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The determination of the equation of state (EOS) for nuclear matter has been one of the
biggest problems in nuclear astrophysics, because the EOS is essential for determining the
properties of neutron stars. To constrain the density dependence of the nuclear symmetry
energy, several nuclear experiments, e.g., reported by the SwRIT and PREX-II Collabora-
tions, have recently been performed. However, since their uncertainties are still large, addi-
tional constraints such as astronomical observations are crucial. In addition, it is interesting
to see the effect of their reported values on neutron-star properties. In this study, focusing
on a relatively lower-density region, we investigate the allowed area of the neutron-star mass
and radius relation by assuming the constraints from Sz RIT and PREX-II. Each region
predicted by these experiments is still consistent with the allowed area constrained by the
various astronomical observations. Our results show that terrestrial nuclear experiments
must provide further constraints on the EOS for neutron stars, complementing astronomi-
cal observations.

Subject Index E32, D41

1. Introduction
Core-collapse supernovae, which occur at the end of a massive star’s life, produce a neutron
star (NS) (or a black hole) as a compact remnant. Since the density inside the NS becomes
significantly larger than the nuclear saturation density, which must be the densest environment
in nature, the nuclear equation of state (EOS) describing NS matter is not yet fixed. So, astro-
nomical observations help us to understand the properties in such a high-density region. For
example, the discovery of NSs heavier than 2 M, could rule out some soft EOSs, with which
the theoretical maximum mass does not reach the observed mass [1-3]. The observation of
gravitational waves from a binary NS merger, GW170817, gives us the constraint on the tidal
deformability, which estimates that the 1.4 My NS radius should be less than 13.6 km [4]. The
electromagnetic signals from the NS also give a constraint on the neutron-star mass and radius,
although it depends on the theoretical models [5-7]. In this way, NS observations essentially
give us information and/or constraints on a relatively high-density region.

As traditionally performed, on the other hand, terrestrial particle-accelerator experiments
are still crucial to obtain information on the physics of nuclear matter. Owing to the nuclear
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saturation properties, one may easily constrain the EOS around the nuclear saturation density.
In fact, several experiments have been performed to determine the nuclear saturation parame-
ters, especially focusing on nuclear symmetry energy. Here, the symmetry energy is roughly the
difference between the energy for symmetric nuclear matter and that for pure neutron matter.
This is one of the key properties for constructing the EOS for NS matter because NS matter
is very neutron-rich under the B-equilibrium state. Even so, access to the symmetry energy via
terrestrial experiments is relatively more difficult than that for other nuclear properties, because
the stable atomic nucleus on the Earth is at most & ~ 0.3, where « is an asymmetry parameter.
We note that « = 0 and 1 correspond to symmetric nuclear matter and pure neutron matter,
respectively.

Recently, new experiments in two large facilities have reported a constraint on the density
dependence of symmetry energy, L (see Eq. (3) for a definition); 42 < L < 117 MeV by the Ra-
dioactive Isotope Beam Factory (RIBF) at RIKEN in Japan (St RIT; see, e.g., Ref. [8]) and
L =106 + 37 MeV obtained by the polarized-electron scattering done at the Thomas Jefferson
National Accelerator Facility in Newport News, Virginia, USA (PREX-II) [9,10]. Compared
to the previous L values, the PREX-II result suggests a significantly large L, while the Sz RIT
result also supports a relatively large value. On the other hand, the constraint through the
polarized-proton scattering experiment performed at the Research Center for Nuclear Physics
(RCNP), Osaka University, Japan [11] is more or less consistent with the other predictions ob-
tained so far, even though the same nuclear property, i.e., the neutron-skin thickness, has been
measured at RCNP and PREX-II, but via a different probe. So, current terrestrial experiments
cannot solely determine the value of L, so astronomical observations must be important; this
is a qualitatively different approach and covers higher nuclear densities. In the context of astro-
physics, constraints on L become more informative if they are interpreted on the NS mass and
radius relation, which can be easily compared with other astronomical constraints by X-ray
and gravitational-wave observations.

In this study, therefore, we concretely show the allowed region in the NS mass and radius
relation, based on the two new constraints on L (St RIT and PREX-II) and another experi-
mental constraint previously obtained (RCNP). The NS mass and radius curves theoretically
constructed with the EOSs should be compared with these constraints, as well as the several
astronomical restrictions given by X-ray and gravitational-wave observations. We discuss the
consistency in the constraints between the nuclear experiments and astronomical observations.

2. EOS and nuclear saturation parameters

In order to construct the NS models, one has to prepare the EOS for NS matter. For any nuclear
EOSs, the bulk energy per nucleon for nuclear matter with zero temperature, w, is written as a
function of the baryon number density n, and the asymmetry parameter « as

w(np, &) = ws(ny) + o>S(ny) + -+ - (1)

where ny, and « are defined by ny, = n,, + n, and « = (n, — n,)/ny, with the neutron number density
n, and the proton number density 7,. In this expansion, ws and S correspond to the energy per
nucleon of symmetric nuclear matter, i.e., wy = w(nyp, 0), and the density-dependent symmetry
energy given by S(n,) = aw/da?|y — o, respectively. Additionally, ws and S can be expanded as a
function of u = (ny, — ny)/(3ny) with the saturation density of symmetric nuclear matter, g, as
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QO 3_}_”’ (2)

S(ny) = So + Lu + szym u? szm .

The coefficients are referred to as the nuclear saturation parameters. In particular, among these
parameters, the saturation parameters in the lowest order, such as ng, wg, Ky, So, and L, are the
most important, being strongly associated with the properties of the atomic nuclei in nature,
and are constrained via terrestrial experiments. Even so, ng, wy, and Sy are relatively well con-
strained, while Ky and L are more difficult to constrain. This is because one can easily obtain
the nuclear information around the saturation density, owing to the nuclear saturation proper-
ties, whereas, to obtain parameters associated with the density derivative, such as K, and L, it
is necessary to obtain information on nuclear matter properties at various densities.

Thus, in this study, we focus on Ky and L, where ngy, wy, and Sy must be tuned in such a
way that the properties of stable nuclei should be reproduced by any EOSs. Via the data for
the isoscalar giant monopole resonance in *Pb and *°Zr, K, is constrained in the range of
Ky = 240 £ 20 MeV [12], which seems to be a conservative constraint [13]. On the other hand,
there have been several attempts to constrain L, which tell us that L should be in the range of
L ~ 60 + 20 MeV [14,15]. Nevertheless, the recent experiments seem to predict a larger value
of L than the previous constraints, as mentioned in the next section.

ws(n,) = wo + 7u + =

TR 3)

3. Experimental constraints

In this study, we especially focus on two recent terrestrial nuclear experiments, i.e., ST RIT
and PREX-II, together with RCNP. SzRIT is the experiment with the isotope beams pro-
vided by the RIBF at RIKEN in Japan, where beams of '3>Sn, **Sn, 1?Sn, and '%®Sn were
used to bombard the >*Sn and ''>Sn targets. Throughout such reactions, A isobars were pro-
duced, which decay to nucleons with the emission of pions. The ratio of the production rate of
positively charged pions, 7, to that of negatively charged ones, 7, allows one to constrain
L as 42 < L < 117MeV with 1o accuracy [§]. PREX-II is the experiment after PREX (the
208pb Radius Experiment) at the Thomas Jefferson National Accelerator Facility in Virginia.
In the PREX/PREX-II experiments, first, the scattering cross sections of spin-up polarized
electrons oy and spin-down ones o | in 2®Pb are measured. Then, using the parity-violating
asymmetry (04 — o )/(o4 4+ o), one can estimate the neutron root-mean-square radius and,
accordingly, the neutron-skin thickness, whose values are Ar,, = 0.337)-18 fm in PREX [16]
and Ar,, = 0.283 £ 0.071 fm in PREX-II [9]. By using the data for neutron-skin thickness, the
value of L is constrained to be L = 106 + 37 MeV in PREX-II with 1o accuracy [10]. We re-
mark that, soon after the report of PREX-II, a reanalysis was done, using the same data for
the parity-violating asymmetry in PREX-II, which predicted Ar,, = 0.19 £ 0.02 fm and L as
L =544+ 8MeV [17].

In addition to the above two constraints on L derived by Sz RIT and PREX-II, we also con-
sider the experiment at the RCNP, where the neutron-density distributions of 294 206 208pp were
measured via polarized-proton elastic scattering, and the neutron-skin thickness especially for
208pp was deduced to be Ar,, = 0.21 1+g 82‘31 fm [11]. It is theoretically known that the neutron-
skin thickness is strongly correlated with the slope parameter L [18] as

A,y (fm) = 0.101 + 0.001 47L, @)
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where L is considered in units of MeV, and thus one can extract the constrainton L as 32 < L
< 112 MeV.

In Fig. 1, we show the constraint on L obtained by the nuclear experiments focused on in
this study together with the previous constrains by updating the figure shown in Ref. [14]. In
this figure, we show the value of L constrained from the nucleon matter calculated with quan-
tum Monte Carlo techniques [19,20]; the neutron-skin thickness for antiprotonic atoms [21,22];
the neutron-skin thickness in p and « scattering [23]; the neutron-skin thickness in p scattering
[11,24]; the neutron-skin thickness in the (y, 7°) reaction [25]; the parity-violating asymmetry
(PREX/PREX-II) [9,10,16]; the empirical nuclear model fit [26-28]; the nuclear model fit thor-
ough energy density functionals (EDF) [29-32]; heavy ion collisions [8,33,34]; nuclear giant
resonances [35-40]; nucleon optical potentials [41]; compilation analyses [42-44]; and several
NS observations [45-47]. The vertical dotted line denotes the constraint on L as L = 20 MeV
with the condition that the pure neutron matter should not have a quasi-bound state [48].

4. Constraints on the NS mass and radius relation
As mentioned before, any EOSs have their own values of Ky and L, with which in turn each
EOS is characterized. Nonetheless, it may be generally difficult to discuss the dependence of
the NS mass and radius on two parameters. To solve this difficulty, an auxiliary parameter, n,
is proposed [49], which is a combination of Kj and L given by

n = (KLY (%)
We note that 1 has been empirically found, where its physical meaning is still uncertain. Thanks
to the introduction of 75, one can systematically discuss the NS mass and radius with one pa-
rameter, directly adopting the experimental data. In practice, the mass M and gravitational
redshift z = (1 — 2GM/Rc*)~"?> — 1 for a low-mass NS with the radius R, whose central density
0¢ 1s less than twice the nuclear saturation density, are expressed as functions of u. = p./po
and n, where G, ¢, and py denote the gravitational constant, the speed of light, and the nuclear
saturation density, such as

M/Mg = 0.371 — 0.820u, + 0.279u? — (0.593 — 1.25u; + 0.235u?) 1100, (6)

z =10.00859 — 0.0619u + 0.0255u§ — (0.0429 — 0.108u, + 0.0lZOug) 1100, (7)

where 1199 denotes n/(100 MeV) [49]. Combining M(uc, n100) and z(ue, n100), one can plot the
mass and radius for given values of u. and . We note that this technique is applicable only for
low-mass NSs because additional effects, such as the many-body effect and/or the appearance
of additional composition, should be taken into account when the central density becomes
somewhat large.

In Fig. 2, we show the resultant constraint on the NS mass and radius relation by adopting
the constraints on L obtained from the nuclear experiments discussed in the previous section,
together with the constraint on Kj as Ky = 240 4+ 20 MeV, which correspond to 72.9 < n < 152.7
MeV for ST RIT, 101.6 < n < 174.5 MeV for PREX-II, and 60.8 < n < 147.9 MeV for RCNP.
For reference, we also show the NS mass and radius relation as a fiducial region by assuming
fiducial values of L and Ky, i.e., L = 60 + 20 MeV and K, = 240 + 20 MeV, which correspond
to 70.6 < n < 118.5 MeV. The constraints can be put on the bottom-right part in this figure, i.c.,
for the low-density region, where we consider the NS model whose central density is up to twice
the saturation density. Note that the PREX-II reanalysis (77.5 < n < 100.0 MeV) is consistent
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Fig. 1. Constraints on L from various experiments and astronomical observations, updated from the
figure in Ref. [14], using the data in Ref. [32] together with the constraints on L discussed in this study.
FRDM, IAS, AGDR, IVGQR, DP, PDR, GDR, and Ar,, stand for finite-range droplet model, isobaric
analog states, anti-analog giant dipole resonance, isovector giant quadrupole resonance, dipole polariz-
ability, pygmy dipole resonance, giant dipole resonance, and neutron-skin thickness, respectively. At the
result with PREX-II, the constraint on L with L = 54 + 8§ MeV derived by the reanalysis is also shown
(see text for details). The vertical dotted line denotes the lower limit of L constrained from the condition
that the pure neutron matter should not have a quasi-bound state [48].
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Fig. 2. The constraints derived from the nuclear experiments are put on the bottom-right part, where
the constraining region from left to right corresponds to RCNP, SxRIT, and PREX-II. For reference,
the fiducial region is also shown, assuming that L. = 60 £ 20 MeV and K, = 240 4+ 20 MeV. In addition,
we show the astrophysical and theoretical constraints (see text for details). For reference, NS mass and
radius relations constructed with five different EOSs listed in Table 1 are also shown. The constraint from
MSP J0740+6620 is shown by the shaded region (68%) and the enclosed region with a solid line (95%).

with the results obtained by RCNP and Sz RIT, and thus, hereinafter, it is not explicitly shown.
One can eventually constrain the EOS for NS matter, because the NS mass and radius relation
predicted by the EOS has to pass through the allowed region shown in Fig. 2.

In order to compare these constraints derived from the experiments, in Fig. 2 we show four
different constraints from astrophysical observations and one theoretical constraint. The con-
straint on the NS radius comes from GW170817 [4]; i.e., the 1.4 My NS radius should be less
than 13.6 km, considering the tidal deformability observed in the gravitational waves from the
binary NS merger. The NS with maximum mass observed so far is MSP J07404-6620 [50], whose
mass is M /Mg = 2.08 £ 0.07. The Neutron star Interior Composition Explorer (NICER) ba-
sically gives the constraint on the stellar compactness, M/R, on PSR J00304-0451 by carefully
observing the pulsar light curve [6,7]. The resultant constraint is shown by the tilted ellipses,
where inner and outer edges correspond to the 1o (68%) and 20 (95%) constraints [5S1]. NICER
also gives us the radial constraint on PSR J0740+4-6620, i.e., 12. 39*2) Sg km [52] and 13. 7+2 S km
[53]. Through the X-ray burst observations from NSs, one can also constrain the NS mass and
radius, as in Ref. [5], where, e.g., the 1.4 My NS radius lies between 10.4 and 12.9 km. Mean-
while, from the causality, one can exclude the top-left region corresponding to R < 2.824GM/c?
[54]. By comparing the astrophysical and theoretical constraints mentioned here, we can say
that all constraints derived from the nuclear experiments are still consistent.

Moreover, in Fig. 2, for reference, we also plot the mass and radius relations for NS models
constructed with several EOSs, i.e., EOSs based on the Skyrme-type effective interaction, such
as SLy4 [55,56], SKa [57], SkI3 [58], SkMp [59]; the EOS based on the relativistic framework,
such as DD2 [60] and Shen [61]; and the EOS constructed with the variational many-body cal-
culation, Togashi [62]. The EOS parameters and the maximum mass for the NS constructed
with each EOS are listed in Table 1. The EOSs selected here except for Shen satisfy the astro-
nomical constraints shown in Fig. 2, although SLy4 may be marginal to the constraint from
MSP J07404-6620, and they are roughly consistent with the region constrained by three nu-
clear experiments. We note that, in the present study, Shen is selected for reference because it
has been adopted as a standard EOS, even though it has been ruled out from the constraint
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Table 1. EOS parameters adopted in this study, Ky, L, and n, and the maximum mass, My, for the NS
constructed with each EOS.

EOS Ky (MeV) L (MeV) n (MeV) Muax /Mg
SLy4 230 45.9 78.5 2.05
SKa 263 74.6 114 2.22
SklI3 258 101 138 2.25
SkMp 231 70.3 105 2.11
DD2 243 55.0 90.2 2.41
Shen 281 111 151 2.17
Togashi 245 38.7 71.6 2.21

from GW170717. Meanwhile, considering the allowed area given by the nuclear experiments
(together with the astronomical restrictions), some of the EOSs may be ruled out. For exam-
ple, the Togashi EOS passes through the lower L boundary, which may be ruled out if the
constraints from StRIT and PREX-II are strictly true. On the other hand, the Shen EOS is
consistent only with the higher L (higher M and R) covered by PREX-II, and is inconsistent
with some of the astronomical restrictions. Overall, the area covered by St RIT seems to agree
with the other constraints without significant inconsistencies.

5. Conclusion

Terrestrial nuclear experiments must be important for constraining the NS mass and radius
relation, especially for a low-density region, and can complement the constraint obtained from
astrophysical observations. In this study, we show which region in the NS mass and radius rela-
tion is allowed by using the recent constraints on the density dependence of nuclear symmetry
energy obtained via St RIT and PREX-II together with the experiment by RCNP. Compared
to other astrophysical constraints on the NS mass and radius, the allowed region that we have
given in this study, based on nuclear experiments, still seems to be consistent, but the improve-
ment in terrestrial experiments certainly helps us to understand the equation of state for NS
matter. A number of future experiments are planned, which are expected to provide a further
constraint on the NS mass and radius relation. For example, a CREX measurement with ¥Ca
has already been done, which may tell us the additional constraint. In addition, the constraint
on the higher-order saturation parameters, such as K, and Qy, is also important for constrain-
ing the NS EOS; see, e.g., Ref. [63].
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