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Glossary part 1 : DFT for Coulomb systems
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According to Lévy and Lieb, for a system of fermions, it is possible to 
define an exact functional that relates energy and particle density: 

<latexit sha1_base64="ev1vVujJ+ylgeHZigjDFNrUjmvo=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEpLoRilJwWcE+IAlhMp20Q2cmYWYiltCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HtPlDKqtON8W0vLK6tr66WN8ubW9s6uvbffVkkmMWnhhCWyGyFFGBWkpalmpJtKgnjESCca3kz8zgORiibiXo9SEnDUFzSmGGkjhfZhI8x9ySF5RFiP4RVseL4cJEFoV5yqMwVcJG5BKqBAM7S//F6CM06Exgwp5blOqoMcSU0xI+OynymSIjxEfeIZKhAnKsinD4zhiVF6ME6kKaHhVP09kSOu1IhHppMjPVDz3kT8z/MyHV8GORVpponAs0VxxqBO4CQN2KOSYM1GhiAsqbkV4gGSJguTWdmE4M6/vEjaZ1W3Vq3dnVfq10UcJXAEjsEpcMEFqINb0AQtgMEYPINX8GY9WS/Wu/Uxa12yipkD8AfW5w+WwJXH</latexit>

Eexact = E[⇢]

In the case of electron systems, the Coulomb interaction is known. 
Density Functional Theory (DFT) was created initially (only) for electronic 
systems. 

The lowest-order approximation for the energy (i.e. Hartree-Fock) is known 
but is not the DFT energy! There are also a few exact results for electrons. 

Electronic DFT is called ab initio. Nonetheless, existing functionals usually 
include empirical parameters. 



The electronic many-body problem
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We are concerned with a quantum system governed by a Hamiltonian:

In the case of nuclei and electrons, clearly:

Yet, the N-electron problem cannot be solved exactly even though the 
Coulomb force is known.
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The Hohenberg-Kohn theorem
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The original theorem and its proof can be found in P. Hohenberg, W. Kohn, 
Phys. Rev. 136, B864 (1964). They have in mind a system of interacting 
fermions (H = T + V) in some external potential Vext. 

a) There exist a functional of the fermion density

 

and the part denoted by F is universal (for nuclei, it would be the only part).
 
b) It holds:

EVext [⇢] = h |T + V + Vext| i = F [⇢] +

Z
d3r Vext(r)⇢(r)

min h |T + V + Vext| i = min⇢ EVext [⇢]

The variational principle is written for the density. 
The w.f. may be even too large to write !! (Try as 
an exercise to estimate its dimension...)



The constrained search approach by Lévy-Lieb 
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<latexit sha1_base64="9ru5UtNB+fVoJiMdhoLgnV24L+0="></latexit>

E0 = min h |H| i,
E0 = min⇢ (min !⇢ h |H| i) = min⇢E[⇢],

E[⇢] = min !⇢ h |H| i.

We consider all w.f.’s that 
correspond to a specific density 
with the symbol

<latexit sha1_base64="JkhDcSo45j/Bcen4+6879nyUvsU=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksgquSiFSXRTcuK9gLNKFMppNm6CQTZiZKCQVfxY0LRdz6HO58G6dtFtr6w8DHf87hnPmDlDOlHefbKq2srq1vlDcrW9s7u3v2/kFbiUwS2iKCC9kNsKKcJbSlmea0m0qK44DTTjC6mdY7D1QqJpJ7PU6pH+NhwkJGsDZW3z7ymoohT7JhpLGU4tFwJPp21ak5M6FlcAuoQqFm3/7yBoJkMU004Vipnuuk2s+x1IxwOql4maIpJiM8pD2DCY6p8vPZ+RN0apwBCoU0L9Fo5v6eyHGs1DgOTGeMdaQWa1Pzv1ov0+GVn7MkzTRNyHxRmHGkBZpmgQZMUqL52AAmkplbEYmwxESbxComBHfxy8vQPq+59Vr97qLauC7iKMMxnMAZuHAJDbiFJrSAQA7P8Apv1pP1Yr1bH/PWklXMHMIfWZ8/GrqVmg==</latexit>

 ! ⇢
“instead of finding the tallest 
child in the school by lining all of 
them in the yard, we just line in 
the yard the tallest pupils of 
each class...”



The simplest functional (EDF)
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Non-interacting uniform gas 
(either electrons 

or protons+neutrons = symmetric nuclear matter)
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Functionals and functional derivative

2024 STFC Nuclear Physics Summer School 7
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F [f(x)]
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We assume that for any          we can write
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Analogy with the partial derivative:
<latexit sha1_base64="s6SldVSew/vS12PpVSevi7CjDmw="></latexit>
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Equivalent formula:
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Practical rules:
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Exercise for students:
a) Prove the formulas in these two slides (#7 and #8);
b) Prove: 

(you know it from Euler-Lagrange equation!)
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The Kohn-Sham (KS) scheme
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We assume that the density can be expressed in terms of single-particle 
orbitals, and that the kinetic energy has the simple form:
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We have said that the energy must be minimized, but we add a constraint 
associated with the fact that we want orbitals that form an orthonormal set 
(Lagrange multiplier):
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“DFT is an exactification of 
Hartree-Fock”  (W. Kohn).

<latexit sha1_base64="i6GmGW+YPFjT+3oFTVpsxWi8OoE=">AAACHXicbVDLSsNAFJ34rPUVdelmsAjVRUmkohuh6MZlBfuAJobJdNIMnWTCzKRQQn/Ejb/ixoUiLtyIf+O0TUFbDwyce8693LnHTxiVyrK+jaXlldW19cJGcXNre2fX3NtvSp4KTBqYMy7aPpKE0Zg0FFWMtBNBUOQz0vL7N2O/NSBCUh7fq2FC3Aj1YhpQjJSWPLPqiJCXnQHBUJzAK+jINPIodJKQevThdOZM61nlmSWrYk0AF4mdkxLIUffMT6fLcRqRWGGGpOzYVqLcDAlFMSOjopNKkiDcRz3S0TRGEZFuNrluBI+10oUBF/rFCk7U3xMZiqQcRr7ujJAK5bw3Fv/zOqkKLt2MxkmqSIyni4KUQcXhOCrYpYJgxYaaICyo/ivEIRIIKx1oUYdgz5+8SJpnFfu8Yt1VS7XrPI4COARHoAxscAFq4BbUQQNg8AiewSt4M56MF+Pd+Ji2Lhn5zAH4A+PrB1/LoDs=</latexit>

⇢(~r) =
X

i

�⇤
i (~r)�i(~r)



Glossary part 2: DFT for nuclei
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Skyrme...
           Gogny...

           ...and 
covariant

EDFs

In the case of nuclei, we do not have (yet) a “fundamental 
Hamiltonian” to start from. All EDFs are based on an ansatz for the 
form of E, and a parameter fit. 

All started with the invention of HF with effective forces. At a given 
point, these forces have been seen only as a way to “generate” a total 
energy from           . Thus, there is no considerable difference 
between HF and KS-DFT.
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Skyrme force or “pseudo-potential”
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attraction short-range repulsion

• There are velocity-dependent terms which mimic the finite-range.

• The last term is a zero-range spin-orbit.

• In total: 10 free parameters to be fitted (typically).
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Skyrme force as a generator of an EDF
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Let us see how it works with a simplified force in the case of even-even 
nuclei.
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derive the KS equation
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EDF from the full Vskyrme (even-even case)
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The complete Skyrme EDF including the odd case is complicated.
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Included in (24) are undetermined constants which are associated with the contact term (t0, x0),
momentum-dependent terms (t1, t2, x1, x2), the spin-orbit term (W0) [66], tensor terms (te and to), and
a three-body term (t3).

A widely-used variant of the Skyrme interaction replaces the three-body interaction with a two-body
density-dependent form [63],
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which adds a new exchange parameter x3 along with a parameter ↵ which is allowed to take on non-
integer values, hence breaking the link between the “interaction” and a force, and formally requiring
and EDF picture.
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Here, the summation index t runs over values 0 for isoscalar densities (⇢0 = ⇢p + ⇢n and similarly
for the other densities) and 1 for isovector densities (⇢1 = ⇢p � ⇢n etc), the set {Ct} are the coe�cients
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P.D. Stevenson, M.C. Barton, PPNP 104, 142 (2019)



Gogny forces
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• There are two Gaussians with different ranges that are supposed to 
create nuclear saturation.

• The introduction of a density-dependent term seems unavoidable. 
This suggests that vGogny is also a pseudo-potential (EDF generator).

• The great advantage of the Gogny force is that it seems adequate 
not only for the HF/KS equations but to describe nuclear superfluidity 
as well.
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• Empirical saturation point

• Masses of nuclei

• Charge radii of nuclei

• More pseudo-observables like the equation of state of neutron matter

• More observables: excited states

• A bit outside DFT philosophy: single-particle states and spin-orbit splittings

χ-square fitting is one widely used option to obtain the EDF parameters

Increasing number of studies that employ Bayesian techniques 
(parameter distributions)

Fitting the EDF parameters
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Status of DFT (short summary)
• Error on masses of the order of 1 MeV.

• (Controlled) predictions of drip lines and super heavy nuclei.

• Trends of charge radii and deformations fairly well reproduced.

• Extrapolation to neutron matter and neutron stars.

• Steady progress in the study of theoretical errors and of correlations 
among EDF parameters.

• Techniques based on symmetry restoration are available.

• Giant resonances, charge-exchange transitions are studied.

• Interest in reactions, large amplitude phenomena like fission.

• Merging with ab initio.

2024 STFC Nuclear Physics Summer School
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Much about this in the lectures by Iain, Magda.



Masses and charge radii of atomic nuclei
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X. Roca-Maza and N. Paar, PPNP 101, 96 (2018)

Masses: typical errors ≈ 
MeV. “Arches” show up.

For radii the pictures is 
somehow more blurred. 
More fingerprints of the   
basic limitations of the 
current EDFs.

From M. Bender See slides by Iain



Error propagation
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UNEDF0
Phys. Rev. C 82, 024313 (2010)

J. Phys. G 44, 044008 (2017)



Correlations

2024 STFC Nuclear Physics Summer School 20

Covariance analysis for energy density
functionals and instabilities

X Roca-Maza1, N Paar2 and G Colò1

1Dipartimento di Fisica, Università degli Studi di Milano and INFN, Sezione di
Milano, I-20133 Milano, Italy
2 Department of Physics, Faculty of Science, University of Zagreb, Zagreb, Croatia

E-mail: xavier.roca.maza@mi.infn.it

Received 7 June 2014, revised 4 September 2014
Accepted for publication 17 September 2014
Published 5 February 2015

Abstract
We present the covariance analysis of two successful nuclear energy density
functionals (EDFs), (i) a non-relativistic Skyrme functional built from a zero-
range effective interaction, and (ii) a relativistic nuclear EDF based on density
dependent meson–nucleon couplings. The covariance analysis is a useful tool
for understanding the limitations of a model, the correlations between obser-
vables and the statistical errors. We show, for our selected test nucleus 208Pb,
that when the constraint on a property A included in the fit is relaxed, corre-
lations with other observables B become larger; on the other hand, when a
strong constraint is imposed on A, the correlations with other properties
become very small. We also provide a brief review, partly connected with the
covariance analysis, of some instabilities displayed by several EDFs currently
used in nuclear physics.

Keywords: nuclear density functional theory, covariance analysis, instabilities
in energy density functionals

(Some figures may appear in colour only in the online journal)

1. Introduction

A successful methodology for an effective description of nuclei along the periodic table
corresponds to the self-consistent mean field approach. This class of models can be under-
stood as an approximate realization of a nuclear energy density functional (EDF). The density
functional theory is a powerful and general approach used successfully in physics, chemistry
and material science [1]. In condensed matter, it is possible to describe with an exquisite
accuracy many-electron systems, though with some exceptions. To some extent, the reason
relies on the possibility of deriving such functionals from ab initio calculations of the electron

Journal of Physics G: Nuclear and Particle Physics
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differences of neighbouring nuclei by using a five point formula. The values of optimal
parameters p0 and respective deviations ii for DDME-min1 functional are shown in
table 1.

4. Results

In this section we discuss the main results obtained via the covariance analysis of the two
successful EDFs described in section 3. As an example, we will also present a study of the
sensitivity of our results when employing the SLy5-min functional when (i) the weight in the
neutron matter equation of state is relaxed and (ii) when the respective weight is further
relaxed and the neutron skin thickness in 208Pb is added into the χ2 definition with a very
large weight, i.e. small adopted error.

4.1. SLy5-min and DDME-min1

In figure 1, we have depicted the absolute value of the Pearson product-moment correlation
coefficient matrix (colour code) as predicted by the covariance analysis of SLy5-min and
DDME-min1 for some well known properties7 that serve us as an example (vertical axis from
top to bottom): Ex(IVGQR) centroid energy of the Isovector Giant Quadrupole Resonance;
Ex(IVGDR) centroid energy of the Isovector Giant Dipole Resonance; Δ ≡ −r r rnp n p neutron
skin thickness; L slope parameter of the symmetry energy at saturation density

ρ ρ= ∂ρ ρL S3 ( )|0 2 0
; ρS ( )2 0 symmetry energy at saturation; −m 1(IVGDR) inverse energy

weighted sum rule of the Isovector Giant Dipole Resonance; Ex(ISGMR) centroid excitation
energy of the Isoscalar Giant Monopole Resonance; K0 nuclear matter incompressibility

ρ ρ= ∂ ρ ρK e9 ( )|0 0
2 2

0
; Ex(ISGQR) centroid energy of the Isoscalar Giant Quadrupole Reso-

nance; m m* (m mD
* ) nuclear matter Schrödinger (Dirac) effective mass divided by the

Figure 1. Pearson product-moment correlation coefficient matrix (colour code) as
predicted by the covariance analysis based on SLy5-min (left panel) and DDME-min1
(right panel) for various properties of nuclear matter and 208Pb (see text for the
definition).

7 All the calculated properties in nuclei refer to 208Pb.

J. Phys. G: Nucl. Part. Phys. 42 (2015) 034033 X Roca-Maza et al
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two variants of SLy5-min. In SLy5-a we have kept all terms in the χ2 as in SLy5-min but we
have changed that associated with the equation of state of neutron matter [27]. We have
increased the value of Δ ρ δ =e ( , 1) from ρ δ× =e0.1 ( , 1)—that corresponds to a 10%
relative error—to ρ δ× =e0.5 ( , 1). The Pearson-product correlation coefficients of this fit
are shown in figure 2(a) where now the neutron radius of 208Pb appears to display a higher
correlation with ρS ( )2 0 , L and −m 1(IVGQR). This result clearly indicates that when a con-
straint on a property is relaxed, correlations of other related observables not included in the
fitting protocol with such a property should become larger.

The second model we have built is named SLy5-b. In this case, we have kept all terms in
the χ2 as in SLy5-min except the equation of state of neutron matter that now is not employed,
and we used instead a very tight constraint on the neutron skin thickness of 208Pb: we have
chosen as a test value Δ = ±r 0.160 0.001np fm. Figure 2(b) confirms the expected result:
Δrnp display an almost zero correlation with all the other quantities10. This is because there is
not enough parameter space to explore variations on the Δrnp in this example. This indicates
that when a property is tightly constrained—artificially or by an accurate experimental
measurement—correlations of other observables with such a property should become small.

5. Instabilities

Instabilities can impair the possibility to fit a new functional or to perform a sound correlation
analysis or, generally speaking, to consider a functional as fully reliable. Instabilities in a
functional can manifest themselves in several different ways. It is still unclear if there is a
straightforward relationship between different kinds of instabilities. In general, we define as
instability a situation in which a system described by a functional, when subject to some sort
of perturbation, displays a divergent or physically unreasonable behaviour. Recently there has
been much interest in this topic, though mainly in connection with Skyrme functionals.
Analysis of instabilities associated to covariant functionals are more sparse and less recent.

Figure 2. Pearson product-moment correlation coefficient matrix (colour code) as
predicted by the covariance analysis of two variants of the SLy5-min functional for
different properties (see text for definitions and explanation on the two variants). Panel
(a): SLy5-a. Panel (b): SLy5-b.

10 Note that other isovector properties not tightly constrained in the fit appear mutually well correlated.

J. Phys. G: Nucl. Part. Phys. 42 (2015) 034033 X Roca-Maza et al

10

When a strong constraint is imposed 
on A, the correlations with other 
properties become very small.
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Here’s a simple compass

The compass was developed into a compact design. Instead of balancing an iron spoon or floating a piece of
magnetized iron in a bowl of water, compass designers suspended a magnetized iron arrow on a thin metal
pin over a round card with directions displayed on it. The arrow and card were put in a round brass housing
to protect them. Brass can’t be magnetized, so the housing didn’t interfere with the arrow’s attraction to the
north pole.
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Some nuclei display “paradigmatic” 
spectra: (i) spherical nuclei which 
vibrate or (ii) deformed nuclei 
which rotate 

4.2. PHENOMENOLOGY OF NUCLEAR VIBRATIONS 65

Figure 4.2: The vibrational and rotational patterns in the nuclear excitation
spectra as described in the main text.

energy than non-spin ones, and T = 1 (isovector) excitations are higher than
T = 0 (isoscalar) ones. In the discrete part of the spectrum, states with
S = T = 0 are prevalent.

If we have to single out paradigmatic states among the vibrational ones,
we should definitely point to the so-called Giant Resonances. There exist
monographs on this subject, like Ref. [39]. They lie above the particle
threshold, that is, around ≈ 10-30 MeV. They have the shape or a reso-
nance, with a peak energy and a width Γ, and clearly emerge on top of the
background of other excited states; in other words, they have large cross sec-
tion associated with inelastic processes (we shall return to this point when
discussing inelastic reactions in Chapter 7).

The first evidence of such resonances has been found in experiments in
which a photon beam impinges on a nucleus. A large resonance has been
found systematically in all nuclei, at an energy of the order of

EIVGDR ≈ 80 A−1/3 [MeV]. (4.3)

At such energies, it is easy to verify that the wavelength associated with
the photons, λ = 2π!c

E ≈ 15 A1/3 fm, is much larger than the nuclear size.
The protons feel the electric field that oscillates rapidly in time but is es-
sentially uniform in space. These conditions correspond to the well-known
dipole approximation. Protons are pulled apart from neutrons, but the strong
proton-neutron attraction provides the restoring force. In the limit of a small
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In the case of axial quadrupole deformations:

There are non-axial deformations:
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surface.
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force. This is mainly an effect of Pauli principle correlations. The nucleon
mean free path in the nucleus has been found (see, e.g. Figure 7 of [5]) to be
larger than the nuclear radius, that is,

R ¼ r0A1=3; (2)

with r0 " 1:2 fm. It must be noted that this large value of the nucleon mean free
path is consistent with the well-known fact that, to a first approximation, nuclei can
be described in terms of nucleons that move independently in an average potential.
In fact, nuclei display a clear shell structure characterised by neutron and proton
orbitals; closed-shell nuclei are known asmagic nuclei.Wemay be tempted, then, to
estimate the typical kinetic energy of nucleons at saturation density by using the
Fermi gas formula, andwe obtain " 35MeV. From this value and the value of the
mean free path, we can also infer that the time between two successive nuclear
interactions is at least of the order of 10#22 s. We shall use this estimate below.

The picture of independent nucleons in a spherical average potential is
a first and rough one. Quadrupole and pairing correlations play important
roles in atomic nuclei. Away from closed neutron and proton shells, it is
known since the early days of nuclear physics [6] that many nuclei are
conveniently described by assuming a quadrupole-deformed intrinsic shape
in which nucleons are confined, and that undergoes rotational motion with
respect to the laboratory frame.3 Evidences of nuclei with octupole defor-
mation (i.e. pear-like shapes) are more recent [7]. The quest for more exotic
shapes is still ongoing [8]. Non-spherical shapes arise because many nuclei
gain energy when nucleons are placed in the orbitals associated with such
shapes and are also favoured by nucleon-nucleon (in particular, proton-
neutron [6,9]) correlations. An example is shown in Figure 2. Pairing

Figure 2. (Left) Total energy of 24Mg, calculated using one of the models already employed to
draw the left panel of Figure 1, as a function of the quadrupole deformation parameter
β2; 3

4

ffiffi
π
5

p
δ, where δ is the relative difference between the major and minor semi-axis of the

ellipsoid. (Right) Total ground-state density (in fm#3) as a function of cylindrical coordinates r; z
(z is along the symmetry axis of the ellipsoid).
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Fig. 2 Schematic view (in
two dimensions) of the
deformed nucleus in the
intrinsic frame that rotates in
the laboratory frame. See the
text for a discussion. (Figure
taken and adapted
from Nakatsukasa et al. 2016)

one expects to find eigenstates of H , which are also eigenstates of S. Often,
problems with this principle statement come when one treats strongly corre-
lated systems and is obliged to resort to severe approximations. In that case, a
symmetry-conserving solution might be unpractical or too hard to find, within the
approximated framework, than a symmetry-breaking one.

To substantiate this statement, one can start with a simple and yet famous
example, i.e., that of translational symmetry within the independent-particle picture,
or HF and KS schemes. In these cases, one assumes that the total wave function is a
Slater determinant built up with localized orbitals like in Eq. (4). This wave function
is not an eigenstate of the total momentum operator P (Lipkin 1960), although
clearly [H, P] = 0. In other words, the Slater determinant is not translationally
invariant. One cannot reconcile the independent-particle character of the total wave
function with one of the symmetries of the system; and in keeping with all the
enormous advantages associated with the HF and KS schemes that have been
discussed in this chapter, one better gives up, at this point, the requirement of
translational invariance. Indeed, all the densities that have been introduced are
localized densities, i.e., they are defined with respect to a fixed origin. Nuclear DFT
is grounded on this choice of localized, translational symmetry-breaking densities.

Other types of symmetry breaking, i.e., those associated with shape and pairing
correlations, have been identified as the source of the most important correlations
in finite nuclei for several decades. In addition to translational symmetry, rotational
symmetry also holds for the nuclear Hamiltonian. Exactly in the same manner as
P is the generator of the center-of-mass translations, the total angular momentum
J is the generator of the rotations R(Ω), where Ω is a set of Euler angles. The
motivation to introduce densities that break the rotational invariance (i.e., that are
non-spherical) comes from the nuclear phenomenology. In particular, nuclei with
strong intrinsic quadrupole deformation can be identified through their rotational
bands, that is, by the fact that their spectra correspond to that of a rotor (Bohr and
Mottelson 1975). One is led, then, to considering localized deformed densities.

Symmetry restoration in the lab frame
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Compiled Properties of Nucleonic Matter and Nuclear and Neutron Star Models from
Non-Relativistic and Relativistic Interactions
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This paper compiles the model parameters and zero-temperature properties of an extensive col-
lection of published theoretical nuclear interactions, including 255 non-relativistic (Skyrme-like)
forces, 270 relativistic mean field (RMF) and point-coupling (RMF-PC) forces, and 13 Gogny-like
forces. This forms the most exhaustive tabulation of model parameters to date. The properties
of uniform symmetric matter and pure neutron matter at the saturation density are determined.
Symmetry properties found from the second-order term of a Taylor expansion in neutron excess are
compared to the energy di↵erence of pure neutron and symmetric nuclear matter at the saturation
density. Selected liquid-droplet model parameters, including the surface tension and surface sym-
metry energy, are determined for semi-infinite surfaces. Theoretical liquid droplet model neutron
skin thicknesses of the neutron-rich closed-shell nuclei 48Ca and 208Pb are compared to published
theoretical Hartree-Fock and experimental results. A similar comparison is made between theo-
retical liquid-droplet and experimental values of dipole polarizabilities. In addition, radii, binding
energies, moments of inertia and tidal deformabilities of 1.2, 1.4 and 1.6 M� neutron stars are com-
puted. An extensive correlation analysis of bulk matter, nuclear structure, and low-mass neutron
star properties is performed and compared to nuclear experiments and astrophysical observations.

I. INTRODUCTION

The properties of uniform matter consisting of neutrons and protons at zero temperature are functions of the total
baryon density n and the proton fraction x. The equation of state of uniform matter between about half the nuclear
saturation density n0 ⇡ 0.16 fm�3 and 2n0 is an essential ingredient in models of neutron stars and in calculations of
gravitational collapse supernovae and in neutron star mergers. For example, the radii of typical neutron stars between
1.3M� and 1.6M� depends strongly on the symmetry energy near n0, and the amount of mass ejected in a binary
neutron star merger, in which both components are likely in this mass range, is very sensitive to the neutron star
radius.

Many microscopic models of dense matter begin with a two-body nucleon-nucleon interaction with parameters fitted
to nucleon-nucleon phase shifts and to properties of the deuteron. But many-body formalisms based on these inputs
have historically had di�culty in matching the saturation properties established, for example, from experimental
binding energies using the empirical liquid droplet or Hartree-Fock nuclear models. As a result, the vast majority of
published interactions have instead followed more empirical approaches.

The simplest ones employ non-relativistic e↵ective density-dependent zero-range two-and three-nucleon interactions,
whose parameters are fit to the properties of nuclei and/or symmetric matter at the saturation density. These zero-
range non-relativistic interactions are collectively known as Skyrme-type interactions, and lead to an energy density
that is, e↵ectively, a power-law series expressed in terms of the wave number or baryon density. A more complicated
non-relativistic approach (Gogny-type) utilizes short finite-range interactions.

A distinctly di↵erent theoretical relativistic mean field (RMF) approach is based on quantum hadrodynamics and
involves forces mediated by two to four meson fields, which leads to an energy density that depends not only on the
baryon density and the proton fraction, but also on the meson field strengths. The meson fields are determined at each
baryon density and proton fraction by energy minimization, which leads to a more complex density-dependence of the
energy density than for Skyrme-type interactions. Several variations of the RMF approach, depending on whether
the couplings are linear or non-linear in the fields, have been proposed.

The uniform matter properties for hundreds of published models using these two main approaches were compiled
by Dutra et al. in Ref. [1] for 240 Skyrme-like interactions and in Ref. [2] for 263 RMF interactions (see also Ref.[3]).
The main purposes of this paper are to:

• Create a database of interaction parameters for Skyrme-, RMF- and Gogny-type forces, which were not tabulated
in Refs. [1, 2];

• remove duplicated forces and include additional forces, as well as correcting typos in previous works;

• compare symmetry properties of these forces found by both di↵erencing the energies of pure neutron and
symmetric matter and computing the quadratic term of an expansion of the energy in powers of the neutron
excess;

ar
X

iv
:2

31
1.

00
84

3v
2 

 [n
uc

l-t
h]

  4
 M

ay
 2

02
4

In spite of the “proliferation” of EDFs, one should keep in mind that 
many of them have been built with limited purpose(s), or are 
outdated, or have been improved by the same authors who first 
introduced them.


