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The development of systematic effective field theories (EFTs) for nuclear forces and advances in solving the
nuclear many-body problem have greatly improved our understanding of dense nuclear matter and the structure
of finite nuclei. For global nuclear calculations, density functional theories (DFTs) have been developed to
reduce the complexity and computational cost required in describing nuclear systems. However, DFT often
makes approximations and assumptions about terms included in the functional, which may introduce systematic
uncertainties compared to microscopic calculations using EFTs. In this work, we investigate possible avenues
of improving nuclear DFT using nonlinear relativistic mean-field (RMF) theory. We explore the impact of RMF
model extensions by fitting the nonlinear RMF model to predictions of nuclear matter and selected closed-shell
nuclei using four successful chiral EFT Hamiltonians. We find that these model extensions are impactful and
important in capturing the physics present within chiral Hamiltonians, particularly for charge radii and neutron
skins of closed-shell nuclei. However, there are additional effects that are not captured within the RMF model,
particularly within the isoscalar sector of RMF theory. Additional model extensions and the reliability of the

nonlinear RMF model are discussed.

DOI: 10.1103/xx34-3p5q

I. INTRODUCTION

Major advances in low-energy nuclear theory have been
made in the past two decades, leading to a systematic mi-
croscopic description of nuclei and nuclear matter. This was
enabled by development of effective field theories (EFTs)
for nuclear forces [1-3] combined with the development of
powerful many-body methods applicable to systems ranging
from light to heavy nuclei and nucleonic matter [4—12]. The
advances in many-body calculations have enabled calcula-
tions of some of the heaviest nuclei such as lead [13—18] and
reliable predictions for the properties of strongly interacting
matter in neutron stars [19-26], both with systematic uncer-
tainty estimates.

These advances also present a unique opportunity to im-
prove other theoretical approaches like density functional
theory (DFT). DFT is a powerful method for predicting
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properties of finite nuclei and nucleonic matter due to its
low computational cost compared to the aforementioned
microscopic approaches. While there are many different ap-
proaches and parametrizations within DFT, the two main
formalisms are nonrelativistic and covariant DFT. The widely
used Skyrme functional [27], a nonrelativistic DFT, has been
a popular choice for describing nuclear systems and has a
broad range of applicability (see, e.g., Refs. [28-31]. The
Walecka model [32] is among the most popular covariant
(relativistic) DFTs with success in many similar applications.
This model typically is parametrized in terms of nucleons
interacting via the exchange of various scalar and/or vector
mesons with varying degrees of complexity due to non-
linear self-interactions [33-35], density-dependent couplings
[36,37], or some combination of the two [38]. Additionally,
both relativistic and nonrelativistic DFTs utilize the mean-
field approximation, which greatly simplifies calculations in
both finite nuclei and infinite nuclear matter. In addition, there
have been many studies of neutron stars utilizing relativistic
mean-field (RMF) theories in their calculations, such as the
MUSES project [39,40] or the widely used equation of state
(EOS) model of Steiner, Fischer, and Hempel (SFH) [41].
However, DFT approaches do not contain the same physi-
cal information as nuclear interactions from chiral EFT [with
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O(20) low-energy couplings to be fit to data] due to a lacking
microscopic connection to nuclear forces. An example is the
absence of tensor forces from pion exchange or contact in-
teractions, as this does not contribute to spin-saturated nuclei
in the mean-field approximation. This requires that the effects
of the tensor force be absorbed within other effective terms of
the functional.

Studies comparing density functionals with microscopic
calculations have mainly focused on neutron and nuclear mat-
ter (see, e.g., Refs. [42—45]). In this work, we utilize advances
in microscopic calculations with EFT interactions to compare
the description of nuclear matter and nuclei from chiral EFT
interactions and from a covariant DFT. Our goal is to identify
missing physics and understand areas in which relativistic
DFT may be lacking. In particular, we use calculations of
neutron matter, symmetric nuclear matter, and nuclei up to
208ph for four chiral EFT interactions as “pseudodata” to
adjust new RMF models. By comparing the predictions for
the different systems, we identify which features in the chiral
EFT results can be reproduced by the RMF models.

This paper is structured as follows. We provide background
information and details of our calculations using both chiral
EFT interactions and RMF of finite nuclei and matter in
Sec. II. In Sec. III, we explain how we fit new RMF models
to the results from chiral EFT. We present our new RMF
models in Sec. IV, with results for nuclei and nuclear matter
and a comparison of the different models. Finally we discuss
in Sec. V the implications of using chiral EFT predictions in
calibration of RMF models and discuss possible extensions or
refinements that can be obtained within the RMF theory used
here.

II. APPROACH

A. Relativistic mean-field theory

In this work, we use the FSUGold-like class (also called
nonlinear) of RMF models [46—49]. The interaction La-
grangian for this class of models is given as
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wherein nucleon (i) fields interact via meson exchange
through scalar o meson (¢), vector @ meson (W), and the
vector-isovector p meson (b,) fields. Additionally, this La-
grangian contains several self- and cross-interaction terms
among the meson fields. The cubic and quartic scalar in-
teraction terms (« and A) have been shown to be important
for reducing the incompressibility of nuclear matter. The
quartic vector self-coupling ¢ is important for softening the
high-density EOS and is particularly important for reduc-
ing the maximum mass of neutron stars. Finally, the w-p
cross-coupling term A, is important in softening the density
dependence of the symmetry energy.

Nonlinear RMF models have been a very powerful tool
in describing a number of nuclear systems [32,49-53]. For

many years, the isovector sector of this class of models was
sufficient to explain the then-known properties of nuclear
systems. Accurate fits of nonlinear RMF models have usually
included several properties of nuclei including nuclear masses
and charge radii [54,55]. However, this class of models has
also been shown to have difficulties in reconciling constraints
from microscopic calculations and isovector radius measure-
ments. In particular, nonlinear RMF models tend to predict
stiff equations of state, which in turn predict, for example,
larger neutron skins in nuclei, larger radii for neutron stars,
and stiffer behavior of the density dependence of the symme-
try energy [49,56,57].

The PREX and CREX parity-violating electron scattering
experiments have been able to constrain the neutron skins in
both 2°8Pb and *¥Ca, respectively, which have set a large spark
in the DFT community as reconciliation of both experiments
has thus far proven to be difficult with current DFT knowledge
[57-61]. Indeed, the CREX analysis favored a small neutron
skin, too small to be reproduced by any FSUGold-type RMF
model without sacrificing fundamental nuclear properties.
However, since the conclusion of the experiments, it has been
suggested that a strong isovector spin-orbit force may be able
to reconcile the discrepancy [62—64]. In addition to neutron-
skin measurements, the inference of the tidal deformability of
a 1.4Mg neutron star, A 4, from the gravitational-wave event
GW170817 [65,66], which saw the merger of two neutron
stars, and subsequent analyses favor soft EOSs. It was quickly
reported after the PREX-2 experiment was conducted that
there may be tension between A4 and the neutron skin of
208pp within this class of nuclear models [67].

Some recent works [61,64] have explored the addition of
terms to the Yukawa sector of the Lagrangian and their impact
on finite nuclei and neutron stars. Three new terms were added
to the FSUGold-like Lagrangian, which have a noticeable
impact on finite nuclei:

o
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These additional terms include the vector-isoscalar § meson
(8) and tensor couplings f, and f,,, which couple to the deriva-
tives of the @ and p fields, respectively [68]. The addition
of the § meson provides a simple yet powerful ability to
reduce the density dependence of the symmetry energy [57].
The w tensor coupling f, is sensitive to changes in the w
meson field and particularly changes in the nuclear surface.
Because of the importance of the w meson in the calculation
of nuclear masses, this coupling is also important in adjusting
the binding energy of nuclei. The p tensor coupling f, has a
significant impact on the charge and weak density of nuclei
but is also sensitive to surface effects. Recently it has been
shown that in the nonrelativistic limit of RMF theory, these
tensor couplings directly contribute to the spin-orbit splitting
in nuclei [64]. As a result, both of their inclusions have a larger
impact on the predictions of lighter nuclei such as **Ca than
on heavier nuclei such as 2%*Pb.

B. Microscopic calculations

A microscopic description of nuclei and nuclear matter
is possible using ab initio methods [10-12] that solve the
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many-body Schrédinger equation employing nucleon-nucleon
(NN) and three-nucleon (3N) forces from chiral EFT rooted
in quantum chromodynamics [1-3]. Recent progress has en-
abled microscopic calculations of nuclei as heavy as 2°Pb
[13-15,17,18], and we leverage this to fit new RMF models to
calculations of pure neutron matter, symmetric nuclear matter,
and a broad range of closed (sub)shell nuclei up to 2°*Pb
consistently employing the same input Hamiltonians [18,69].
This consistency is key, as the nuclear forces employed can
be validated against nucleon-nucleon scattering and prop-
erties of few-body systems, heavier nuclei, and nuclear
matter without any phenomenological tuning or uncontrolled
extrapolations.

We consider four Hamiltonians from chiral EFT, the
1.8/2.0 (EM) [70], ANNLOgo [71], 1.8/2.0(EM7.5), and
1.8/2.0 (sim7.5) Hamiltonians [18], which differ in their
construction and how they are fit to data. We high-
light the main differences between the Hamiltonians and
their known strengths and systematic deficiencies and re-
fer to Refs. [18,70,71] for further details. The 1.8/2.0 (EM)
Hamiltonian [70] is constructed using the NN potential at
next-to-next-to-next-to-leading order (N°LO) from Ref. [72]
transformed to lower resolution using similarity renormal-
ization group techniques [73]. The 3N potential is taken
at next-to-next-to-leading order (N’LO) with a relatively
low regularization scale of 2.0 fm~! (394 MeV), and the
two short-range low-energy couplings (LECs) are fit to the
energy of H and the radius of *He. The 1.8/2.0 (EM)
Hamiltonian has been very successful in nuclear structure,
especially for predictions of ground-state energies and ex-
citation spectra [74-78], but it substantially underpredicts
experimental charge radii in medium-mass and heavy nuclei
due to a nuclear matter saturation point at too high of a
density [22,69,76].

A simultaneous description of nuclear ground-state ener-
gies, charge radii, and nuclear matter properties is challenging
using chiral EFT Hamiltonians [79-81], but the ANNLOgo,
1.8/2.0 (EM?7.5), and 1.8/2.0 (sim7.5) Hamiltonians deliver
substantially improved descriptions of these observables,
achieved through targeted optimization to properties of
medium-mass nuclei and/or nuclear matter. The ANNLOgo
Hamiltonian [71] is constructed with NN and 3N potentials
at N’LO with a regularization scale of 394 MeV and with
explicit inclusion of A isobars in the EFT. It is fit to NN
scattering data, few-body systems, and nuclear matter proper-
ties and additionally optimized to ground-state properties of
medium-mass nuclei. As a result, it is generally successful
in the simultaneous description of ground-state energies and
charge radii of medium-mass and heavy nuclei [18,71]. The
1.8/2.0(EM7.5) and 1.8/2.0 (sim7.5) Hamiltonians employ
the same construction as the 1.8/2.0 (EM) Hamiltonian with
1.8/2.0 (sim7.5) being constructed using the NNLO;;,(550)
potential of Ref. [82], but using a modified fit of the 3N LECs
to the properties of *H and, crucially, '°0 [18]. The optimiza-
tion to simultaneously reproduce the ground-state energy and
charge radius of '°Q results in larger values for the 3N LEC
¢p, yielding a very good reproduction of ground-state energies
and charge radii across the nuclear chart.

For nuclear structure properties, we consider ground-state
energies, charge radii, and neutron skins for 1624 4048,
56,68,78 3, 100.108.120.132Gy “ and 28Pb. These were computed
in Ref. [18] based on the four aforementioned Hamiltonians
using the in-medium similarity renormalization group (IM-
SRG) [9,83]. The IMSRG solves the many-body Schrédinger
equation through a continuous unitary transformation of the
Hamiltonian that decouples the ground state from its excita-
tions. It is typically truncated at the level of normal-ordered
two-body operators, the IMSRG(2), an approximation that has
been demonstrated to be reliable for ground-state properties
of medium-mass nuclei [84,85]. Charge radii are computed
using the consistent transformation of translationally invariant
point-proton and spin-orbit radius operators, including cor-
rections based on proton and neutron charge radii and the
relativistic Darwin-Foldy term [86—88] (for more details see
Ref. [85]). Neutron skins are computed as the difference of
the point-neutron and point-proton radii.

We also consider the energy per particle of symmetric
and pure neutron matter. These were computed in Ref. [69]
using many-body perturbation theory (MBPT) for particle
number densities p = 0.04-0.32 fm 3 [19,20,22,25]. MBPT
(along with other microscopic methods for nuclear matter
[4,8,10,89-91]) has been established as a robust approach to
compute nuclear-matter properties up to and beyond nuclear
saturation density. This gives direct constraints for the equa-
tion of state in the inner crust and outer core of neutron stars
[25,92-94], which both directly constrain the structure of neu-
tron stars and aid in the inference of the equation of state from
multimessenger observations [95-99]. In this work, MBPT
diagrams involving NN and normal-ordered 3N potentials are
included up to third order while diagrams involving residual
3N potentials are included up to second order.

Ab initio calculations rely on systematically improvable ap-
proximations for both nuclear Hamiltonians (due to truncation
at a finite order in the EFT) and the solution of the many-body
Schrodinger equation in medium-mass and heavy nuclei and
nuclear matter (through the use of many-body expansion or
statistical methods). As a result, predictions have intrinsic the-
ory uncertainties, which can be quantified through studies of
the order-by-order EFT convergence and the convergence of
the many-body approach [24,74,84,85,99—104]. In this work,
we explore the Hamiltonian uncertainties through the use of
the four Hamiltonians detailed above. While such a selection
is not fully representative, the differences between Hamilto-
nians give us some insight into the effects of the underlying
uncertainties.

Uncertainties due to the use of approximate many-body
methods are challenging to assess, as systematically exploring
these requires using higher-order, higher-precision many-
body methods, which are numerically very expensive and also
formally challenging to develop [84,105-107]. We assess the
uncertainties for our IMSRG(2) predictions [18] based on
estimates from Ref. [85] from IMSRG(3)-N’ calculations,
which are the next order in the many-body expansion for
the IMSRG, and informed by previous studies comparing the
IMSRG(2) to other many-body methods [11]. We use the
following estimates: ground-state energies have a 2%
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uncertainty on the correlation energy, the energy difference
between the IMSRG(2) ground-state energy and the Hartree-
Fock energy; charge radii have a 1% uncertainty; and neutron
skins have a 5% uncertainty. We further estimate the uncer-
tainties for our MBPT predictions for nuclear matter as the
difference between second- and third-order predictions at each
density.

III. FITTING RMF MODELS TO MICROSCOPIC
CALCULATIONS

We fit our RMF models to properties of nuclei and nuclear
matter from chiral EFT calculations using the Hamiltonians
described above. We note that these fits do not include the
experimental values for finite nuclei included in our fit, as we
are purely trying to find missing physics in the RMF models
when compared to the chiral Hamiltonians. Here, we detail the
fitting procedure used to construct our RMF models. We first
explore the effectiveness of including the model extensions
proposed in Sec. II A by performing two fits to the results for
the ANNLOgo interaction: The first fit is based on a model
that follows the Lagrangian in Eq. (1) and a second fit includes
the proposed model extensions. We refer to these models as
RMF-GO(no §) and RMF-GO, respectively. For all other fits,
we use the full Lagrangian including the model extensions.
For the full Lagrangian, our set of free parameters is

0={m.g.8.8 86 k480 fofo}. )
wherein we fix the w, p, and § meson masses at their exper-
imental values [108]. To optimize the parameter set for each
model, we utilize the Levenberg-Marquardt (LM) algorithm
[109].

Previous studies in a similar approach [45,110] have per-
formed fits to nuclear matter calculations alone. These studies
mainly focus on the impact of microscopic calculations on
the structure of neutron stars by fitting RMF interactions to
the pure neutron matter (PNM) and symmetric nuclear mat-
ter (SNM) EOSs near saturation density. We will follow a
similar approach by also fitting to the Hamiltonian predic-
tions of the energy per particle of infinite nuclear matter.
In order to avoid overfitting to nuclear matter, we tabu-
late the SNM and PNM EOSs at densities in the range of
0.10-0.22 fm~3 in steps of 0.02 fm~>. This ensures equal
weights in the least-squares fitting procedure. For error esti-
mation on each point, we take the difference between second-
and third-order corrections to the energy per nucleon.

In order to fully determine the RMF Lagrangian, the fits to
nuclear matter must be supplemented by fits to finite nuclei.
Previous studies suggest that the optimal target nuclei for
fitting are *°Ca, **Ca, and 2°*Pb [33,55-57]. For our RMF
calculations of finite nuclei, we use the Hartree formalism
based on Ref. [50]. To further constrain and obtain infor-
mation on the short-range interactions of the scalar meson,
we include the energy of each of the three aforementioned
nuclei in our fit. Additionally, we include the charge radius
of *°Ca and the neutron skins (R, — R;) of 48Ca and 2%%pPb.!

'We have tried several different techniques and target nuclei to fit
our models, and this method produced the best results.

Specifically, the charge radius of *°Ca is particularly sensitive
to spin-orbit forces, which the tensor couplings are directly
linked to [61,64]. Finally, to explore the uncertainties of the
fits on observables, we perform a Markov chain Monte Carlo
(MCMC) sampling centered at the best-fit results from the
LM algorithm. The likelihood for the MCMC sampling is
constructed from the chiral EFT points whose 1o errors we
take as discussed in the previous section. The log-likelihood
is explicitly defined as

1 Yx —3(6)
log. ¥ = —— § xR 4
0g > PR “4)

where subscript x represents data from the chiral Hamil-
tonians and y is the vector of data obtained from the
RMF model using parameter vector 6 defined previously.
All subsequent uncertainties pertaining to the RMF mod-
els will be quoting the 68% uncertainties from the MCMC
sampling.

IV. RESULTS

A. Impact of model extensions

We first explore how the model extensions change how
well the RMF models can simultaneously reproduce the chiral
EFT predictions for nuclei and nuclear matter. In Fig. 1, we
compare the RMF-GO and RMF-GO(no §) models by con-
sidering their predictions for the energy per particle of PNM
and SNM and the energies, charge radii, and neutron skins
of a broad range of closed-shell nuclei. For comparison, we
also show the predictions from ab initio calculations using
the ANNLOgo interaction to which both models were fit. The
lines for each model are the model predictions, and the bands
are the 68% uncertainties based on the uncertainties in the fit
that result from the input data.

Both models perform quite similarly for nuclear matter
with only modest differences occurring at higher densities
where the § meson softens the PNM EOS. This is as ex-
pected based on the nature of the § meson, which softens
the symmetry energy and lowers the effective neutron mass.
What is more apparent are the differences in predictions for
finite nuclei. First, we find that the energy per nucleon in the
nuclei considered here show a strong difference between the
two fits especially for 4BCa, 378Ni, 198n, and the heavier
nuclei. For these medium-mass nuclei the model extensions
result in a worse reproduction of the ab initio predictions,
while the opposite is true for heavier nuclei. There is also an
interesting underbinding feature found at °Ni and '°’Sn in
RMF-GO compared to RMF-GO(no §), which is contrasted
by an overbinding in “°Ca. This is suggestive of some remain-
ing deficiencies in the isoscalar sector of the RMF Lagrangian.
We note that the predicted uncertainties of our RMF models
are consistent with the input ab initio uncertainties for the
energies per nucleon of nuclear matter and nuclei, but con-
siderably smaller than the input uncertainties for charge radii
and neutron skins. We understand this to be due to the strong
constraints imposed on our RMF functionals by the fits to nu-
clear matter. Within these constraints the RMF models do not
have the freedom to full reproduce the input uncertainties for
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FIG. 1. Comparison of RMF-GO(no §) (blue) and RMF-GO (red) fits (with bands indicating 68% confidence intervals arising from the fit)
to the predictions of ANNLOgo (black) for selected observables for nuclear matter and nuclei from Refs. [18,69]: (a) energy per nucleon of
SNM and PNM; (b) energy per nucleon of closed-shell nuclei; (c) charge radii scaled by A'/3; (d) neutron skins (R, — R)).

radius observables, leading to smaller predicted uncertainties
from the RMF models.

However, we do find that the model extensions greatly
improve the reproduction of charge radii. The predictions of
RMF-GO are much closer to the predictions of ANNLOgo
except for 2*Q, *°Ca, and *°Ni. The simultaneous reproduction
of the nearly equal charge radii of “°Ca and *®Ca is a well-
known challenge for RMF theory, which we believe largely
makes up the disagreement we see here. It is possible that the
addition of Fock terms could help alleviate this issue, but this
is mostly unstudied for the nonlinear RMF approach [36,111].
Therefore, it would be interesting to revisit this issue in the fu-
ture with the inclusion of Fock terms. However, we conclude

that the extensions are important in reproducing the charge
radii of closed-shell nuclei with A > 56. Finally, we also find
that the neutron skins are well reproduced by both models
with a slight improvement through the model extensions in
RMF-GO.

In Fig. 2, we show the MCMC samples of a few nuclear
structure observables for the RMF-GO model. We see that
within this model, there is a strong correlation between the
charge radius of “°Ca and the energies of **Ca and 2%*Pb,
further suggesting that deficiencies in the isoscalar sector of
the Lagrangian are the dominant sources of error in reproduc-
ing the chiral EFT results of finite nuclei. By comparison, the
neutron skins of *3Ca and 2®Pb show very weak correlation
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FIG. 2. MCMC posterior sample distributions of selected nuclear observables for the RMF-GO model: energy per particle E /A of “Ca
and 2% Pb; charge radius R, of **Ca; neutron skin of “*Ca (Rffm); and neutron skin of 2%®Pb (Rffff]). The one-dimensional histograms show the
posterior distributions from the MCMC sampling in blue with the mean and 68% confidence intervals as vertical dashed lines. We also show
red bands indicating the assessed uncertainties for the ab initio predictions using the ANNLOgo Hamiltonian with the central values as red

dashed lines.

with the other isoscalar observables and are both consistent as in RMF-GO. Of these three interactions, two are modi-
with the chiral EFT results, indicating that the isovector sector ~ fications of previously existing interactions: 1.8/2.0 (EM7.5)
is currently sufficient to reproduce isovector observables. and 1.8/2.0 (sim7.5) both modify the 3N couplings cp and cg.
When fitting the RMF model to these two interactions, we find

considerable difficulty in reproducing many properties of nu-

B. Fits to other interactions clei when compared to fits to the ANNLOgo and 1.8/2.0 (EM)

We now discuss the remaining fits to three other chiral interactions. This can be seen in Fig. 3, where we show the
interactions. For each fit, we utilize the same model extensions relative errors of each RMF model to the energies and charge
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FIG. 3. Comparison of relative errors in nuclei for charge radii and energies. The horizontal black line corresponds to zero relative error.

Bands show the 68% confidence interval around the mean error. Note that we scale the charge radius by A

radii predicted in ab initio calculations. Although both RMF-
GO and RMF-EM show similar error trends and similar error
sizes, the other two interactions show considerably different
trends and, in the case of RMF-EM(7.5), much larger errors.
This inability for the RMF models to accurately capture the
effects of the stronger short-range 3N forces is potentially
indicative of missing interactions within the RMF models we
consider. The particularly large uncertainties for the RMF-
EM(7.5) model are due to the relatively larger nuclear matter
uncertainties in the ab initio input data, highlighting the im-
portance of nuclear matter constraints.

We provide the full list of Lagrangian couplings in
Tables I and II as well as the nuclear matter properties for each
model in Table III. Additionally, we show the comparison
of all the models presented here to the results of the PREX
and CREX experiments in Fig. 4. We plot the neutron skin
of 208pp against the form factor skin (Fy, — Fyx) of “Ca
with magenta points showing a sample of RMF models from
Ref. [57]. In Fig. 4, none of the models shown in this work
lie within the 90% confidence ellipse. This is a known is-
sue within density functional theory generally, although some
works have suggested that a strong spin-orbit force may allow
for reconciliation of the two experimental results [112,113].
The interactions from chiral EFT used in this work do not
lead to a large neutron skin in 2®Pb, consistent with ab initio
calculations for the neutron skin of 28Pb [14,18].

C. Neutron star properties

In this section, we detail the predictions for neutron star
properties of the five RMF models presented in the text,

173 as in Fig. 1.

RMEF-GO(no §) without the model extensions and RMF-GO,
RMF-EM, RMF-EM(7.5), and RMF-sim(7.5) with the model
extensions. These calculations illustrate the importance of
high-density couplings within RMF theory, such as the quartic
vector self-coupling ¢, and the effects of the § meson in
the neutron star EOSs. For the core of the neutron star, we
include electrons and muons when calculating 8 equilibrium
and charge equilibrium. The core-crust transition density is
calculated using the random-phase approximation method of
Ref. [52] modified to account for the new inclusion of the §
meson. For the outer crust, we use the Duflo-Zuker [115] mass
table up to neutron drip density. The inner crust is then found
by interpolating between the outer crust and core using a cubic
polynomial, ensuring both energy density and sound speed are
continuous at each interface as in Ref. [116].

We list some important neutron star properties in Table IV.
We find that all five models do not reach a maximum mass
of 2M, because of the higher values for { in each model.
Typically, ¢ is tuned to lower values such that the maximum
neutron star mass reaches at least 2M . However, we found
that fixing this parameter to low values greatly impacted the
fits to the SNM EOS away from saturation density. Hence, we
kept this parameter free to best capture all features present in
the nuclear structure and EOS data. This discrepancy, that the
maximally observed massive neutron star of 2M, [117,118]
cannot be reproduced with FSUGold-like models when ¢
is not tuned, has been discussed in many previous works
[46,54,55]. As expected with such soft EOSs (due to ¢ being
large), the radii and tidal deformabilities are all well within
the range consistent with GW170817 [65,66]. Interestingly,
we see that the core-crust transition density p¢ is pushed to

TABLE I. Yukawa sector meson field couplings for the various RMF models discussed in the text. This is supplemented by the nonlinear
and tensor couplings found in Table II. Note that the scalar meson mass m;, is given in units of MeV. We fix the masses of the other mesons to
their experimental values of m, = 782.5 MeV, m, = 763 MeV, and m; = 980 MeV [108].

Model my

&

g

g

8

RMF-GO(no §)

466.9709 £+ 0.1073

101.0793 £ 0.4023

RMF-GO 523.2300 £+ 1.8179 129.8895 £ 1.3629
RMF-EM 512.0006 £ 0.0185 119.4313 £ 0.3547
RMF-EM(7.5) 502.1187 £ 0.2811 120.7120 £ 0.6200

RME-sim(7.5)

534.5869 £ 0.9979

132.5964 £ 0.7630

197.7524 £ 0.0349
207.3669 £ 0.4664
184.6073 £ 0.0400
194.0022 £ 0.0132
203.1945 £ 0.4788

139.4445 £ 0.1150
187.2445 £ 2.8144
194.0101 £0.1319
218.3965 £0.1114
225.3631 +0.3318

0.0
87.2318 £ 1.4154
96.3565 £ 0.0339
92.8285 £ 0.0266
91.1643 £ 0.2010
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TABLE II. Nonlinear and tensor couplings for the various RMF models described in the text. All couplings are dimensionless except

which has units of MeV.
Model K A ¢ A, fo fo
RMF-GO(no §) 2.8198 +0.0675 0.0136 +0.0102 0.0605 + 0.0238 0.0503 + 0.0019 0.0 0.0

RMF-GO
RMF-EM
RMF-EM(7.5)
RMEF-sim(7.5)

2.0458 £0.2901
5.0335 £ 0.1445
4.6617 £ 0.0683
1.8957 £0.1642

0.0245 £ 0.0059
0.0098 £ 0.0167
0.0276 £ 0.0126
0.0207 £ 0.0064

0.0756 £0.0141
0.0897 £ 0.0436
0.1204 £ 0.0359
0.0642 £ 0.0131

0.0198 £ 0.0007
0.0208 £ 0.0018
0.0260 £ 0.0017
0.0237 £ 0.0009

11.6757 £ 1.0396
13.7078 £ 0.1603
10.7080 £ 0.0965
11.5402 £ 0.8702

—107.0218 £ 6.7774
—102.9553 £ 0.0427

—55.2602 £ 0.0182
—117.4315 £0.2482

higher densities in the four models with the § meson. This is
indicative that the presence of the § meson, keeping SNM and
PNM fixed as in the case of RMF-GO(no §) and RMF-GO,
significantly impacts the transition density, providing a novel
way to increase the size of the neutron star crust while keeping
bulk nuclear properties the same. Additionally, we also see
that the Urca threshold density is achieved at around 4 times
saturation for each of the five models, although this quantity
is more sensitive to the high-density EOS.

V. DISCUSSION

A key motivation of this study is the exploration of how
RMF models are able to reproduce the results of ab ini-
tio calculations using chiral EFT interactions. We find that
RMF models are not fully able to reproduce all trends in
nuclei based on fits to nuclear matter and selected closed-shell
nuclei. This is more-so the case for the RMF-sim(7.5) and es-
pecially the RMF-EM(7.5) models, which are fit to the chiral
EFT results using the 1.8/2.0 (sim7.5) and 1.8/2.0 (EM7.5)
interactions, respectively. For these Hamiltonians, the short-
range 3N forces were fit to yield a good simultaneous
reproduction of the '°Q binding energy and charge radius,
an adjustment that yielded a good overall reproduction of
binding energies and charge radii up to **Pb [18]. The re-
sulting 3N force parameter cp = 7.5 is relatively large with
respect to conventional chiral EFT interactions including the
1.8/2.0 (EM) and ANNLOgGo Hamiltonians. This gives both
the modified trends in predictions for nuclear structure observ-
ables (notably charge radii), but also increases the assessed
uncertainties for the predictions for nuclei and nuclear matter
(stemming from the use of approximate, but systematically
improvable many-body methods). Our RMF models clearly
struggle to fully reproduce these modified trends. We under-
stand this to be partially due to the significant short-range
3N forces in these chiral EFT Hamiltonians, which have no
analog in our RMF models, and partially due to the larger
uncertainties from the input data.

Because of the improvements to microscopic calculations
of nuclear systems, it is essential that we utilize their predic-
tive powers in refining functionals within EDF theory. While
none of the three additional terms discussed within this paper
are new, they are only infrequently included. Unlike Skyrme-
type DFTs, in RMF theories it is more difficult to disentangle
the contributions of individual couplings to various observ-
ables. This makes the calibration of RMF models challenging
[54,55,119,120]. Typically, a systematic study of couplings
can help indicate the sensitivities of various observables to
individual couplings and identify redundant couplings that can
be removed from the Lagrangian, allowing for unambiguous
fits to data. For example, the o-p cross-coupling was orig-
inally included to provide an additional isovector-dependent
coupling to mix the short-range scalar meson with the effects
of the p meson. However, its effect was shown to be much
smaller than the w-p cross-coupling in softening the density-
dependence of the symmetry energy [48,52]. For this reason,
higher-order meson interactions beyond what is presented
here have largely been omitted.

Our results indicate that the inclusion of the § meson alone
improves the isovector properties of the nuclear EOS. The im-
pact of the § meson has been studied previously for finite and
infinite systems [121] yielding notable changes to the spin-
orbit effects and binding energies. In a previous work [57], the
8 meson’s inclusion was essential in reconciling the neutron
skins of **Ca and >°®Pb as it allowed for systematic decreasing
of the neutron skin in “*Ca while keeping L constant. This
effect, while not quite known at the time, is because the large
values for gs cause a large change to spin-orbit effects, which
affect the nuclear surface. “*Ca has a large surface energy
compared to 2%®Pb, which is why its effect was so pronounced.

The saturation points predicted from chiral EFT Hamiltoni-
ans and RMF models show different trends, with RMF models
typically obtaining saturation densities of around 0.15 fm—>
and results from chiral EFT interactions generally lead to
larger saturation densities. Thus, also the EFT-informed RMF
models considered here, have saturation densities larger than

TABLE III. Summary of bulk nuclear matter properties for each of the RMF models described in the text.

Model 00 (fm™3) E/A (MeV) Ko (MeV) J (MeV) L (MeV) Koym (MeV)
RMF-GO(no§)  0.1694 % 0.0013 —1675+£0.10  211.4+£12.84  31.244+023  58.88+0.81 —14.71 £8.98
RMF-GO 0.1659 £ 0.0015 —16.754+0.08 219248350  30.77+024  50.80+£0.75 —16.32 +£7.47
RMF-EM 0.2101 = 0.0024 —17.41 £0.11 208.8 + 13.41 34.91 +£0.31 60.33 £2.47 22.74 +30.87
RMF-EM(7.5) 0.1871 £ 0.0082 —16.99 £0.77 175.0 £ 13.60  3225+£1.37  47.58+£3.76 0.763 £ 5.07
RMF-sim(7.5) 0.1626 + 0.0018 —16.71£0.09  230.4+10.31 28.99 £ 0.25 39.58 £ 0.99 21.93 £10.72
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FIG. 4. Comparison of the neutron skin (R, — R)) of 208pp to the
form factor skin (Fy, — Fyy) in *Ca as determined by the PREX-1+2
[112,114] and CREX [113] experiments. The ellipses show the 68%
and 90% confidence intervals determined from both experiments.

0.15 fm—3, which also impacts the results for finite nuclei.
This effect also may help explain the errors seen in the charge
radius of “°Ca and *°Ni wherein the spin-orbit forces aris-
ing from the model extensions are less impactful compared
to more neutron-rich isotopes [122], leaving the bulk of the
effects seen arising from the symmetric matter EOS behavior.
Nonetheless, if our RMF Lagrangian were sufficiently gen-
eral, the effect of having a larger saturation density should
be able to be absorbed into the model without sacrificing the
reproduction of finite nuclei observables based on the same
chiral EFT Hamiltonian.

The high-density component of the nonlinear RMF La-
grangian is largely controlled by the ¢ coupling with only
some information coming from A, [123]. This sector is
demonstrably ineffective at reproducing a maximum-mass
neutron star consistent with the heaviest pulsars observed
without drastically increasing the predicted radius of a 1.4M,
neutron star. Typically, ¢ can be chosen arbitrarily to repro-
duce the maximum-mass neutron star of choice, and then the

TABLE IV. Overview of selected neutron star properties as
predicted by the five models discussed in the text. We show the core-
crust transition density (poc) as determined by the RPA method of
[52], the Urca threshold density (puica ), and the mass of a neutron star
with that central density (M., ), the radius and tidal deformability of
a 1.4Mg neutron star (R 4, A4), and the maximum mass (M, ).

Pc PUrca MUrca R1.4 Mmax
Model (fm™)  (fm™)  (Mg) (km) Ay (Mo)
RMF-GO(no §) 0.0783 0.6405 1.51 12.06 325 1.71
RMF-GO 0.0880 0.6164 143 1192 296 1.66
RMF-EM 0.1049 0.5956 1.22 11.08 174 1.58
RMF-EM(7.5) 0.0892 0.7802 1.31 10.60 122 1.48
RMF-sim(7.5)  0.0938 0.7452 1.63 1191 334 1.73

other couplings are refit to accommodate its chosen value.
Here, we find that ¢ is also important for determining the
behavior of low-density nuclear matter due to the effective w
mass being large in symmetric nuclear matter at low densi-
ties [51,55]. As a result, arbitrary choices of { may lead to
disagreement with chiral EFT calculations at low densities in
matter while not impacting nuclei very much. The quartic p
meson self-coupling & [35] extends to the high-density EOS
regime without impacting symmetric matter or finite nuclei
(except for very large values of £). This term may want to
be explored in the future along with other high-density terms,
which one may adjust to obtain the desired properties of
neutron stars. It is also possible that there may exist a phase
transition at higher densities that reconciles this issue with
¢ and the maximum neutron-star mass. More generally, this
shows the challenges of general high-density EOS extensions
within RMF theory.

We conclude with some possible extensions that could be
added to the RMF Lagrangian to further improve the theory.
The lack of direct 3N interactions is a clear omission from
the nonlinear RMF model. One way to address this is to
utilize density-dependent couplings, wherein the 3N effects
are included through introducing a density-dependency in the
Yukawa coupling for the meson fields [36,37,124,125]. This
approach to RMF theory omits the nonlinear potential terms
and the tensor couplings, but has also been shown to be
powerful in both connecting to microscopic interactions and
being able to reproduce chiral EFT calculations of PNM. One
possible approach would be to introduce some simple density
dependence as in Ref. [38].

It is also possible that additional spin-orbit terms could
improve the isoscalar sector in nuclei. For example, a scalar
spin-orbit Lagrangian term that includes derivatives of the
scalar and § fields,

Lo = Uly"3u(fid + fo(z - NIV, &)

reduces to a form similar to the vector spin-orbit terms found
in nonrelativistic Skyrme functionals [62,126]. These terms
are largely unexplored and could have a noticeable effect
on isoscalar observables due to the scalar nature of these
mesons. Finally, connections to tensor forces within chiral
EFT are difficult to obtain within mean-field theories due to
their vanishing contribution after the mean-field approxima-
tion is taken. It is possible that the effects of tensor (J = 2)
mesons could be interesting to study and are a natural bridge
to connect tensor forces to RMF theories [127].

Finally, we mention that relativistic microscopic ap-
proaches such as relativistic Brueckner-Hartree-Fock calcu-
lations are also available (see Ref. [128] and references
therein). This has led to successful studies for light nuclei
and nuclear matter (see, e.g., Refs. [129,130]). However, our
approach employs nuclear-structure information from heavier
nuclei than what can currently be calculated with covariant
many-body methods based on covariant chiral interactions. A
possible follow-up to this work could use microscopic calcu-
lations from covariant interaction models once the systematic
uncertainties in corresponding many-body calculations are
comparable to state-of-the-art ab initio calculations.
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VI. CONCLUSIONS

We have performed several fits of nonlinear RMF models
to results from chiral EFT calculations of nuclei and nuclear
matter. In doing so, we have obtained and documented sev-
eral results that suggest that RMF theory does quite well at
reproducing the pure neutron and symmetric nuclear mat-
ter predictions using chiral EFT interactions. Simultaneously
fitting to nuclear matter and selected nuclear structure observ-
ables, we find that the addition of the § meson and vector
meson tensor couplings improves the reproduction of charge
radii and neutron skins in finite nuclei compared to the con-
ventional Lagrangian of FSUGold-like models. However, in
symmetric doubly magic nuclei we find the additional terms
perform worse in reproducing the energies obtained from
chiral EFT. We also found that predictions for chiral EFT
interactions with 3N forces with relatively larger short-range
couplings are more poorly reproduced compared to interac-
tions with smaller short-range 3N couplings. We believe that
introducing additional terms that directly impact the spin-
orbit sector of the RMF Lagrangian as well as inclusion
of exchange terms into the finite nucleus calculations could
improve the agreement with chiral EFT. Additionally, density-
dependent couplings could help capture the effects of 3N
forces. Lastly, we conclude that the high-density sector of
the nonlinear RMF interaction needs some refinement as the
predictions of the maximum mass neutron star are too small
compared to astrophysical observations if ¢ is not constrained
by neutron star observables.
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APPENDIX A: NUCLEAR MATTER

Here, we describe the equations that are used to calcu-
late the infinite-matter properties of RMF theory using the
Lagrangian of the extended RMF models above. From the in-
teraction Lagrangian in Eq. (1), the meson fields are calculated
from their equations of motion at a given proton and neutron
density by solving the following set of coupled equations:

2

m5q>+K(D2+)\q)3_ p+ n
g% 2 6 _103 1037
my o
g—zVo + gvg +2A,VoBg = pp + pu,

m2
—Bo +2A,V5Bo = pp — pa,
&
2
ns
gDO = Pf — Py

(AD)
where p is the baryon density of species i = (p, n), differenti-
ating between proton and neutrons, and p; is the scalar density.
Note that here we make the simplification of combining the
Yukawa coupling with their respective meson field such that

(859, 8sWo, gobo, 8560) —> (P, Vo, By, Dy).
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FIG. 5. Same as Fig. 1 except for the RMF-EM model.

The scalar density can be calculated using standard Dirac
theory calculations [51]

i L, My
pl=— | KP——dk
= Jo k2 +M?k2

(A2)

with the effective Dirac mass M* and Fermi momentum k.
The inclusion of the § meson splits the proton and neutron
Dirac masses such that

M} =M — @ F 1Dy, (A3)

where protons are (—) and neutrons are (+4). With the above
equations, the energy and pressure of nuclear matter can be
calculated. The energy density is given by

1 m? 1 m? 1 m? 1 m?

2 g 220 280 2g7"
K o3 A 4 o4 2p2

+§CD +4TCD —47‘/0 _AUV()B()"F/)VO

1
+ E(pp — pn)Bo + €,(p) + €,(p),

where €;(p) = 25 3 dik® Vi + M.

(A4)

APPENDIX B: FINITE NUCLEI

Within the extended Lagrangian presented above, we may
derive the equations of motion for the meson fields and bary-
onic fields using standard practices. We assume spherical
symmetry and that all nuclei are in the ground state. This
allows us to write the equations of motion for the Hartree
system as

1 1
(m? — V) =g (,os - ¥ P’ — 6,\@3),

I fy
L g, Sy 2Angv0),

2 w\y. — o2 _
(2= Vs = = 557 2~

1 1 f
2 Np 2 p 2
(mp -V )Bo = gp<§,0u,3 - mgvﬁt& —2AY, BU)’
1
(m} = V*)Do = 58505,
—V?A = epp,
d K
—+ =47 g —(E+M =S =V)fu =0,
dr r
d K
T )+ (E =M+ 5= Vg =0, (B)
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FIG. 6. Same as Fig. 1 except for the RMF-EM(7.5) model.

where the potentials S, V, T are

3
S =& — —=D,,
5 0
3 14+ 13
V=Vy+ =B Ao,
0+2 o+ 5 Ao
1 v dVq dB
_ L (~d 1S dB , (B2)
2M \ gy dr 2 g, dr

and the wave functions g,, and f,, are the upper and lower
components of a Dirac spinor

1{ igu (Vim0 @, 5)
1//z;(tg r o, s )

(B3)
_fm((r)y—/cm(e’ ¢7 S)

This allows us to compute the particle densities from the Dirac
wave functions

N

p(r) ="

2+ 1
4?2

(&2 (1) — fa.(P)],

N

a1, 5
pu(r) = ; 27 (8 () + L],
Noor 1, 2, T3
pos) =3 [ D+ 0] 5
= 2t 2 - 2 )2
Ps,3 - g 47'[}"2 nK nk 2 ’
N2, 41
pi(r) = ; S e fuc (],
N

2Jy + 1
pra) = Y S e (N5 (B4

where o runs over all occupied shell states in the nucleus
(N). Using these equations along with standard relativis-
tic Hartree practices [50], we are able to self-consistently
solve for the ground state of spherical closed-shell

034331-12



CONNECTING RELATIVISTIC DENSITY FUNCTIONAL ...

PHYSICAL REVIEW C 112, 034331 (2025)

30
B RMF-sim(7.5)
o b 18/20 (sim7.5)
= 1ot
=
=)
<
<
S8
710— |
0.05 0.10 0.15 0.20 0.25
Density (fm~?)
110
i
1050\
\
\
\
Lot
—~ \
- \
= \
E roop
» \ N
= VAN . I
1 I// \\\E// \\\ \I L I
<0.95 C % S I
~ SN T/ \N
\\l/’ \\\ I I
0.90}
0.85

l()O 240 JI)Ca mca SIiNi [i&Ni TXNi UillSn108SleliS“UZSnZ(PKPb

—6.5

' RMF-sim(7.5)

—7.01

E/A (MeV)

—8.0

—8.51

—-9.0 00 210 B(a BCa ONi ®Ni 7 Ni 10808828328, 705 pr

0.6

0.4

0.3

0.2

R, — R, (fm)

0.1

0.0f
¥ \ /
¥ ¥

" . . . " " " i " , " .
1()0 240 -Mica hsca 5()Ni ()SNi 72@Ni lU(PS“lliXSnU()Snl.iZS“‘Z‘)Spb

-0.1

FIG. 7. Same as Fig. 1 except for the RMF-sim(7.5) model.

nuclei. Charge and weak densities are computed according
to Ref. [122].

APPENDIX C: ADDITIONAL MCMC SAMPLING
OF CHIRAL-EFT-INFORMED RMF MODELS

Here we show the fits from RMF-EM, RMF-EM(7.5), and
RMF-sim(7.5) compared to the results from calculations with
these chiral EFT interactions [18,69]. Firstly, we see in Fig. 5
(RMF-EM) similar results to RMF-GO, where the energies
of *°Ni and '%Sn are systematically underbound compared to
the neutron-rich nuclei in our selection. Likewise, we see the
charge radius of “’Ca is lower than the chiral EFT result, and

the neutron skins are well within the chiral EFT predictions.
Additionally, we find that the saturation density is determined
somewhat at a higher value than what is reported in Ref. [69]
due to the lack of higher density points included in the fit.

In Figs. 6 and 7, however, we find considerable difficulties
in reproducing the chiral EFT results with our RMF models.
In particular, these have stronger short-range 3N forces than
in the other chiral EFT interactions used here. In doing so,
the SNM EOS has larger error bars than the two previously
discussed interactions, which leads to larger uncertainties in
the energies and charge radii across the nuclei considered
here. Three-nucleon forces are not explicitly included in the
RMF Lagrangian utilized here, so the effect of this refit is not
fully captured in the RMF model.
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