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Abstract. The density dependence of the nuclear symmetry energy is a key
ingredient in determining the equation of state of neutron-rich matter, with sig-
nificant implications for both finite nuclei and neutron stars. Recent experimen-
tal advances – including parity violating electron scattering on 48Ca (CREX)
and 208Pb (PREX-2), as well as measurements of electric dipole polarizabil-
ity – provide valuable constraints on isovector nuclear properties. In this work,
a class of relativistic energy density functionals is employed to quantify corre-
lations between nuclear observables – such as neutron skin thickness and weak
charge form factors – and macroscopic neutron star properties, including ra-
dius and tidal deformability. These theoretical correlations are compared with
data from both terrestrial experiments and multi-messenger observations of the
binary neutron star merger GW170817, yielding constraints on the symmetry
energy and the equation of state at supranuclear densities. The results demon-
strate that finite-nucleus measurements play important role in constraining the
equation of state, particularly when higher-order terms in the symmetry energy
expansion are included. Persistent discrepancies among constraints from dif-
ferent nuclear probes highlight the need for more precise measurements and
additional astrophysical input to advance our understanding of dense matter.

1 Introduction

A fundamental aspect in physics of neutron stars is the equation of state (EoS)
of nuclear matter, as it governs the relation between energy density and pressure
and, consequently, the stellar structure. However, the density dependence of the
nuclear symmetry energy, particularly at supranuclear densities, remains poorly
constrained. These uncertainties propagate directly into the EoS and, in turn, to
predictions of neutron star properties. The role of the nuclear symmetry energy
is twofold: on the one hand, it enters the isovector channel of the nuclear inter-
action, influencing the properties of finite nuclei; on the other hand, it constitutes
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a key ingredient of the EoS of neutron star matter, affecting stellar structure and
macroscopic observables. In this respect, the nuclear symmetry energy serves
as an interdisciplinary quantity, bridging terrestrial experiments on finite nuclei
with astrophysical observations of neutron stars, and thereby linking nuclear
physics with nuclear astrophysics [1–3].

The behavior of the nuclear symmetry energy around saturation density, in-
cluding its slope parameter, and its correlations with nuclear observables such
as weak form factors and neutron skin thickness, have been the subject of ex-
tensive studies [4–8]. Closely connected to the density dependence of the sym-
metry energy are recent parity-violating electron scattering experiments, CREX
(48Ca) [9] and PREX-2 (208Pb) [10], which provide direct information on weak
form factors and neutron skin thickness. Complementarily, astrophysical obser-
vations probe the symmetry energy at higher densities, as it governs neutron star
composition, cooling mechanisms, crust structure, and radii [3]. In particular,
binary neutron star mergers, such as GW170817 [11], constrain the low-density
regime of the EoS through tidal deformability measurements and corresponding
limits on the stellar radius. Recent works [12–17] have sought to combine these
complementary approaches in order to constrain the density dependence of the
symmetry energy and assess its impact on neutron star properties.

In this work, we employ a set of β-equilibrated EoSs for neutron star mat-
ter derived from relativistic energy density functionals (EDFs) with density-
dependent point-coupling (DD-PC) interactions [17], along with additional EoSs
constructed to be consistent with the CREX and PREX-2 results [18]. By using
EDFs, which provide a unified description of finite nuclei and neutron stars,
we aim to establish direct connections between experimental probes of nuclear
matter, i.e., weak form factors and neutron skin thickness, and astrophysical ob-
servables such as the radius and tidal deformability of a 1.4 M� neutron star.
In doing so, we place new constraints on the dense-matter EoS. A detailed ac-
count of this study has been published in Ref. [19], and the present contribution
provides an overview of the main results and their implications for nuclear and
astrophysical constraints.

The paper is organized as follows. In Section 2, we present the theoretical
framework and EoS models. Results and discussion are given in Section 3, while
Section 4 provides the concluding remarks.

2 Framework and Models

In this study, a family of eight DD-PC functionals (DD-PC-J29. . . 36) [17], con-
structed within the relativistic EDF framework and optimized to ground-state
nuclear properties while systematically varying the symmetry energy at satura-
tion (J = 29–36 MeV), was employed (for a detailed description see Ref. [19]
and references therein). In addition, the functionals DD-PC-CREX, DD-PC-
PREX, DD-PC-REX, and DD-PCX [20] were considered, the first three being
constrained by weak form factor measurements from CREX and PREX-2, and
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the latter by both isovector dipole and isoscalar monopole excitation properties
of 208Pb alongside with the nuclear ground-state data. This set of functionals
allowed for a broad exploration of nuclear matter properties under varying sym-
metry energy assumptions.

Building upon these microscopic descriptions of nuclear interactions, the
framework was extended to astrophysical scales in order to model neutron stars.
In this context, neutron star matter was treated as charge-neutral, β-equilibrated
npeµ matter, with the baryonic energy density and pressure calculated as

Eb(ρ, δ) = ρEb(ρ, δ), Pb(ρ, δ) = ρ2
∂Eb(ρ, δ)

∂ρ
. (1)

In Eq. (1), Eb(ρ, δ) is the energy per baryon, defined as

Eb(ρ, δ) = Eb(ρ, 0) +
∑
k=2,4

δkSk(ρ), (2)

where

Sk(ρ) =
1

k!

∂kEb(ρ, δ)

∂δk

∣∣∣
δ=0

, (3)

with Eb(ρ, 0) being the energy per baryon of symmetric nuclear matter and
δ = (ρn − ρp)/(ρn + ρp) denoting the isospin asymmetry. Within this frame-
work, and including leptonic contributions modeled as a relativistic Fermi gas,
the following β-equilibrated EoSs were obtained: (a) a family of EoSs for which
the symmetry energy was systematically varied in the range J = 29–36 MeV,
(b) two EoSs calibrated to the CREX and PREX-2 measurements, respectively,
(c) one EoS constrained by the combination of CREX and PREX-2 experiments,
and (d) one EoS constrained by dipole polarizability data.

The structure of neutron stars is determined by solving the Tolman–Oppen-
heimer–Volkoff equations,

dP (r)

dr
= −GE(r)M(r)

c2r2

(
1 +

P (r)

E(r)

)(
1 +

4πP (r)r3

M(r)c2

)
×
(

1− 2GM(r)

c2r

)−1

, (4)

dM(r)

dr
=

4πr2

c2
E(r), (5)

which are solved self-consistently with the EoS of the fluid interior, providing
the pressure and enclosed mass profiles as functions of the radial coordinate r,
and thus the fundamental properties of neutron stars.

Complementarily, gravitational-wave detections provided insights into the
low-density behavior of the EoS through the effective tidal deformability Λ̃ for
a binary system, defined as

Λ̃ =
16

13

(12q + 1)Λ1 + (12 + q)q4Λ2

(1 + q)5
, (6)
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where q = m2/m1 ≤ 1 is the binary mass ratio, and Λi is the dimensionless
tidal deformability of the i-th star. The latter is expressed as [11]

Λi =
2

3
k2

(
Ric

2

MiG

)5

≡ 2

3
k2β

−5
i , i = 1, 2, (7)

with k2 the tidal Love number, β = GM/(Rc2) the stellar compactness, andMi

and Ri the mass and radius of each binary component. Since tidal deformability
is highly sensitive to the stellar radius, it establishes a direct link between nuclear
interactions and astrophysical observables.

For the crust, the following parameterizations were adopted: the Baym–
Pethick–Sutherland [21] EoS for the outer crust, the Feynman–Metropolis–Tel-
ler [22] EoS at even lower densities, and the SLy [23] EoS for the inner crust,
up to the crust-core transition density ρtr [23]. The transition density is deter-
mined using the thermodynamical method [24], ensuring consistent crust-core
matching.

3 Results and Discussion

Neutron star structure is illustrated in Figure 1(a) through the mass-radius rela-
tion for the DD-PC EoSs, alongside with astrophysical constraints from pulsar
observations, including maximum masses, radius measurements, and the binary

Figure 1. (a) Gravitational mass as a function of the radius for the DD-PC EoSs.
The solid lines denote the family of DD-PC EoSs spanning J = 29, 30, ..., 36 MeV,
while the dashed, dash-dotted, dotted, and dash-dot-dotted lines correspond to the
DD-PC-CREX, DD-PC-PREX, DD-PC-REX, and DD-PCX EoSs, respectively. The
shaded contours from bottom to top represent the HESS J1731-347 remnant [25], the
PSR J1231-1411 [26], the PSR J0437-4715 [27], the GW170817 event [11], and the
PSR J0740+6620 [28, 29], while the horizontal shaded regions denote the PSR J1614-
2230 [30], PSR J0348+0432 [31], and PSR J0952-0607 [32] pulsar observations with
possible maximum neutron star mass. (b) The corresponding effective tidal deformabil-
ity as a function of the binary mass ratio. The shaded region represents the excluded
values provided by LIGO for the GW170817 event [11].
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merger GW170817 [11,25–32]. All EoSs satisfied the maximum mass and mass-
radius limits, with the lower-J models (J = 29–32 MeV) additionally consis-
tent with the ultra-light compact object HESS J1731-347 [25]. Additionally,
Figure 1(b) displays the effective tidal deformability as a function of the binary
mass ratio, confirming that all EoSs remained within the GW170817 constraints.

Subsequently, attention was directed toward the correlations between nu-
clear and astrophysical observables. Figure 2 displays the dimensionless tidal
deformability Λ1.4 at 1.4 M� as a function of the charge-weak form factor differ-
enceFch−Fw and the neutron skin thicknessRnp for 48Ca and 208Pb. It is noted
that in both cases, the observables exhibit an exponential dependence, where the
DD-PC family of EoSs follows closely, while larger deviations are observed for
the remaining models, particularly DD-PC-CREX and DD-PC-PREX.

Figure 2. Dimensionless tidal deformability at 1.4 M� as a function of (a,b) the differ-
ence between charge and weak form factors and (c,d) the neutron skin thickness for 48Ca
(left panel) and 208Pb (right panel) nuclei. The horizontal shaded region represents the
constraints from GW170817 event [11], while the vertical shaded regions correspond to
the experimental constraints extracted from (a,c) CREX and (b,d) PREX-2. The symbols
denote different EoSs: DD-PC family of EoSs (plus signs, where lighter color denotes
higher values of J), DD-PC-CREX (pentagon), DD-PC-PREX (cross), DD-PC-REX (tri-
angle), and DD-PCX (circle). The dashed line represents the fit corresponding to the
DD-PC family of EoSs, while the dotted lines denote the standard deviation.
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Figure 3. Radius at 1.4 M� as a function of (a,b) the difference between charge and
weak form factors and (c,d) neutron skin thickness for the 48Ca (left panel) and 208Pb
(right panel) nuclei. The vertical shaded region represents the experimental constraints
extracted from (a,c) CREX and (b,d) PREX-2, while the horizontal shaded regions cor-
respond to constraints extracted from Refs. [33, 34]. The symbols denote different EoSs:
DD-PC family of EoSs (plus signs, where lighter color denotes higher values of J), DD-
PC-CREX (pentagon), DD-PC-PREX (cross), DD-PC-REX (triangle), and DD-PCX (cir-
cle). The dashed line represents the fit corresponding to the DD-PC family of EoSs (since
σ � 0.1, the standard deviation is not plotted).

Figure 2 also displays constraints on nuclear and astrophysical observables
as vertical and horizontal bands, respectively. Their intersections define spe-
cific regions of EoSs consistent with both charge-weak form factor and neutron
skin thickness. This agreement is expected, since these nuclear observables are
strongly correlated. From the astrophysical perspective, all EoSs remain com-
patible with GW170817. However, from the nuclear physics side, CREX fa-
vors models with the lowest symmetry energy, while PREX-2 favors those with
J & 35 MeV. This tension is directly reflected in the CREX- and PREX-2 con-
strained functionals (DD-PC-CREX and DD-PC-PREX). The same dependence
is further illustrated in Figure 3, which shows the neutron star radius R1.4 at
1.4 M� as a function of Fch − Fw and Rnp for 48Ca and 208Pb. The above
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Table 1. Coefficients of expression (8) for 48Ca and 208Pb nuclei for Q = Λ1.4, R1.4,
and N = Fch − Fw, Rnp. In addition, the standard deviation, σ, and the coefficient of
determination, R2, are also noted. The units of coefficients and σ are defined so Λ1.4 and
Fch − Fw to be dimensionless, R1.4 to be in km, and Rnp to be in fm.

Nuclei N c1 c2 c3 σ R2

Λ1.4

48Ca
Fch − Fw 94.946 32.874 – 14.611 0.944
Rnp 97.846 7.129 – 14.674 0.944

208Pb
Fch − Fw 200.443 23.895 – 14.768 0.943
Rnp 185.554 3.719 – 14.751 0.943

R1.4

48Ca
Fch − Fw 3.084× 10−4 172.174 11.772 0.019 0.997

Rnp 2.931× 10−4 38.317 11.779 0.019 0.997

208Pb
Fch − Fw 2.068× 10−2 116.622 11.752 0.018 0.997
Rnp 1.374× 10−2 18.282 11.754 0.018 0.997

correlations are quantified by the exponential expression

Q = c1 exp(c2N ) + c3 , (8)

with Q = Λ1.4, R1.4 and N = Fch − Fw, Rnp. The fitted coefficients, stan-
dard deviations, and R2 values are summarized in Table 1. These relationships
allow CREX and PREX-2 measurements to be mapped onto neutron star radii
and symmetry energy constraints: (a) CREX favors R1.4 ∈ [11.790, 11.861]
km and J ∈ [24.306, 29.037] MeV, while (b) PREX-2 favors R1.4 ≥ 12.417
km and J ≥ 34.190 MeV, revealing a gap of about 0.5 km between the two
predictions [19].

Since the radius is intrinsically connected to the tidal deformability, we also
employ the relation Λ1.4 = c4R

c5
1.4, with c4 = 5.389 × 10−4 and c5 = 5.357

(correlation coefficient: r = 0.957, R2 = 0.897), to provide a general be-
havior of the DD-PC EoSs, as shown in Figure 4. By imposing the observa-
tional upper limit on Λ1.4 from GW170817, the stellar radius is restricted to
R1.4 ≤ 13.366 km, consistent with earlier findings. Interestingly, this value lies
within the region suggested by PREX-2, and thus can be translated into an upper
limit for the symmetry energy at saturation, J ≤ 36.658 MeV. While CREX and
PREX-2 offer uncertainties of comparable magnitude, their implications differ:
CREX favors lower J values, yielding a relatively narrow radius band associated
with the flatter part of the exponential relation, whereas PREX-2 favors higher J
values, leading to a broader radius range connected with the steeper part of the
curve.
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Figure 4. Dimensionless tidal deformability as a function of the radius at 1.4 M� for
the DD-PC EoSs. The horizontal shaded region represents the GW170817 event [11],
while the vertical shaded regions correspond to the constraints derived in this work [19].
The blue solid line represents the fit for the DD-PC family of EoSs, with the dotted
lines denoting the standard deviation. Additional comparisons include expressions from
Refs. [35–37].

4 Conclusion

In this work, we have explored the connection between nuclear and neutron
star observables within the framework of relativistic EDFs. By employing a set
of EoSs based on relativistic DD-PC interactions, including variants consistent
with CREX and PREX-2 experiments, we have investigated how weak form fac-
tors and neutron skin thickness measurements can be translated into constraints
on nuclear symmetry energy, neutron star radii, and tidal deformabilities. The
analysis confirms consistency of the DD-PC EoSs with previous investigations
and highlights the contrasting implications of CREX and PREX-2: CREX indi-
cates a softer EoS at saturation, while PREX-2 points toward a stiffer EoS. Using
the established relationships between finite-nucleus and neutron star properties,
constraints on R1.4 and J were derived. Remarkably, the DD-PC-REX EoS fol-
lows the general behavior of the DD-PC family, yielding well-defined values for
R1.4 and J within the CREX-allowed region.

Future improvements in both experimental precision and astrophysical mea-
surements, particularly from next-generation gravitational-wave detectors and
parity-violating electron scattering experiments, are expected to further narrow
the allowed EoSs. Such advances will provide a more unified and quantitative
description of dense matter, bridging nuclear physics and neutron star astro-
physics.
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