PHYSICAL REVIEW C 106, 055805 (2022)

Regression analysis of the nuclear symmetry energy for relativistic mean-field models
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Regression analysis for the symmetry energy within a sample of relativistic mean-field models of nuclear
matter is performed. The selected models consistently meet the experimentally obtained limitations. A proposed
measure of the importance of adding the fourth-order term to the symmetry energy is analyzed. As a result
of the research, it became possible to arrange the models and perform two-dimensional and one-dimensional
linear regression analyses. The one-dimensional regression analysis between the input parameters confirms
the appropriateness of introducing the division of the sample of considered models into four separate classes
representing four statistically different fits. An additional result is the formulation of constraints on the function,
which describes the energy density of the system. The performed two-dimensional regression analysis refers to
an alternative method of parametrizing the symmetry energy using the power law. It was found that the Akaike
information criterion of model selection involving the y exponent is sensitive to splitting the symmetry energy
into the kinetic and potential parts. The analysis indicates that the more appropriate way of splitting is the one
that does not consider the interaction with the sigma meson in the kinetic part.

DOLI: 10.1103/PhysRevC.106.055805

I. INTRODUCTION

Various theoretical strategies and associated numerical
techniques have been developed to attack the many-body
problem of isospin-asymmetric nuclear matter. Primary meth-
ods of tackling fall into three main categories: the many-body
microscopic approach, the effective-field theory approach,
and the phenomenological approach [1-3]. Theoretical ef-
forts must be confirmed experimentally, utilizing heavy-ion
collision experiments and astrophysical measurements. By
creating appropriate conditions, experiments with heavy-ion
collisions [4-6] make it possible to study extreme states of
strongly interacting matter and obtain information about the
nuclear equation of state (EoS) at high baryon densities and
temperature. This is of great importance to nuclear physics
because it allows one to test the understanding of the fun-
damental aspects of strong interactions. This issue is also
important astrophysically concerning the description of the
dynamics of supernovae and the properties of neutron stars
[7-9]. The EoS of asymmetric nuclear matter is still uncer-
tain, and the main reason for this is a poor understanding
of symmetry energy, especially its high-density limit [2,8].
There are many fascinating aspects of the symmetry energy
accessible by experimental and theoretical procedures. The
basis of the analysis carried out in this paper is the way
of defining the symmetry energy, specifically the commonly
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used parabolic approximation. Calculations for the analysis
in the following sections were based on selected relativistic
mean-field (RMF) models. RMF represents an approach to
the nuclear matter description understood in a broad aspect
of finite nuclei and infinite nuclear matter, emphasizing the
matter of a neutron star. The leading type of this category
of models is the quantum hadrodynamics (QHD), one whose
archetype is the linear Walecka model [10]. In general, QHD
develops a framework within which an accurate description
of the nuclear many-body problem as a relativistic system
of baryons and mesons is provided. QHD is an effective-
field theory that describes interacting nucleons based on the
mean-field approximation. The original Walecka model de-
scribes the properties of nuclear matter by the scalar-isoscalar
o (attractive) and vector-isoscalar w mesons (repulsive) ex-
change [11]. This model was then extended by including the
vector-isovector p meson. This type of model has undergone
further modifications, resulting in its increased applicability.
Much more sophisticated forms of models include a variety
of nonlinear meson interactions [12]. A wide range of these
models can be categorized according to interaction terms’
parameters. In general, nonlinear interactions between mesons
can be divided into representative classes, including self-
and mixed-interaction terms [13,14]. Detailed dynamics of
individual models are refined by selecting the appropriate
Lagrangian function, with parameters that should be com-
patible with experimental observations. Details are given in
Sec. III. Despite many theoretical and experimental efforts,
the uncertainty of the density dependence of the symmetry
energy, especially its high-density behavior, persists as one
of the most challenging problems in nuclear physics [15,16].
The EoS of asymmetric nuclear matter in terms of its binding

©2022 American Physical Society


https://orcid.org/0000-0002-2963-861X
https://orcid.org/0000-0001-7586-133X
https://orcid.org/0000-0002-1898-4824
https://orcid.org/0000-0002-2546-8801
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.106.055805&domain=pdf&date_stamp=2022-11-17
https://doi.org/10.1103/PhysRevC.106.055805

ILONA BEDNAREK et al.

PHYSICAL REVIEW C 106, 055805 (2022)

energy per nucleon is a function of baryon number density
ny = n, + n,, where n,, and n,, are neutron and proton number
densities, and the parameter § = (n, — n,)/(n, + n,) which
quantifies the isospin asymmetry of the system

e(ny, 6)
np

E(ny, 8) =

—M, ey

where e(np, §) denotes the energy density and M is the nu-
cleon mass. One can extract information about the EoS from
the Maclaurin expansion of the function E (n, §) around § =
0[17]

E(ny, 8) =) Ex(ny)s™ = Eo(ny) + Y Exc(m)8%, (2)
k=0 k=1

where Ey = E(np, § = 0) is the energy of symmetric nuclear
matter, and all components of the sum in Eq. (2) beyond
the term Ey determine the isospin asymmetric part of the
binding energy. Thus, the expansion (2) aims to indicate the
system’s dependence on isospin asymmetry. Depending on the
ratio of the number of protons and neutrons, the system can
exist in states of different energies. Information about energy
differences associated with conditions characterized by other
numbers of neutrons and protons, therefore differing in the
value of the § parameter, is provided by the asymmetry energy

Easym(np, 8) = E(np, 8) — Eo(np). 3

In general, the nuclear symmetry energy is defined as the dif-
ference between the energy of neutron matter and symmetric
nuclear matter,

Egym(np) = E(np, 8 = 1) — E(np, § = 0), “

and can be identified with the appropriate coefficient in the
Maclaurin series (2). The Maclaurin series truncated to the
second-order leads to the commonly used parabolic approxi-
mation of the EoS,

10°E

E(np, ) = Eo(np) + =

2
2W6:05 SE )

In this case, the symmetry energy Egm(np) is equated with
satisfactory accuracy as the coefficient E, of the series (2).
When the quartic term is included, the sum of E, and E4
is accepted as being the valid approximation. The quan-
tity E»(n,)82 for the parabolic approximation determines the
asymmetry-energy contribution to the energy E (1, §).

The density dependence of the nuclear matter EoS is ex-
pressed in terms of coefficients that appear in the Taylor-series
expansion of functions Eq(n;) and Egyn, (1) around the satu-
ration density ng. The results obtained for symmetric nuclear
matter in the case of parabolic approximation can be written
as

KO ny — Ny 2
Eo(m) = Eo(no) + 22 (M 2) 4 (©)
2 31’10
where Ej is the binding energy, and Kj is the incompress-
ibility of symmetric nuclear matter, both taken at ng. The
density dependence of the symmetry energy is specified by the

expression

ny, —no
Eqm(m) = Eym(no) + Lo(“)

31’1()
Kom /1y — 1o\ 2
+_Y<U) +

-, 7
2 3}’10 ()

where Egym, Lo, and Ky, denote the symmetry-energy coeffi-
cient, its slope, and its curvature, respectively. All coefficients
are also calculated at the saturation density ng. Sustained ex-
perimental and theoretical efforts are made to put constraints
on particular coefficients and provide the optimal parametriza-
tions of models describing nuclear matter. Determination
of reliable constraints on the parameters characterizing the
isospin-dependent part of the nuclear matter equation of state
is a formidable experimental challenge. Depending on the
density range achieved in the given experiment, different ob-
servables can be used for this purpose. The most satisfactory
results were obtained for the saturation density based on the
data analysis obtained with the use of observables that in-
clude, among others, the atomic masses [18], neutron skins
of heavy nuclei [19], isospin diffusion in heavy-ion reactions
[20], excitation energies of isobaric-analog states (IAS) [21],
isoscaling of fragments from intermediate energy heavy-ion
collisions [22], the electric-dipole polarizability from ana-
lyzing the Pygmy dipole resonance [23], the frequency of
isovector giant dipole resonances [24], and optical potentials
from studying nucleon-nucleus scatterings [25,26]. The devel-
opment of experimental techniques and theoretical methods
offers varying approaches to understanding the dependence
of the symmetry energy on density. Of considerable impor-
tance are the results obtained in the lead radius experiment
(PREX). The reported updated results give the value of the
neutron skin thickness Arﬁgg =0.283 £ 0.071 fm [27-29].
This experimental finding is particularly vital not only for
the nuclear structure but also as a tool to probe the proper-
ties of the symmetry energy. Different theoretical approaches
indicate that the size of neutron skin in 2°*Pb and the value
of the symmetry-energy slope L(n;) are linearly related with
the most substantial value of the correlation at the subsatu-
ration cross density n. = 2/3 ny [30], which approximately
corresponds to the average density of atomic nuclei. The
symmetry energy slope L(n,) in the vicinity of the satura-
tion density n influences the mass-radius relation and tidal
deformability of neutron stars [27,31-34], thus the thickness
of the neutron skin of heavy nuclei and the radii of neutron
stars are among the most promising observables that con-
vey information about symmetry energy. At the same time,
they also allow the determination of neutron-star parameters.
Observables describing nuclei’s collective motions in nuclear
reactions are used to probe the symmetry-energy properties
for densities higher than the saturation density n, among
others [26]. However, the resulting limitations are endowed
with much more considerable uncertainties. Experimental ver-
ification of the properties of symmetry energy distinguishes
observables such as isospin diffusion or neutron-to-proton
ratios, the description of which is based on the transport
theory [35-37]. A good description of available experimental
data is obtained by adopting the power-law to recount the
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dependence of energy symmetry on density, which is an alter-
native form of symmetry energy parametrization. Usually, one
separates the symmetry energy into kinetic and potential con-
tributions Egym(np) = Eskyi}’n(nb) + Espy‘i;(nb). The need to know
the potential and kinetic parts of the symmetry energy has its
justification in specific nuclear physics problems, for example,
in simulations of heavy-ion collisions [38] and astrophysics.
Given the astrophysical aspect, it was found that the critical
densities for forming four different charge states A(1232)
depend differently on the kinetic and potential parts of the
symmetry energy [39]. The description of the kinetic part is
frequently given based on the free Fermi gas model. Using
the power-law parametrization for the potential part

¥
EBt () = EBn (o) () @®)
no
results in the following relation for the y parameter:
Lo — L§"
Y = oot o ©))
3Efm(no)
where the symmetry energy slope Ly is defined as
dEs m
Ly = 3n0‘y—(n”) (10)
dnb

no

The paper is organized as follows: in Sec. II, the inaccuracy
of the parabolic approximation of the symmetry energy is
determined. The paper uses the approximation method based
on the Dyson summation approach. The representation of the
symmetry energy as a function generated by the Padé approx-
imants [40] allows the definition of a series of the Dyson type
and the use of its properties. The third section presents the
theoretical approach to assessing the energy of nuclear matter
and describes the parametrization of the sample of the models
used. In the fourth section, a two-dimensional regression anal-
ysis based on the splitting method of the symmetry energy into
the kinetic and potential part is given. The obtained results and
their discussion are included in the fifth section. Knowledge
about the properties of nuclear matter is obtained indirectly
from experiments. Thus their interpretation depends on how
reliable are the models involved in explaining the experimen-
tal observables. Different classes of models can be used to
describe individual observables. If several models overlap in
the experimentally acceptable description of the properties of
nuclear matter, it becomes possible to narrow down the area
of the model parameters.

A set of N = 23 RMF models is examined. Their multitude
results from the necessity to describe various experimental
situations. The study assumes that each of the RMF models
separately is reliably estimated by a very large number of real
observations. With this assumption, the presented statistical
analysis of the set of N RMF models concerns (as if) the
study of the experimental reality. Section IV presents a two-
dimensional analysis of the regression model selection based
on the Akaike information criterion [41], in which attention
focuses on the decomposition of the symmetry energy of the
model into the kinetic and potential parts. In Sec. V a series of
one-dimensional regression analyses for the input parameters
(Esym,2> Lo, Esym 4, La, ny, etc.) is performed. On the other

hand, the performed regression analysis allows for the clas-
sification of the RMF models, which would be justified even
if it concerned only the ordering of the theoretical parameters
space of RMF models.

II. THE INACCURACY OF THE PARABOLIC
APPROXIMATION TO THE SYMMETRY ENERGY

Critical issues in analyzing the symmetry energy have roots
in its implicit-like definition. The customarily applied ap-
proach uses the Taylor-series expansion of the nuclear matter
EoS because the Taylor series are practical tools for approx-
imating functions that can be difficult to compute otherwise.
The series (2) represents the function E (ny, &,) with satisfac-
tory accuracy in the vicinity of the point (ng, 0). Moreover, the
justification for the parabolic approximation has been verified
with good numerical accuracy based on various theoretical
models of nuclear matter. Thus, in many cases, the form of
the EoS used is based on the parabolic approximation, with
E, being the dominant term of the asymmetry energy (3).
However, doubts about the validity of the parabolic approxi-
mation remain in the case of neutron-star matter characterized
by extreme values of density and isospin asymmetry. It has
been shown that special properties of neutron stars, such as
the proton fraction at beta equilibrium, the core-crust tran-
sition density, and the critical density for the direct URCA
process, are sensitive to the quartic term in the symmetry
energy [42,43]. Analysis of the fourth-order symmetry en-
ergy term within the selected nonlinear RMF models was
performed in Ref. [44]. The authors derived the explicit form
of the function Eyy 4(715) and then studied its corrections to
the parabolic law for the isospin asymmetric nuclear matter.
Their results confirm that the Egypy, 4(15) influences isospin-
dependent properties of nuclear matter, such as the proton
fraction in B-stable neutron-star matter and the core-crust
transition density and pressure in neutron stars. In general, a
finite sum of Taylor terms does not guarantee stable nor sys-
tematically improvable approximation to the exact form of the
energy density function. The mathematical results suggest that
the Padé approximants approach gives a better representation
of the original function than the truncated Taylor series [40].
Several algorithms have been developed [45] to compare the
effectiveness of the Taylor and Padé methods. Assuming that
the function ES’;m(nb, 8) represents the form of the symme-
try energy fairly accurately [46,47], and E, is its dominant
contribution then the fourth-order term E, is considered as an
amendment. In this case,

E(np, 8) = Eo(np) + Eyy (np, 8)8°, (11

sym

where Es";m(nb, 8)8% stands for the contribution of [46] the
asymmetry energy to the nuclear matter EoS. Introducing the

factor r(ny)
r(np) = Esym 4(np)[Esym. 2(n5)] 2, (12)

the function Es};m(nb, §) can be written in the following way
[46]:

Esym,2 (nb)

1- "(nb)Esym,Z(nb)a2 ’ (13

Efn(m, 8) =
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Functions Egy, 2(np) and Egym 4(ny,), for which the exact den-
sity dependencies are unknown, set the form of r(n). If
the parabolic approximation were exact then r(n,) would
vanish, r(np) = 0, and Es’;m(nb) = Egym2(np). The function
w(np) = Egym,4(np)/Egym 2(n,) measures the importance of
the fourth-order symmetry energy contribution and can
roughly be understood, in the case of RMF models, as the
relative error of the parabolic approximation. In this con-
text, r(np) = Esym,4(nh)[Esym,2(nb)]72 = w[Esym,Z(nb):rl can
be interpreted as the specific inaccuracy of the parabolic
approximation. The product 7(n)Eeym 2(n,) = w(ny) carries
information about the relative value of the amendment and
thus the need to use higher-order terms. Knowing the function
r(np) through the relationship E,(n,) = 1/r(n,) enables the
determination of the corresponding energy scale value E, (n;).

The necessity to introduce the fourth-order terms to the
description of asymmetric nuclear matter is analyzed by effec-
tive methods of the Dyson series type. The symbolic “Dyson”
series for ES’;m(nb, 8)is

Egym2(np)
1 — r(np)Egym 2(np)8%
= Egym2(1) + Egym2(np)[r(1,)8° 1 Egym 2 ()
+ Egym2(np)[r(n)8° 1 Egym 2. () [r (1)5%]
X Egyma(np) + - - . (14)

EL (. 8) =

The following analysis was performed on a sample of N = 23
RMF models.

The approximate solution to the function r(n;)

The saturation density for each model is denoted by ny,
which has different values for each RMF model. This model-
dependent ny will be denoted 7iy. Introducing 7, which for a
specific model takes the value equal to its saturation density
ng, the following relation at the first-order approximation in
Any, = (np — fip) can be obtained from Eq. (12)

dInE
) ~ r(flo)(l — 28m, 22 (i)
n
dInEgn4 _
+Anb—‘y"‘<no)), (15)
dl/lb

where, in line with Eq. (12), r(7ig) = Esym,4(ﬁ0)Es;ﬁL2(ﬁ0).
Equation (15) can be rewritten in the form:

1 r(ny) — r(iiy) ~ dInEgyn 4 (i) — 2d In Egym 2

r(flo) Anb dnb dl’lb (nO)

(16)

Thus, assuming that the linear approximation in the expansion
(15) is satisfactory, the following relation can be obtained

L r(np) —r(iig)  Ar(ig) 1 1 dEymp (7o)
- — = ————— =————— (o
r(iig)  np — i r(fip) Any Egym2 dnyp
E§ m d ES m
- mR = I (), a7

Esym,2 dnb Esym,4

where 7l is a variable that takes values equal to saturation
densities for all the considered models. Given a specific model
with a saturation density ng, Eq. (17) can be rewritten in the
following form:

Ar(ng) 1 1 < Ly

r(ng) Any, 3np \ Esym,2(no)
Esym,4(”0) iEsme (l’lo)), (18)
Esym,Z(nO) dl’l;, Esym,4
where Ly is the symmetry energy slope (10). Solution to the
relation (18) leads to the exponential behavior of r(n;) for a
given model:

+ 3}10

[—3(

Lo
Egym,2(ng)

_ n np—ng
() = roF Fmar VTR, (19)
where ry = r(ny) and
Egma d E
Cing) = 3yt = Z9ym2 (20)

Esym,Z dny, Esym,4

The evolutionary form of the obtained solution suggests that
a continuation to a broader domain of density might not spoil
the accuracy of the approximation. The exponent in (19) is
a sum of two components. The first is the ratio of two main
parametrization factors describing the density dependence of
the symmetry energy Lo/Esym 2(n0). The second (20) is the
correction resulting from both the fourth-order and second-
order terms in the Maclaurin expansion (2).

III. THE RELATIVISTIC MEAN-FIELD APPROACH

The following Lagrangian density function specifies the
detailed dynamics of the system:

L= Lo+ Lin. (21)
The Lagrangian density of free baryon and meson fields £ is
given by
Lo = Y(iy"d, — M)y + 1(8"0d,0 — mo?)

- %F’“’FM + %miwﬂw“

— BBy, + 3mip, - B, 22)
where o, w,, and p, represent the scalar-isoscalar o, vector-
isoscalar w, and vector-isovector p meson fields, respectively,
and v is the isodublet nucleon field. The field tensors £}, and
B, are defined as F,, = 9,0, — d,w, and B,, = 3,0, —
9,0,. The interaction Lagrangian density Li, includes the

couplings of the standard Yukawa type and provides a variety
of nonlinear interactions of meson fields grouped in Ly,

_ 1
Lin = W[g(,a - (gwwu + Egp? : 5;&))’“}# + Lyr, (23)

A B C 2
ENL = —50'3 — 10'4 + Z(giwuw")

1
+gagfuo(wuw“)<a1 + zaigaa>
2/ 2 1 /
+gaogp(10/tp ) Olz+5062g00'

1 / [
+ 5w3(gwgp>2<wuw“></w "), (24)
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The solution of the equations of motion that follows from
the Lagrange function (21) is at the root of calculating the
respective energy of the considered model. All analyses were
based on the mean-field approximation, in which the meson
fields are separated into classical components and quantum
fluctuations. After picking the vacuum expectation value, the
quantum fluctuation term vanishes and is not included in the
ground state, and only classical components remain:

o= (o)=s, o> (0= (w)s" = w,

s
P = (p3) = (p03)8"" = ros. (25)
In this approach, the energy density of the system given as

the zero component of the energy-momentum tensor takes the
following form:

1 5, 3 s L5y
e=-—ms + =5+ =5 ——m w
M T3ty 270
C 2
- Z(giwé) + ZwWolp
[
_ Em’or(m + gp70,3M3p

1
— 805(80wo)* <oz1 + gaigUS> — 855(8,703)°

1 , 1 ’ 2 2
X a2+§0t2ggs —50‘3(&0“’0) (8o70.3)

ki
8 o
+ E F/(; k-, [k? —i—Mesz’jdk, (26)

j=n.p

where M. = M — g, denotes the effective nucleon mass
and n3, = (Yy'my) = np — n,, and g under the sum repre-
sents the number of degrees of freedom. The nonlinear meson
interaction terms which are necessary for the construction of a
correct nuclear matter EoS alter both the isoscalar and isovec-
tor sectors [31,48]. However, since the expectation value of
the p field is generally an order of magnitude smaller than that
of the w field, higher-order nonlinear couplings of the p meson
are not considered because they only have a marginally influ-
ence on the properties of finite nuclei. In the case of infinite
nuclear matter, it was shown that the quartic p meson coupling
gives a measurable effect only in stars made of pure neutron
matter. As an example of the parametrization that considers
the quartic p meson term, the results obtained in Ref. [49]
can be given. This paper analyzes the relationship between
the skin of heavy nuclei rich in neutrons and the properties of
a neutron-star crust. It was verified that changes in parameter
sets that lead to an increase in the effective mass of the nucleon
or increase the strength of the p meson coupling lead to the
softening of the EoS for high densities, which gives as a result
neutron-star models with slightly smaller radii. The appropri-
ate coupling constants determine the strength of the nonlinear
meson interactions. The energy density of the system given
by Eq. (26) encodes the correct form of the symmetry energy.
The Taylor series expansion method is a simple and generally
accepted approximation that makes it possible to calculate
its density dependence. The following equations present the
explicit form of the symmetry energy Egym 2(n,) and its slope

TABLE 1. Parameters characterizing isospin asymmetric nuclear
matter that are subject to experimental constraints.

Coefficient Span of experimental constraints
Esym.Z(n()) 25-35 MeV
Egym2(n0) 30-35 MeV
Ly 25-115 MeV
K7, (no) ~700~ — 400 MeV
Egym,2(no/2)
7£symv2(no) 0.57-0.86
L(I’lb)l
k2 g
Egym2(ny) = et 27)
6\/m mp,eff
k2 k}
L(ny) = L - £ -
2 2 2 3
SM 6V (kF + Mesz)
2Mesekp M, 3¢
X (1 + efzf i eff) + 2p np
4 ony, 81, ofp
2
3g?0 am Deff o -
- 8 4 ) ny, ( )
mp_eff np

where m%yeff = m% + gl,sg%(Zotg + o58s8) + 5 (808p )20)%
denotes the effective mass of the p meson. The first
component of the sum in the symmetry-energy expression,
Eq. (27), is the kinetic part and the second represents the
potential-energy contribution.

Parameters

The process of a continuous and more accurate description
of the properties of nuclear matter requires using reliable mod-
els. In the case of RMF models, it consists of the appropriate
selection of model parameters. The presented discussion is
based on the calculations performed using selected models,
the parametrizations of which are studied in Refs. [13,50].
Their compliance with the limitations resulting from the anal-
ysis of experimental data obtained for nuclear matter with
different values of isospin asymmetry, emphasizing the ne-
cessity to reproduce the properties of symmetric matter and
neutron matter, justifies this choice. The choice of experi-
mental constraints in the case of symmetrical matter (§ = 0)
considers the nuclear matter incompressibility at saturation
density Kj in the range 190-270 MeV [51-53], the skewness
coefficient —Q in the range 200-1200 MeV [54], the pressure
P(np) in density ranges (2ng, 5ng) and (1.5n, 2.5n9) [2,55].
The last group of limitations is addressed to the isovector
sector of the EoS [35], and more specifically to the symmetry
energy coefficient Egyn(19) [56], the symmetry energy slope
Ly evaluated at ng [57,58], the volume part of the isospin
incompressibility Kg , at ng [13,59,60], and the ratio of the
symmetry energy at ng/2 to its value at ny [61]. Individual
values of constraints for the coefficients characterizing the
isospin-dependent part of the EoS are summarized in Ta-
ble I. Thus, the carefully selected sets of parameters that
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satisfactorily meet the nuclear matter constraints were used
for the analysis in this paper. A characteristic feature of the
selected models is the variety of nonlinear meson interaction
terms. Their presence in the isospin-dependent sector makes it
possible to remodel the density dependence of the symmetry
energy.

IV. TWO-DIMENSIONAL REGRESSION FOR THE
L0 /Esym,z (no) RATIO

The function r*(n), Eq. (19), which represents approx-
imate form of the specific parabolic approximation r(n;)
includes, in the exponent, the term Lo/Egym 2(no). This factor
originates from the parabolic approximation and suggests that
the ratio ﬁ is worth attention. It can be recast to the
following form:

L _ L L
Esym,Z(nO) Esym,Z(”O) Esym,Z(nO) '
where Lo = L§" + L§*" is decomposed into the kinetic and
potential parts, respectively. The power-law relation for the
density dependence of the symmetry energy introduces the

factor y, Eq. (9), that differentiates the considered models and
can be expressed as follows:

(29)

pot
LO

3EP L(ng)

sym,

y = (30)
The potential part of the symmetry energy can be given by the
formula [see Eq. (27)]

gpMe

EPY (mp) = —2—, (€]

wm Smi.eff

and, in such case, the kinetic energy has the form

. k2
) P S— (32)

sym,2
6,/k> + M2,

The exponent in the power-law parametrization of the sym-
metry energy corresponding to the division of the symmetry
energy into the potential and kinetic part given by Egs. (31)
and (32) is denoted by y;. A second parameter y, [50], which
corresponds to the modified form of the potential symmetry
energy, could be used. It is related to the splitting of the
symmetry energy into kinetic and potential parts. In the case
of y,, the kinetic part does not include the medium-modified
effective nucleon mass and is given by the formula

Egn )= ——F— (33)

the potential symmetry energy is also remodeled

k2 k2 n
Epot — F F + g%, b

sym,2 - 2
ek my 6 iz M Ypen

The changed symmetry energy distribution causes a corre-
spondingly changed distribution of its slope. So there is a
possibility to include the power-law parametrization in the

(34)

performed analysis. Using Eq. (30) the ratio Lo/ Eym,2(110) can
be rewritten as

L L kin EP(:; (n0)
0  — +<3—Sy 2 v, (35

Esym,Z(nO) B Esym,Z(nO) Esym,Z(nO)

or

Ly ESn (o) Lk
E

Esym,Z(nO) Esym,2(n0) S](}E[r;,l(nO)

POt
+ (3 —sym'z(n())) v, (36)

Esym,2 (no)

where  the  almost constancy of the  factor
3Efy(;:l’2(n0)/Esym’2(n0) across the RMF models, [13], is
the reason for the decompositions (35) or (36) with y being
as one of the two variables on the RHS of these equations.
In this way, y naturally appears in the analysis. It will
be checked that the variability of E;‘Yi&yz(no)/Esquz(no) in
Eq. (36) is also negligible, allowing for treating its mean
across the RFM models as a coefficient before the variable
ngi“/EskyiELz(no) (see Secs. IVB 1 and IV B 2). In the analysis
of models (35) and (36), the Akaike information criterion
is used for model selection [69]. The motivation behind its
usage is the maximum likelihood method, which maximizes
the probability of realization of the observed sample, in this
case, represented by the analyzed set of models. This will
be explained in Sec. IV A. In Sec. IV B, it will be shown
that, by using the Akaike information criterion, the discussed
representations (35) and (36) of Lo/Egm(n9) enables one
to differentiate between various forms of the kinetic part
of the symmetry energy. This distinction is based on the
fact that if the kinetic energy is given by the formula (33),
then the Akaike criterion picks out the model (36), with
Esk}j?nl(n()) in the denominator of the first factor. Contrary
to this, when the kinetic energy takes into account the
effective mass of the nucleon, Eq. (32), the model (35) is
preferred, with Egp 2(ng) in the denominator of the first
factor. Application of the Akaike criterion to this problem
requires the construction of appropriate regression functions
related to the pair of relationships (35) and (36), and the
assumption that the variable Lo/Egm (1) and the factors
Lgi“/Esqug(no) and y in Eq. (35) or Lgi“/E:‘yir'}Lz(no) and y in
Eq. (36) are random variables. Although analytical models
(35) and (36) are equivalent, they lead to different linear
regression models in the population of all considered models.
That is, when Lo/ Egym 2(no) is treated as the response variable
and the factors Lléi“ /Esym,2(no) and y in Eq. (35) or the factors

% and y in Eq. (36) are recognized as the explanatory
ones then Eq. (35) and Eq. (36) can be perceived as two
regression models in the space of the discussed models. Due
to the difference in the form of the factor L§"/Eqym (1) in
Eq. (35) and Ll(;i“ /E;‘yigl.z(no) in Eq. (36), the matching of these
two regression models to the sample of the considered models
in which the kinetic term is constructed differently, will also
be different. An additional reason for such a choice of factors

is that the coefficients standing before them have relatively
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low variability in the group of the studied RMF models (see
Secs. IVB 1 and IV B 2).

From the analytical models given by Eqs. (35) and (36) it
is evident that the intercept is equal to zero. Thus, the form of
the analytical models (35) and (36) requires that the intercept
(offset) in the statistical counterparts of these equations is also
equal to zero. Therefore, two statistical regression models f;,
k = 1,2 (see Sec. IV B), are proposed:

LO Lkin

=y
Esym,2 (no) Esym,Z(nO)

Model; : +apy +E, 37)

where Lo/Egym2(no) is the response, and L§"/Eqym 2(n9) and
y are the factors and E is the error (random ingredient), or

Model Lo Lg" + +E, (38)

odely : =021 22y )
Esym,Z(n()) Esk;lr}nyz(n())

where Ly/Esym 2(no) is the response, and LE" /Efyiﬁl,z(no) and

y are the factors and E is the error. In a compact form these
models can be rewritten as follows:

_< Lo
Esym,Z(”O) B Esym,Z(nO)

where [Lo/Esym,2(n0)]heor 18 the theoretical (theor) value (the
conditional expectation value) of the response, i.e.,

Modely, :

) LE. (9)
theor

(5.
Esym,Z(nO)
Here, for M = 1 the corresponding statistical model is called
fi with the first factor Ay = Ay = L§"/Eqym2(np), and for
M =2 the corresponding statistical model is called f, with
the first factor Ay; = A, = ng”‘ /E;‘ylgl’z(no).

If a sample of N models is chosen from the population of
RMF models, then the regression model (40) is estimated by

) = oy 1A +aypy. (40)
theor

Lo 7
= +E, 41)
Esym,2(”0) Esym,Z(”O)
where
/LO\ Oy 1Ay + & 42)
< = Qapm1Apm T Op2Y
Esym,2(”0)

is the conditional mean of the response and the error term E in
Eq. (39) is replaced by its estimate £. Throughout this paper,
the variance of the error term E is denoted by MSE (mean
squared error) [70].

A. The consistency assumption for every relativistic
mean-field model

In this paper, it is assumed that every theoretical RMF
point in the sample of N = 23 RMF models is estimated con-
sistently (and thus without any bias, at least asymptotically).
Therefore, every theoretical RMF point on the scatter diagram
[with coordinates Lo/Esym,2(no) for the response and Ay, and
y for the factors] coincides with the estimate obtained for
the infinite number 7 of hypothetical experiments testing this
RMF model. It follows that in the limits n — oo and for all the
population of RMF models, the finite sample error £ tends to
E.

B. The Akaike information criterion analysis

Below, the Akaike information criterion model selection
procedure for the (N = 23) RMF model points is used. In
Secs. IVB 1 and IV B 2 the estimation of regression models
(37) and (38) using the sample of N = 23 points of the RMF
models is performed.

To select the better regression model from the two models
(37) and (38) considered in this paper, the Akaike infor-
mation criterion for the normal distribution of the response
Lo/Esym,2(ng) and explanatory variables Ay and y is used.
The Akaike information criterion (A/C) for a model with a
“free” parameter O is defined as follows:

AIC(®k) = —2InL(Ok) + 2K, (43)

where L(®g) is the likelihood function of the model with
Ok parameter in the N-dimensional sample and @ is a
maximum likelihood (ML) estimator of the K-dimensional
parameter ®g. In Sec. IV, Okx_, = (a1, a1 2) for Model;
and ®kg_» = (a2,1, o2,2) for Model,. More information on the
Akaike information criterion model selection can be found,
e.g., in Ref. [69]. In the sense of Kullback-Leibler relative
entropy, a model with a lower value of AIC can be under-
stood as being closer than other models to a certain “true”
model. This can be justified in the following way: Let the
data y = (y1, ¥2, ..., yn) be generated by the unknown, true
model g for the random variable Y and let the model f; be the
candidate for the description of the investigated phenomenon
(e.g., the statistical models f; for the regression Model; and
/> for the regression Model,, see Sec. IV). Thus, the model
fe = fir(Y, O) in the light of data coming from the g(Y)
model is considered. The maximization of the log-likelihood
function In L;(y|®g) for L; being the likelihood function for
the f; model is asymptotically (or on average) equivalent to
maximizing the expectation value

MOk) = Efln fi (Y, ©k)].

The parameter Ok is unknown, thus, it is replaced by its max-
imum likelihood method (MLM) estimator ®g. Therefore,
instead of A(®g) the expectation value

Ok = Egjip, [In fi(Y, ©)]

is maximized, where he, is the distribution h(.)K(C:)K) of
the estimator ®. The maximization of Qk is equivalent
to the minimization of —2NQg, where N is the dimension
of the sample. As AIC(f) is approximately the unbiased
estimator of —2NQg, the model which minimizes AIC(f;)
is chosen. Asymptotically (or in the mean), the MLM
is equivalent to the minimization of the Kullback-Leibler
distance

D(g, f) = Egllng(Y)] — E¢[ln fi (Y, Ok)]
= E[lng(Y)] — A(Ok) (44)
between the models f; and g. In this case, the minimization
of AIC(f;) implies the selection of the model that minimizes

the distance of the model f; chosen for the purpose of the
statistical analysis from the unknown, true model g.
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TABLE II. The characteristics of the two-dimensional linear regressions Y = Lo/Egm2(no) = Gy, 1AM + G2y + E, M =1,2,(41), (42)
for y; and y,, where A| = ngi" /Esym2(no), Ay = Lgi“ /El(yi&,z(”o) and n, = ny. The characteristics of the regressions are the Akaike information
criterion AIC for the model defined in Eq. (43) and supplementarily, the mean square due to regression M SR [70], the mean squared error MSE
(which is the variance of the error term E), and the coefficient of determination R> = SSR/SSY, where SSR and SSY are the sum of squares
due to regression and the total sum of squares of the response Y, respectively, and SSY = SSR + SSE, where SSE is the error sum of squares.
The values of &y 1, @y, are the estimates of the structural parameters of a particular regression model and ¥ stands for the approximant of

Yineor = @y 1Ay + Qur 2V . Gy, and Gy, , are the standard errors of @y,; and @yy,2, respectively. The regression model does not contain an offset.

Y = @y 1Ay + Guoy G Gan s Q2 T AIC SSE MSR MSE R> N
Y =61,A + a0y, y=y 098417 0.01223 1.49976 0.04164 —75.32436 0.0426263 50.13187 0.00203 0.9996 23
Y =@y1A:+ 620y, y =y 056087 0.00739 1.21478 0.04744 —72.61983 0.0479453 50.12921 0.00228 0.9995 23
Y =61,A + 610y, y =y 089957 0.03121 2.05395 0.02891 —107.85549 0.0103613 50.14800 0.00049339 0.9999 23
Y =604+ 600y, y =y 034671 000441 1.96486 0.01171 —153.54415 0.0014214 50.15247 0.00006768 ~1 23

1. Model selection for y = y,

The analysis of the sample of N =23 models for
y =y (Table 1II) gives AIC(Modely) = —75.32436
and AIC(Model,) = —72.61983. As AIC(Model)) <
AIC(Model,), therefore Model; is chosen, for which
Ay = Ay = L§"/Egma(ng). Then the estimates of the
structure parameters ¢ ; and o , are

Model; : &1 = 0.98417 and &; » = 1.49976, (45)
and the N sample estimate of [Lo/Esym,2(10)]heor» EQ. (42), is

b g B, (46)
- =M1 12y
Esym,2(”0) Esym,2(n0)
Here,
Ly
Esym,Z(nO)

is the conditional mean of Lo/Egym 2 (70).

The scatter plot of the RMF models and the regression
surface given by Eq. (46) is shown in Fig. 1. If the considered
RMF points exhaust all physical situations, then &; 1 = o ;

sym,2

FIG. 1. Plot of the two-dimensional regression surface for y;.
The RMF models are numbered in the order they appear in Table II.

and & » = o . For the considered sample of N = 23 RMF
models for y = yy, the relative standard errors of estimation
of ;) and o » are equal to 1.243% and 2.776%, respectively
(see Table II). The coefficient of determination R-squared
[70], which is a goodness-of-fit measure for linear regression
models, has the value R* = 0.9996 (see Table II). The corre-
sponding means 1 = 1 and

E™ (no)
3—m2707 42496
Esym,Z(”lO)

[see Eq. (35)] are close to the values &;; = 0.98417 and
a1 = 1.49976, respectively. This fact, together with the

weak variability of 3Efy°r;!2(no)/Esym,2(no), for which the

coefficient of variation V[S.Efy0 ! 5 (10)/Esym,2(no)] = 8.601%,

justifies the assumption that the factors on the right-hand side
(RHS) of Eq. (35) are L'g‘“ /Esym,2(no) and y. Nevertheless,

this weak variability of 3EP" , (n9)/Esym.2(9), suggests that

sym,

the coefficients 1 and 3Esp;r:1,2(n0) /Esym,2(no) in Eq. (35) have
to be replaced by ones resulting from the correction of the
relation (30). This could follow from taking into account the

higher-order terms in Eq. (5).

sym,2

FIG. 2. Plot of the two-dimensional regression surface for y;.
The RMF models are numbered in the order they appear in Table II.
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TABLE III. An exemplary characteristic of models in terms of the nonlinear couplings of mesons.

Group Models o — ? o? — ? o —p? 2 _p? P — m’
BSR + + + + +
Group la ESUGZ03 N N N N N m’ + g,5¢, (20, + a5g,5) + A4(808, )’ W5
FSUGZ06 + + + + +
BKA - -
Group Ib G 1 i i m> 4 20285858
FSUGold - - - - + ,
Group II ESUGoldd B B B B N mﬁ + (808 )W}
IU-FSU - - - - +
Z271s6 - - - + — ,
Group 11T 79715 _ _ _ n _ mi + 0[2 (gagp )2s2
727154 - - - + -
. Model selection for y = y, estimation of o ; and oy » are equal to 1. 0 and 0. 0,
2. Model selecti imati f p 1 and o, qual to 1.272% and 0.596%
Similarly, the analysis of the sample of N =23 respectively (see Table II). The coefficient of determination

models for y =1y, (Table II) gives AIC(Model;) =
—107.85549 and AIC(Model,) = —153.54415. As
AIC(Model,) < AIC(Model;), Model, is selected, for
which Ay = A, = L™ /E:(yiﬁl,z(”o)- Then the estimates of the
structure parameters o i and o o are

Model, : &1 = 0.34671 and &, = 1.96486,  (47)

and the N sample estimates of [Lo/Esym,2(10)]theor 18

/LO\ A Lkin N . (48)
= Olz’g)/.
Egym,2(n9) Esklﬂl »(n9)

The corresponding scatter plot of the RMF models and the
regression surface given by Eq. (48) is shown in Fig. 2. If the
considered RMF points exhaust all physical situations then
Q2,1 = a1 and &2 2 = o . For the considered sample of N =
23 RMF models for y = y», the relative standard errors of

Esym2 [ MeV |
————— BSR20
—— BKA22
fffffff FSUGold
80 7271s5
- |- FSUGold4

60

40

R-squared has the value R?> & 1. The means

Ekm
L(O) = (.34853
sym,2(n0)
and
Epot
Eym2(0) _ 1 5can0

sym, 2 (I’l() )

[see Eq. (36)] are close to the values d&;; = 0.34671
and &, = 1.96486, respectively. This fact, together
with the weak variability of Egk‘,';z(no)/Esquz(no) and

3E:;’r;2(n0)/Esym,2(n0), for which the

variation is equal to V[E ki]‘; 5(10)/Esym 2(n9)] = 4.036% and
VI3 Espyor:ﬂ(no)/qumz(no)] = 2.159%, respectively, justifies

the assumption that the factors on the RHS of Eq. (36)

coefficient of

Esym’ [ MeV ]
" e 2271s6
6 7271s5
] IU-FSU
5] - FSUGold4
——————— FSUGold

1 ——BSR
4. SR8

34 7

02 03 04 05 06 07
-3
n, [fm "]

FIG. 3. The left panel shows the density dependence of the symmetry energy Egym »(n;,) obtained within the parabolic approximation
for parametrizations that represent the four groups of models discussed. The right panel depicts the density dependence of the fourth-order
symmetry energy Egypn 4(n,). The models are listed in the figure legend according to the dependent variable value (from the lowest to the
highest) at the saturation density n, of the given model. The same order is also used in other figures where the dependence on n;, is considered.
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TABLE V. The characteristics of Y = Egm2(ng) vs X = Lo regression: the mean square due to regression MSR, the mean squared error
MSE and the coefficient of determination R?>. When the error sum of squares SSE = 0 then the total mean square MSY for the response Y is
given, a, b and c are the estimates of the structural parameters of a particular regression model. In the linear regression case ¢ = 0. ; is the

size of the group.

a b c MSR MSE R? N;
Eqyma = a+bLy+ cL2 MeV MeV~! MeV? MeV?
Group Ia (BSR, FSUGZ03, FSUGZ06) 11.23958 045512  —0.00215 9.36761 0.03115 0.98364 13
Group Ib (BKA, G2*) —39.04488  1.60742  —0.00877 3.89676 0.00335 0.99957 4
Group II (FSUGold, FSUGold4, IU-FSU) 51.04781 —0.82104 0.00853 MSY = 0.51905 1 3
Group III (Z271s6, Z271s5, Z271s4) 2446057  0.16761 —5.58035 x10™* MSY = 0.44163 1 3
All groups 39.47017 —0.30662 0.0028927 11.16314 0.41083 0.73098 23
Eym> =a+bL, MeV MeV? MeV?
Group Ia (BSR, FSUGZ03, FSUGZ06) 2247243 0.14171 18.48784 0.050807  0.97066 13
Group Ib (BKA, G2*) 13.04805  0.25223 7.57194 0.11247 097115 4
Group II (FSUGold, FSUGold4, IU-FSU) 2630182 0.10275 0.96372 0.07439 0.92834 3
Group III (Z271s6, Z271s5, Z271s4) 26.0775 0.10727 0.88295 0.00030125 0.99966 3
All groups 26.8095 0.081484 18.86494 0.55609 0.61765 23

are Lki“/ESkyir‘;lz(no) and y. Thus, Eskl&Q(nO)/EsymZ(nO) and
ESP;(;; »(10)/Eqym2(no) in Eq. (36) are equal to almost
Nevertheless, this weak variability

constant coefficients.
of Esk;nm,z(”o)/Esme(nO) and EF;; 2(”0)/Esym 2(no)

suggests that the coefficients E klﬂl 2(19)/Esym,2(ng) and
3EPY (n9)/Esym.2(n0) in Eq. (36) have to be replaced by new

sym,
ones, resulting from correcting the relation Eq. (30). This
could be acquired by taking into account higher-order terms

in Eq. (5).

V. RESULTS

The assumption that every theoretical RMF point in the
sample of N =23 models is estimated consistently was
adopted for all regression analyses. From Secs. IVB 1 and
IV B 2 it follows that the symmetry energy decomposition into
the kinetic and potential parts is reflected in the results ob-
tained by the Akaike information criterion for model selection
(Table II). For the reason that there are differences in the form
of the first factors A; = L5 /Egym 2(n9) in Eq. (35) and Ay =
Lo /Eqk)}[']‘ﬂ ,(n9) in Eq. (36), the fits of these two regression
models to the sample of models considered, in which the ki-
netic component is constructed differently, are also different.
In the first case, the Akaike criterion chooses the model de-
scribed by Eq. (35). Therefore, the exponent in the power-law
parametrization of the potential part of the symmetry energy,
Eq. (8), is given by y;, whereas for the factor constructed
from the pure kinetic terms only [i.e., Lgi“/Eskyigﬂ(no)] the
model specified by Eq. (36) with the exponent y; is preferred.
Thus, when applied to the power-law shape of the symmetry
energy, the two-dimensional regression model analysis leads
to density dependence of the symmetry energy differentiated
by the value of the y exponent.

Next, a one-dimensional regression analysis was per-
formed to provide supplementary information about the
sample of selected models. Due to the p meson effective mass,
all models in the considered sample are divided into four
groups. Details are given in Tables III and IV. Underneath

these groups reveal themselves in one-dimensional regression
analysis between the input parameters. The assumption was
made that the theoretical value of a response Y, i.e., the con-
ditional expectation value, is Yipeor = @ + BX, where X is a
factor. Then the estimator of Yj,, in the sample of N models
is the conditional mean ¥ = & + BX, where & and B are the
estimators of the structural parameters « and 8 of the regres-
sion model. The values of the estimators & and f in the sample
will be denoted by a and b, respectively. The regression model
in the sample has the form ¥ = Y + E, where E is the error.
The results for analyzed linear regressions between various
input parameters X and Y are collected in Tables V-IX. If N
considered RMF points would exhaust all physical situations,
then the estimates a = o and b = 8.

A. Inaccuracy of the parabolic approximation:
The role of the symmetry energy

The input parameters used in the performed regression
analysis include, among others, coefficients characterizing the
dependence of the symmetry energy on the density. Thus,
the second Egym (1) and fourth-order Egypy 4(15) symmetry
energy functions are the analysis’s starting point. Results in
the left and right panels in Fig. 3 were obtained for the repre-
sentative parametrizations for selected groups of models. The
division of the considered models into groups will be justified
later in the text.

The nonlinear meson interaction terms modify the system’s
energy density. Such a modification is equivalent to changing
the main EoS characteristics, appearing in Taylor expansion
for the symmetric and asymmetric matter. In the case of
asymmetric matter, these changes concern, among others,
the symmetry-energy coefficient, the form of the symmetry
energy, and its slope. Providing that the parabolic approxi-
mation is sufficient, the symmetry-energy dependencies on
density Egm2(np) show behavior characteristic of the RMF
models, i.e., they are functions increasing with density. It is
well known that an almost linear relationship is obtained in
the extreme case, but it can be easily modified by including
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m. Sym.

TABLE VIII. Characteristics of (EL,, ,)™(no) vs L§™, (EXn

2)"2(ng) vs L§™ and y vs r(no) regressions for y;. The characteristics of the

regressions are the mean square due to regression M SR, the mean squared error MSE, and the Pearson correlation coefficient ry y, a, and b are
the estimates of the structural parameters of a particular regression model. N, is the size of the group.

RMF Models a b MSR MSE Pearsonr.. N;
(ES )2 =a+bLY" MeV~—2 MeV 3 MeV—* MeV—*
Group Ia BSR, FSUGZ03, FSUGZ06 ~ 0.0060126 ~ —7.57863 x 107 5.75991 x107° 5.05004 x10~% —0.95501 13
Group Ib BKA, G2* 0.0086623  —0.00016112  1.16554 x10~® 1.77416 x10~7 —0.87557 4
Group II FSUGold, FSUGold4, TU-FSU 0.0051507  —6.83135 x10™° 7.49779 x10~7 1.1468 x10~%  —0.99244 3
Group 11T 727156, 227155, Z271s4 0.0038609  —3.65655 x10~° 1.02589 x10~7 2.60022 x10~'* —0.99874 3
(EXn )72 = a + bL§® MeV ™2 MeV~? MeV™ MeV™
Group Ia BSR, FSUGZ03, FSUGZ06  0.0043 —1.96191 x107° 1.21959 x10~% 3.10725 x10~' —0.88379 13
Group Ib BKA, G2* 0.0068088  —6.76529 x107° 1.12622 x1077 6.75377 x10™  —0.94494 4
Group I FSUGold, FSUGold4, TU-FSU 0.0052405 ~ —3.91962 x10~° 2.36291 x10~% 2.96855 x107'* —0.99378 3
Group 11T 727156, 227155, 727154 0.0052381 3
All groups 0.0084653  —0.00010151  9.61737 x10™® 1.65674 x10~® —0.98239 23
P =a+bry MeV
Group Ia BSR, FSUGZ03, FSUGZ06 ~ 2.26262  —2565.16545 0.29432 0.0022886 —0.95979 13
Group Ib BKA, G2* 0.99671  —595.26274 0.0024162 0.001645 —0.65072 4
Group II FSUGold, FSUGold4, TU-FSU 1.6318  —1475.4594 0.081895 0.0050426 —-0.97057 3
Group ITT 727156, 227155, Z271s4 1.6318  —1475.45% 0.081895 0.0050426 —0.99931 3

the mentioned nonlinear meson interaction terms. The results
presented in Fig. 3 reveal an interesting property. The depen-
dencies of Egm,2(n,) on density, depicted in the left panel in
Fig. 3, represent a family of curves similar in shape, with
gradually diminishing values for a given density, but this is
the Egym 4(np) that allows for introducing some systematics
in ordering the analyzed models. In the right panel in Fig. 3
the density dependence of Egym4(n) is depicted. The re-
sults obtained for the Z272s5 and Z272s6 parametrizations
are noteworthy as their Egm 4(n5) values exceed those ob-
tained for other models. Also, the concavity of the function
Egym, 4(np) for these models is different. The results of further

TABLE IX. Characteristics of (E™

sym,2

analysis are represented in a sequence of figures and concern
forms of functions r(n,) and w(n,). Having obtained the
second and fourth-order symmetry-energy functions makes it
possible to find a solution to the function 7(n;) determining
the specific inaccuracy (Sec. II) of the parabolic approxima-
tion. The results are given in the left panel in Fig. 4. This
figure shows functions r(n,) for parametrizations gathered
in Table IV. The order in which individual curves appear
in Fig. 4 results from the value of the function r(n,) in ng.
Details are given in the figure legend. In general, functions
r(np) are model dependent and do not increase with density.
The exception is the group of FSU models, for which some

Y2(ng) vs LP*, (Exn 2)2(no) vs Lg™, and y vs r(ny) regressions for y,. The characteristics of the

regressions are the mean square due to regression M SR, the mean squared error M SE, and the Pearson correlation coefficient ry y. a and b are
the estimates of the structural parameters of a particular regression model. N; is the size of the group.

RMF Models a b MSR MSE Pearsonr.. N;
(ES )2 =a+bLY" MeV > MeV™ MeV™* MeV ™
Group Ia BSR, FSUGZ03, FSUGZ06 ~ 0.0036305  —2.86661 x10~° 7.54949 x10~7 2.6394 x10~°  —0.98131 13
Group Ib BKA, G2* 0.0054917  —5.84224 x107° 4.3713 x1077  1.58213 x10~%  —0.96566 4
Group II FSUGold, FSUGold4, IU-FSU 0.0032533 ~ —2.7058 x107>  7.17328 x10~% 4.28126 x10~' —0.99703 3
Group 11T 727156, 227155, Z271s4 0.0031536  —2.45852 x107° 4.63788 x107% 9.98246 x10~'' —0.99893 3
(EXn )72 = a + bL§" MeV ™2 MeV~? MeV™* MeV~*
All groups 0.023890 —0.000736 4.93132 x1077  6.64906 x 10712 —0.99986 23
)7 =a+ bry MeV
Group Ia BSR, FSUGZ03, FSUGZ06 ~ 1.80773  —1460.89946 0.095461 0.00030713 —0.98276 13
Group Ib BKA, G2* 1.2584 —569.95247 0.0022151 0.00060328 —0.8046 4
Group II FSUGold, FSUGold4, IU-FSU 1.23879  —676.33617 0.0172085 8.2095 x107>  —0.99762 3
Group 11T 727156, 227155, 727154 0.90048  —174.73706 0.013904 2.32044 x107°  —0.99917 3
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—Z271s6

r [MeV - ] —— 727185

000284 IU-FSU
—— FSUGold4
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——BSR8
——BSR15
—— FSUGZ06
——BSR16
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——BSR9
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——BSR17

~ ——BSR10

0.0012+-.. ——BSR18
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0.0016

0.0008 1

~ ——BSR12
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——BSR20
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1 4

FIG. 4. The left panel presents the parabolic approximation r(n;) inaccuracy as a function of baryon density n, calculated for the whole set
of parametrizations. The right panel shows the dependence on the density of the correction factors C4 obtained for the selected parametrizations.

The differentiation is evident.

functions r(n,) have minimum and group of Z272 models
for which some functions have maximum. Solving Eq. (18)
makes it possible to determine the approximate form of the
function r(n,) denoted in the following by r*(n;). This ap-
proximate solution is given by Eq. (19). It shows that two
factors determine the density dependence of r*(n;), the first
being the model-specific Ly/Egym 2(no) ratio and the second
being the correction factor, which reflects the influence of the
fourth-order symmetry energy. Calculating the function r*(n;)
requires determining the value of the C4 correction factor
given by Eq. (20) for the saturation density ny. However, the
C4(np) dependence is also presented for the results’ complete-
ness. The density dependence of Cy(n;,) for the representatives
of the distinguished group of models is displayed in the right
panel in Fig. 4. The factor that introduces the correction from
the fourth-order symmetry energy reveals significantly dif-
ferent density dependencies for parametrizations considered
in Fig. 3. The left panel in Fig. 5 shows the approximate
solutions to Eq. (19), for all the parametrizations used. The
most numerous group are parametrizations for which r*(n;)
decreases with the density. Three sets of parameters (Group
II), for which the dependence on the density is the steep-
est, deserve mentioning. Although, in this case, the functions
r*(np) take large values near the point ny, their values de-
crease quickly with increasing density. Models of Group III
show exceptionally high values of r*(n;). In the case of the
727154 and Z271s5 parametrizations, one observes a further
increase with density. An additional advantage of the approx-
imate solution given by Eq. (19) is that the function r*(n;)
can be determined using the Taylor expansion coefficients
of the functions Egym2(np) and Egym4(n) taken at ng. The
approximate solution given by the exponential function well
reproduces the function r(n;) in a limited density range, close
to the saturation value. The left panel in Fig. 5 shows functions
r*(np) calculated for the acceptable range of density. In the

case of models belonging to Groups Ia, Ib, and II, the span
of this density range is from ny to 2ny. The comparison of
the exact solutions with the approximate one (right panel in
Fig. 5) indicates the necessity to truncate the r*(7n;) solution
to a limited range of density. The density range for which the
approximate solution is consistent with the exact one is de-
termined by comparing these two functions. The exponential
solution is less accurate, especially for densities greater than
2ngy. The mean approximation error at n, = 2ny for the RMF
models in the combined Groups Ia, Ib, and II is approximately
10%. The density range encountered in the r* solution for the
Z271s4, Z271s5, and Z271s6 parametrizations is even more
narrow due to the approximation error, which in these cases
increases significantly with density.

Knowing the function r(n;) a factor measuring the impor-
tance of the Egym 4(15)/Esym 2 (1) the ratio can be determined.
It is reasonable to determine the w(n;) function in the limited
density range resulting from the comparison of solutions r(n;)
and r*(n). In that case, w(n,) can be calculated based on
r*(np) function for any density value within this range. The
Egym,a(np)/Esym,2(np) ratio depends decisively on the behavior
of the symmetry energy Egym2(n5). Within the considered
models, the highest values of w(n;) are for Group III. The
specific inaccuracy of the parabolic approximation r(np) is
closely related to the magnitude of the relative error w(n;)
of this approximation. This can be verified by the relation
r(w), which is depicted in the right panel in Fig. 6. For the
selected parametrizations in Groups Ia, Ib, and II r decreases
with increasing w. The most significant change occurs for
densities close to the saturation density. A particular situa-
tion arises for the FSUGold4 parametrization for which the
steepest change occurs, which can be noticed by comparing
the left panel in Fig. 6 and the right panel in Fig. 5 because, in
the region where w(#n;) is almost constant, r(n;) substantially
decreases.
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Z271s6
——2271s5
——————— Z271s4

—— IU-FSU

FSUGold4

——————— FSUGold
——BSR8
——BSR 15
—— FSUGZ06
——BSR 16
—— FSUGZ03
——BSR9
0.0010 G2*

: ——BSR17
——BSR10
——BSR18

— BKA22
BKA 20

r* [MeV ']
0.0032 -
0.0024-

00016
0.0012 +

0.0008 .

0.0006

0.0004

Z271s6
""""" expZ271s6
——Z271s5
---- expZ271s5
—— FSUGold4
---- expFSUGold4
——BSR8
---- expBSR8

- ---- expBKA22
R BSR20
T e expBSR20

FIG. 5. The left panel shows the approximate solution of Eq. (19), denoted as r*(n;), calculated for the entire parametrization set as
a function of baryon density n,. The right panel compares the r(n,) and r*(n,) functions for selected parametrizations. The dashed lines

illustrate the obtained exponential solutions r*(n,) marked with “exp.”

B. Saturation properties

Analyzing the properties of nuclear matter at the saturation
density Table X is of particular importance for confrontation
with the existing experimental data. Every adjustment of cou-
pling constants intended to reproduce the coefficients char-
acterizing Egyy 2(7), in ranges allowed by the experimental
limitations, demands the inclusion of a set of constraints. The
collection of experimental limitations, presented in the paper
of Dutra e al. [13,50] and used to specify the appropriate sam-
ple of models, is included in Table 1. As stated in this table,

0.10+
I 727156
0.08 —— 2271s5
W ——— FSUGold4

0.06 +

0.04 +

05 0.6
n, [fm_3 ]

the spans of experimental constraints for Egm(np) and Ly are
in the range 25-33 MeV and 25-115 MeV, respectively. Val-
ues of Egym 2(n9) and Ly obtained for the models considered
(parametrizations are given in Table IV) are gathered in the
left panels of Figs. 7 and 8. One can see from these figures that
the resulting points are scattered in the experimentally allowed
areas. The right panel of Fig. 7 shows a specific arrangement
of the fourth-order symmetry energy values obtained for the
saturation density ng. Groups Ia and Ib constitute the most
numerous set of models returning relatively similar values of

-1

r[MeV ]

0.0012 oo
—— BKA22
rrrrrrrrrr BSR20

oooto4

0.0008 -

0.0006 -

0.0004 e

FIG. 6. The left panel shows the density dependence of functions w(n,), which measures the importance of the fourth-order symmetry
energy. The solutions obtained for parametrizations Z271s5 and Z271s6 stand out clearly. Egyp, 4(n,) relative to Egp (1), takes values
significantly higher than those obtained for the other models presented in this figure. The distinction is noticeable for the FSUGold4
parametrization because w(n;) reaches its minimum in the given density range. The right panel shows the relationship between the functions
r(np) and w(ny,). The specific behavior relates to the FSUGold4 parametrization. In this case, one observes a step change in the value of r(n;,)

and its almost constancy afterward.
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E.,[MeV]

35+
BSR20 m
34 BKA24®
" BKA22
334
BSR18 m . FSUGold
7271s4
BKA20 =
324 .
" 227155
1
o e
31+ BSR15= BSRS
= G2*
30 T T T T T T T T T
0.1450 0.1475 0.1500 0.1525 0.1550
-3
n, [fm "]

E .. MeV]

" 7271s6
2.5+
= 7271s5
2.0
= 727154
1.54
« FSUGoId4 IU-FSU =
1.04 £ = FSUGold
2
BSR15mmu, = =% % x BKA22 . G2*
BKA20 ",
0.5 T - s T T 1
0.1450 0.1475 0.1500 0.1525 0.1550
-3
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FIG. 7. The symmetry energy Eqm (1) versus saturation density ng for selected parametrizations is given in the left panel, whereas the
right panel shows the fourth-order symmetry energy Eqym 4(19) versus ny.

Egym 4(np). At the same time, significantly different results
are obtained for Group II and Group III models. The slope
of the fourth-order symmetry energy L4 = L4(ng) (the right
panel in Fig. 8) calculated for models belonging to each group
shows an arrangement similar to that obtained for Egymy 4(110)
(the right panel in Fig. 7). Figure 9 presents the dependencies
of Egym2(no) and Egym4(no) on Ly. Regression analysis for
each group of models separately suggests the possibility of
a nonlinear correlation between Egyy, 2(19) and Lo. This is
apparent in the left panel in Fig. 9. The linear regression
model for the whole sample produces meaningfully degraded
coefficients (see Table V). From the values of the coefficient
of determination R* given in Table V it can be noticed that the

LO[MeV]

90
BSR20 =
= BKA24
] b =BKA22
BKA20=
70 - . .
- FSUGold

] o BeRg | Z271s4
50 FSUGoid4 " 227185

= 227156 _—
I
0.1425 0.1450 0.1475 0.1500 0.1525 0.1550

n, [fm_3]

linear fit for all N = 23 RMF models taken together is worse
than those obtained within individual groups. It turns out that,
for Group Ia, the ¢ coefficient with the L(2) factor is statisti-
cally significant. However, for the entire sample of N = 23
RMF models (Table V), the quadratic term is also statistically
significant. Further confirmation that the distinction between
groups of models is possible by the analysis of the behavior of
the symmetry energy higher-order terms (in this case Egym 4)
is provided by the right panel in Fig. 9 and by Fig. 10. In the
right panel in Fig. 9 the dependence of Egyy 4(ng) on Ly is
presented and Fig. 10, includes the Egym 4(n9) dependence on
Egym,2(ng). The results of the regression analysis for Egym 4(70)
vs Lo and Egym 4(n9) Vs Egym 2(n9) are summarized in Table VI.

L,[MeV ]

227155
8- 2271s4
227156 ®
6
4
BSRE
BSR15 m, s L FSUGOI .
L] KA24 = G2
2 BSR20 = FSUGold4
IU-FSU =
0 T T T T T T T T T T
0.1425 0.1450 0.1475 0.1500 0.1525 0.1550

n, [fm™]

FIG. 8. The same as in Fig. 7 but for the symmetry energy slope L calculated at ny [L(n9) = Lo]. The left panel shows the results obtained
within the parabolic approximation, and the right depicts the fourth-order symmetry energy slope Ly (n) values.
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TABLE X. Chosen saturation properties of the asymmetry energy: saturation density ny, the second-order Egym 2(n9) and the fourth-order

Egym.4(ny) symmetry energy coefficients and their slops Ly and L 4.

PS o [fm ] Eqym () [MeV] Eqym 4(9) [MeV] Lo [MeV] Lo.s [MeV]
BSR8 0.1469 31.0768 0.7593 60.2507 29134
BSR9 0.1473 31.6136 0.7656 63.8931 2.8237
BSR10 0.1474 32.7192 0.7655 70.8318 2.7827
BSR11 0.1468 33.6858 0.7480 78.778 2.6294
BSR12 0.1474 33.9987 0.7460 77.8991 2.7109
BSRI15 0.1455 30.9734 0.7504 61.7886 2.6610
BSR16 0.1457 31.2432 0.7536 62.332 2.6629
BSR17 0.1464 31.9794 0.7433 67.4375 2.6338
BSR18 0.1459 32.738 0.7508 72.6483 2.5537
BSR19 0.1467 33.7835 0.7455 79.473 2.4969
BSR20 0.1461 34.5357 0.7284 88.0262 2.3517
FSUGZ03 0.1473 31.5433 0.7654 63.9832 2.8147
FSUGZ06 0.1475 31.1777 0.7538 62.4233 2.6563
BKA20 0.1465 32.3192 0.6994 75.6206 2.4680
BKA22 0.1477 33.2565 0.7466 79.0354 2.6904
BKA24 0.1470 34.1903 0.7477 84.7965 2.6074
G2 0.1537 30.416 0.6953 69.7508 2.3121
FSUGold 0.1484 32.5931 0.9905 60.498 2.5677
FSUGold4 0.1475 31.401 1.0920 51.7592 1.8335
IU-FSU 0.1546 31.2961 1.1781 47.2041 1.0941
727256 0.1484 31.1982 2.5993 47.8066 7.6791
727285 0.1484 31.8381 2.2101 53.5693 8.3358
727254 0.1484 32.527 1.8159 60.1848 8.2080

Here a comment is in order. The reason for the lower values
of the Pearson linear correlation coefficient for Groups Ia and
Ib seen in the Table VI is not the badness of the linear fit
to the RMF points, but the low sensitivity of the response
to the factor change. In other words, the conditional means
of Egm 4(no) hardly changes with the change of the factor,
i.e., either Ly or Egyn 2(n10). It manifests itself, in particular for

E sym,2 [MGV ]
35+
v
34- o
,"v* /'/'
.4,' n =n
334 —
y v ’/.’ [ Group I
i e GroupII
321 v o Grow
/ v Group la
/ reg. Group 111
314 A e orowp
/, e reg. Group Ib
i reg. Group Ia
L e A
50 60 70 80 >
L,[ MeV ]

group Ia, by relatively low values of the mean sum of squares
due to regression (M SR) and the same order of magnitude of
the mean squared error (M SE) when compared with Groups
II and III. It can also be noticed (Table VI) that for Group Ib,
the sign of the correlations is exceptionally positive.

The specific inaccuracy ry = r(n, = ng) of the parabolic
approximation calculated for saturation densities of individual

Esym,4 [ MCV ]
3.0
— Group III
o1 |7 Group II
2.51 A Group Ib
"""""""" Group Ia
727185 N
2.0 n,=n,
Z271s4
1.5
1 IUFsu_
1.0 FSUGoId - 4 FSUGOId
BSRE-swwma ma a2 A
BKA20
0.5 . : . . i : ' : ' .
40 50 60 70 80 90
L,[MeV ]

FIG. 9. The left panel shows dependence of Eqm »(10) on Ly. The regression analysis performed for each group of models separately points
to the existence of nonlinear correlations between Ey, »(n9) and Ly. The right panel depicts the dependence of Egyp, 4(19) on Ly. The analysis
indicates existence of linear correlations between Egyp, 4(n9) and Ly for each group of models.
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FIG. 10. The dependence of the symmetry energy Egym 4(n) on
Egym2(n0). An ordering of models into separate groups is visible.

models are presented in the left panel in Fig. 11. As in the
previous figures, four groups of models can be distinguished.
The right panel shows the relationship between the inaccuracy
ro and the symmetry-energy slope Ly. The regression of r( vs
Ly, in the four groups of RMF models separately, shows that
within a given group the models lie very close to the straight
regression line (see Table VII). The dependence of the sym-
metry energy on density significantly influences the function
r(nyp), which is reflected in the reliance of conditional means
7o on Ly. The values of the Pearson correlation coefficient
TrL,» Shown in Table VII, signifies that the linear correlation
between these variables is negative and very strong. The right
panel in Fig. 11 shows the effect of the slope of symmetry
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FIG. 12. The factor w = w(ng) determining the Ey, 4 relative to
Egym» versus Ly. For each group, the highest value of w is achieved
for the lowest value of L.

energy on the ry values. For each group of models, the highest
value of ry is obtained for the smallest value of Ly. A similar
conclusion can be drawn when analyzing the dependence of
the w(ng) coefficient on Ly within each group (Table VII, Fig.
12), one can notice the characteristic behavior of the w factor,
which has the highest value for the models with the lowest L
value. The function r(n,) can be treated as a physical quantity
that has been derived under the assumption that the symmetry
energy is well approximated by the Padé approximant method.
Then recalling the strong linear correlation between ry and
Ly and using the regression function 7y = a + bLy, one can
suggest the condition that in accord with Eq. (12) must be
imposed on the function that describes the energy of the
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FIG. 11. The left panel gives the values of the parabolic approximation r(rny) = ry incorrectness calculated at the saturation densities ng.
The right panel depicts the parabolic approximation ry incorrectness versus the symmetry energy slope L. In this case, the individual mode
represented by points concentrated along straight lines confirms the existence of the selected groups.
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FIG. 13. Dependence of E_> m,2 On the symmetry energy slope Lo. Linear regression analysis shows a relationship between E} om.2 and Lo

for models belonging to each group.

system

I*E (ny, 8) 32E(ny, 8) -
()

9%E (np, &
= a+3n0b—<%)‘ )

any

(49)

np=ngp
As discussed previously, the conditional mean of Egyny 4
changes linearly with Ly, and Egyp, 4 is in the nominator on the

LHS of Eq. (49). The factor Es;rzn,Z besides Egypy 4 on the LHS
of Eq. (49) is dominant in determining the parabolic approx-
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imation specific inaccuracy r. Thus, it is also interesting to
investigate its dependence on L. In accord with the values in
Table VI, the results shown in Fig. 13 point again to the very
good linear correlation between the quantities E;fnz and Lo
for each group of models. The correlation between ry and Ly is
very good (see Table VII). This, together with the premises of
Padé analysis mentioned just above, gives additional support
for proposing Eq. (49) as the physical bound on the energy
density in the modeling the generalized, future RMF models.
Nevertheless, one can consider in Eq. (49) the extension of the
regression analysis by inclusion higher-order terms of L in

k _2
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FIG. 14. The left panel reveals the exact linear correlation between the kinetic components EX"2 (n,) and L(lji“ for the case where the

Esym,2

kinetic part of the symmetry energy does not involve interaction with the scalar meson o; thus, without medium modified nucleon mass. When
the power-law parametrizes the dependence of the symmetry energy on density, the case under consideration corresponds to the y, coefficient.
The right panel shows the results of the same analysis performed for the y; case. The linear correlations between EX"~2(n,) and L™ were

obtained separately for each group.

sym,2
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FIG. 15. The linear regression analysis performed for the potential part of the symmetry energy. The left panel shows results obtained for
the y» case and the right panel for the y;. In both cases, linear correlations were obtained separately among each group of models.

the regression functions of ry, Egym4 and E, Sym ,- Additionally,

the utility of E ym.2 in the analysis of the RMF models is due

to the very good fit of the linear regression ES ma Vs Lo in
each group of models (see Table VI). The same is true for the
linear regression E_ ym , Vs Lo (see Table VI) and the squared

of EZ!

2
ym2 €an be used instead of Esym’2 as a multiplier of Egym 4

in Eq. (49). An analysis of the kinetic E;“glz and potential

Esp (::1 , terms for the energy symmetry can also be performed
(Tables XI-XII). The results of the corresponding regression

analyses are collected in Tables VIII and IX. When the kinetic
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part is given by Eq. (33), then there is a functional relationship
between Eqky‘}‘nz and Ly. In this case, the regression analysis
results in the straight line shown in the left panel in Fig. 14.
With the assumption that the kinetic-energy contribution to
the symmetry energy includes the effective nucleon mass,
the obtained regression lines can be fit separately for each
group of models, which is shown in the right panel in Fig. 14.
The determined linear correlation coefficients are given in
Table VIII. Results of the linear regression analysis performed

for the dependence of the potential symmetry energy Egym N
on Ly is presented in Fig. 15. When the potential energy of the
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'» BSR20 — Group III
ry {n BKA24 0.72+0.19 Group II
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FIG. 16. This figure presents the dependence of y parameter determining the power-law parametrization of the symmetry energy on the
incorrectness factor r(n,). The analysis was carried out for selected density values being multiples of ry. A detailed analysis of the diagram is
given in the text. The left panel contains the results for y; and the right panel for y,. Horizontal solid lines limit the experimentally accessible

range of y.
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TABLE XI. Decomposition of the symmetry energy and its slope into the kinetic and potential parts. Values of particular coefficients are
taken at saturation density ny. The kinetic part includes the effective nucleon mass My = M — g, 5.

PS EEr (1) [MeV] EX 5 (n9) [MeV] L§" [MeV] L} [MeV] "
BSR8 17.4661 13.6107 52.7778 7.47294 0.18
BSRY 17.5668 14.0468 52.4064 11.4867 0.27
BSR10 17.6339 15.0853 53.0864 17.7454 0.39
BSR11 17.4679 16.218 51.891 26.887 0.55
BSRI2 17.4655 16.5332 52.3014 25.5977 0.52
BSR15 17.3255 13.6479 49.3392 12.4494 0.30
BSR16 17.3453 13.8979 49.4071 12.9249 0.31
BSR17 17.3803 14.5991 49.503 17.9345 0.41
BSRI18 17.3896 15.3483 49.4802 23.1681 0.50
BSR19 17.4007 16.3828 49.5144 29.9586 0.61
BSR20 17.3999 17.1358 49.0976 38.9287 0.76
FSUGZ03 17.5657 13.9776 52.4026 11.5806 0.28
FSUGZ06 17.3491 13.8287 49.419 13.0043 0.31
BKA20 16.6426 15.6766 48.6818 26.9389 0.57
BKA22 17.4975 15.7591 52313 26.7224 0.57
BKA24 17.5426 16.6477 52.0947 327019 0.65
G2* 16.6317 13.7843 46.366 23.3847 0.57
FSUGold 17.471 15.1221 49.7934 10.7046 0.24
FSUGold4 17.3707 14.0303 49.4458 2.31333 0.05
IU-FSU 17.9358 13.3604 54.4133 ~7.20916 —0.18
727256 13.817 17.3811 32.5519 15.2547 0.29
727255 13.817 18.021 32.5519 21.0174 0.39
727254 13.817 18.71 32.552 27.6327

TABLE XII. Decomposition of the symmetry energy and its slope into the kinetic and potential parts. Values of particular coefficients are
taken at the saturation density ng. The kinetic part does not include the medium modification of the nucleon mass.

PS E&n 5 (n9) [MeV] E;;"r}]_z(no) [MeV] LE" [MeV] L [MeV] v
BSRS 11.1939 19.8828 21.6154 38.6353 0.65
BSR9 11.2139 20.3998 21.6525 42.2406 0.69
BSR10 11.2201 21.499 21.6642 49.1676 0.76
BSR11 11.1872 22.4986 21.6028 57.1752 0.85
BSR12 11.2174 22.7813 21.659 56.2401 0.82
BSR15 11.1266 19.8468 21.4898 40.2989 0.62
BSR16 11.1336 20.1096 21.5029 40.8291 0.68
BSR17 11.1695 20.8099 21.5698 45.8677 0.73
BSR18 11.1441 21.5939 21.5224 51.126 0.79
BSR19 11.1859 22.5975 21.6004 57.8726 0.85
BSR20 11.1547 23.381 21.5422 66.4841 0.95
FSUGZ03 11.2134 20.3298 21.6516 42.3315 0.69
FSUGZ06 11.1352 20.0426 21.5058 40.9175 0.68
BKA20 11.1761 21.1431 21.5821 54.0385 0.85
BKA22 11.2327 22.0238 21.6877 57.3477 0.87
BKA24 11.2005 22.9899 21.6275 63.169 0.92
G2* 11.5254 18.8906 222326 475182 0.84
FSUGold 11.2664 21.3267 21.7504 38.7476

FSUGold4 11.222 20.179 21.6676 30.0916 0.50
IU-FSU 11.568 19.7282 22.3119 24.8922

727236 11.2675 19.9307 21.7524 26.0542 0.44
727255 11.2675 20.5706 21.7524 31.8169 0.52
727234 11.2657 21.2596 21.7524 38.4324 0.60
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symmetry energy is expressed by Eq. (34) (the left panel in
Fig. 15) as well as when it is given by Eq. (31) (the right panel
in Fig. 15) four groups of models can be distinguished. Linear
regression analysis was performed for each of these groups.

C. Power-law parametrization of the symmetry energy

An alternative method of symmetry energy parametriza-
tion using the power law to its description allows referring
to the obtained experimental constraints. Results reported by
Russotto [71] led to an estimate of the y exponent, which
after including all corrections, 1o statistical uncertainty and
systematic uncertainties take the value at 0.72 £ 0.19. This
corresponds to the value of the slope parameter Ly = 72 £ 13
MeV. Figure 16 shows the y parameter’s dependence on
the ro = r(ng) coefficient, characterizing the parabolic ap-
proximation’s inaccuracy. The obtained distribution of points
determined for all parametrizations leads to a noticeably
different behavior for the distinguished groups of models.
Models of Groups Ia and Ib are characterized by a higher
value of y, which is consonant with a higher value of L.
The horizontal lines correspond to experimentally acceptable
values of y. The right panel shows the dependence of y»
on ry. It is easy to notice that the distribution of points for
individual models is analogous to that obtained for y;—but
the values of y, are greater than y;. This change is due to
the different forms of the kinetic and the potential parts of
the symmetry energy. The effect of y redefinition increases
the number of models yielding results within experimentally
acceptable values. From Tables VIII and IX it can be noticed
that the linear regression fit of y vs ry for y; is better than y,
except for Group III (where there is a very small difference).
The case of y, also gives the smallest value of the Akaike
information criterion obtained in Sec. IV B 2, Table II. These
facts suggest that the splitting of L followed by Eq. (36), and
therefore the one that is consistent with the method used in the
case of y, better suits the actual situation.

VI. CONCLUSIONS

The EoS of nuclear matter encodes information about
the symmetry energy, which is assigned a vital role in the
structure of both neutron-rich nuclei and neutron stars. The
parabolic approximation is a commonly used method to de-
scribe the symmetry energy. This paper presents an approach
that estimates the significance of the symmetry energy quartic
term. It was found that the measure of the importance of
the w(ny) = Egym, 4(np)/Esym,2(np) ratio and the related func-
tion called specific inaccuracy of the parabolic approximation
r(np) depend on the density. Their values also depend de-
cisively on the form of the symmetry energy and can be
estimated for any density value within the admissible range,
which for most models is (n9, 2n). An important fact is that in
this density range, the value of Egyy 4(715)/Esym,2(115) ratio can
be determined based only on the coefficients characterizing
the form of the symmetry energy at saturation density .
The analysis of the function determining the specific inac-
curacy of the parabolic approximation made it possible to
notice a kind of ordering in the whole class of the con-
sidered models. All models, carefully selected according to
the experimental constraints used for the analysis, represent-
ing different experimental situations. The two-dimensional
regression analysis of model selection based on the Akaike
information criterion is presented. The results of this
analysis indicates that all the considered models are consistent
with Eq. (30), which results from adopting the power-law
parametrization of the symmetry energy. It turns out that the
Akaike information criterion is sensitive to how the symmetry
energy of the model is decomposed into kinetic and potential
parts. On the other hand, after conducting a series of one-
dimensional regression analyzes, it turned out that the RMF
models do not form a chaotic set in the input parameters space
(Esym,2> Lo, Esym 4, La, np, etc.), but four groups of models.
In each of these groups, the RMF models are represented by
regression functions for these input parameters with charac-
teristics suggesting linear relationship in the class of RMF
models.
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