J“l,a,,wso,u}} : (Ellc)
La=1,2 v G

0=| > > By "Jiawhraow +iB()J*Vﬁjﬁa,/w(vuﬁl,u)so,v}] : (E11d)
La=1,2 v G

0= Z Zéabc{iBlf*fﬁuﬁl.bpl,c +iB] 5} o Fr001c + iBfrﬁT,uﬁl,bfl,c + iBlvﬁ(%ﬁT,a) - (V16)P1c
_a,b:l,z c=3
+ BTV DL e+ B BE (Vi) i) | (Elle)

064326-33



J. SADOUDI, T. DUGUET, J. MEYER, AND M. BENDER

PHYSICAL REVIEW C 88, 064326 (2013)

0= D Y eanc{iBy” (Vi Dbre - (Vor) +iBY 57 o(Vire) - (Voro} | (E11f)
| a. b=1,2 ¢=3
g
0= Z Zeabc Z IB vl)l a-ll b ;le ey T va J(V;/.pl,a)jl,b,/wsl,c.u} , (El1g)
| a b=1,2 ¢=3
B Y
0= Z Zeabcz [iB 777 ¢ Prodicpw + Bl VT o o (Vubro)st e} (E11h)
| a b=1,2 ¢=3 Jdg
These relations must be independently fulfilled, which requires that the coupling constants satisfy
Bl +2B)" + B, =0,
Eq. (Ella) = { B{ —2B,” + By =0, (E12a)
A
BP +B pJ—BOpJZO,
Eq. (E11b) = By "7 = B]'"”, (E12b)
Eq. (Ellc) = B - —2B)" 7 (E120)
Eq. (E11d) = B] 7 =2B] *", (E12d)
—BI +2B” — B =0,
Eq.(Elle) = { Bf —2B)" — B/" =0, (E12e)
BT — BV 4 BV —,
Eq. (E11) = B)”" = B]""”, (E12f)
Eq. (Ellg) = B{ ' =2B)"", (E12g)
Eq. (Ellh) = B 7 = —2B]"Y7, (E12h)

which is indeed the case our EDF kernel; see Tables V and VII.
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