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Using the recent model-independent determination of the charge-weak form factor difference AFey in **Ca
and *®Pb by the CREX and PREX-2 collaborations together with some well-determined properties of doubly
magic nuclei, we perform Bayesian inference of the symmetry energy Ey,(0) and the neutron skin thickness
Aryp of ®*Ca and 2 Pb within the Skyrme energy density functional (EDF). We find the inferred Eqym(p0) and Ary,
separately from CREX and PREX-2 are compatible with each other at 90% C.L., although they are inconsistent
at 68.3% C.L. with CREX (PREX-2) favoring a very soft (stiff) Eg,(p) and rather small (large) Ary,. By
combining the CREX and PREX-2 data, we obtain a soft symmetry energy around saturation density py, and
thinner Ary, of 48Ca and 2°®Pb, which are found to be closer to the corresponding results from CREX alone,
implying the PREX-2 is less effective to constrain the Eyy,(0) and Ar,, due to its lower precision of AFcy.
Furthermore, we find the Skyrme EDF results inferred by combining the CREX and PREX-2 data nicely agree
with the measured dipole polarizabilities  in **Ca and 2°®Pb as well as the neutron matter equation of state
from microscopic calculations. The implications of the inferred soft Eg,(p) around pg are discussed.

DOI: 10.1103/PhysRevC.108.024317

I. INTRODUCTION

The CREX [1] and PREX-2 [2] Collaborations recently
reported the model-independent extractions of the difference
between the charge form factor Fr and the weak form factor
Fw, i.e., Ach(q) = Fc(q) — Fw(q) = 0.0277 £ 0.0055 at
g = 0.8733fm~! for ®®Ca and AFcw(g) = 0.041 4 0.013 at
a smaller four-momentum transfer ¢ = 0.3977 fm~' for 2%*Pb
[1]. Since these extractions are free from the strong interaction
uncertainties, they allow us to determine with minimal model
dependence the neutron skin thickness Arnp =7, — 1)y [Tap)
is the neutron (proton) rms radius of the nucleus] and further
to constrain the density dependence of the symmetry energy
Egym(p) [3-12]. The Egyn(p) encodes the isospin dependence
of nuclear matter equation of state (EOS) and plays an impor-
tant role in both nuclear physics and astrophysics [13—16].

From the PREX-2 data, the Ary, of 208py is extracted to
be 0.283 £ 0.071 fm [2]. An analysis based on a relativistic
energy density functional (EDF) indicates the PREX-2 data
leads to a very stiff Egn(p) with a rather large symme-
try energy slope parameter [L(p,) = 3,0,.‘“55;—"[‘7(0” o] of L=
L(pg) = 106 &= 37 MeV at saturation density py [17], which
challenges our present understanding on the Egyp, (0) [18-20].
Many studies have been devoted to understanding the PREX-2
result and its implications in nuclear physics and astrophysics
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[17,21-24]. In particular, the tension between the PREX-2
data and the measured electric dipole polarizabilities «p in
“Ca and 2®Pb at RCNP in Osaka [25-27] is observed with
the latter favoring a much softer Egyp, (0) [22,23].

Very remarkably, the CREX adopts the same experimental
approach as PREX-2 and recently reports a rather thin neu-
tron skin of Ary, = 0.121 4 0.026(exp) & 0.024(model) fm
in “Ca [1]. Analyses with a number of modern nonrelativistic
and relativistic EDFs [28,29] (see also Ref. [1]) suggest a
significant tension between the CREX and PREX-2 results,
calling for further critical theoretical and experimental inves-
tigations.

In this work, we employ the Bayesian inference method,
which provides a consistent probabilistic approach to extract
quantitative information from experimental data [30], to an-
alyze the CREX and PREX results on the AFcw(q) together
with other well-known data of eight doubly magic nuclei, i.e.,
160, 40Ca, *8Ca, °Ni, %Ni, 19°Sn, 132Sn, and 2°®Pb, based on
the Skyrme EDF. We show the CREX and PREX-2 results are
compatible at 90% confidence level (C.L.), although they are
inconsistent with each other at 68.3% C.L., and furthermore
the PREX-2 is less effective to constrain the Egyy, (0) and Ary,
due to its lower precision of A Fcw compared to the CREX. By
combining the CREX and PREX-2 results at 90% C.L., we
find a soft Egy, (o) around pg can be inferred and the Skyrme
EDF can nicely describe the measured «j, in **Ca and 2%*Pb as
well as the neutron matter EOS from microscopic many-body
calculations.
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TABLE I. Prior ranges of the ten parameters used, together with
the posterior median values and 68.3% (90%) credible intervals from
B-All and the parameter values of the Skyrme interaction SKREx.

Quantity prior posterior (B-All) SkREx
po (fm~3) [0.155,0.165]  0.161970001°000%)  0.1618
Ey (MeV) [-16.5,—15.5]  —16.00270 003010, —16.00
Ko (MeV) [210, 250] 225.0 3500 223.1
Eqym(po) (MeV) [22, 55] 29.173459) 29.2
L (MeV) [—90, 240] 17.15 533000 13.0
Gs (MeV - fm®) [110, 170] 117.975565) 118.9
Gy (MeV - fm®) [~70,70] —27.35300%9) ~55.0
Wo (MeV - fm®) [90, 140] 105.475055) 117.2
m? o /m [0.7, 1.0] 0.95% 000010, 0.969
mt o /m [0.6, 0.9] 0.71% 058016, 0.640

II. MODEL AND METHOD

The nuclear properties are calculated within the widely
used standard Skyrme EDF. Since we focus on doubly magic
nuclei, pairing interaction is not taken into account. The
Skyrme EDF can then be characterized by ten parameters: the
Po, the binding energy per nucleon of symmetric nuclear mat-
ter Eo(00), the incompressibility Ko, Esym(00), L, the isoscalar
effective mass m;ﬁo and the isovector effective mass m:,o at po,
the gradient coefficient Gg, the symmetry-gradient coefficient
Gy, and the spin-orbit coupling constant Wy [31-33]. Based
on the Skyrme EDF, once given a parameter set

p= {1007 EO(IOO)v KO? Esym(po)s L, GSv GVa WO’ m;()v m:.o}’
()

the ground-state properties of finite nuclei are calculated with
the Hartree-Fock (HF) method, and the breathing mode en-
ergy is obtained from the constrained HF (CHF) calculation.

The calibration and uncertainty quantification of the ten pa-
rameters is carried out using a Bayesian approach. According
to Bayes’ theorem, the posterior distribution of model param-
eters p, given experimental data O®*P for a set of observables
O, can be evaluated as

P(O%® | M, p)P(p)
[ PO | M, p)P(p)dp’

P(p | M, O0%P) = @

where M is the given model, P(p) is the prior probability
density of model parameters p before being confronted with
the data O%*P, and P(O“P | M, p) denotes the likelihood of
observing O%P with given model M predictions at p. The
prior distribution of p are normally chosen to be uniform in
their empirical ranges listed in Table I. In particular, given the
rather thick (thin) neutron skin in 2%®Pb (*Ca) from PREX-2
(CREX), the prior ranges of Egy,(00) and L are taken to be as
large as 22 to 55 MeV and —90 to 240 MeV, respectively, to
avoid the prior range dependence of the posterior results.

The likelihood function is taken to be the commonly used
Gaussian form

[0i(p) — O?Xp]z

201‘2

P(M, 07 | p) ocexp{— Z , 3
where O;(p) is the model prediction on the ith observable for
a given parameter set p, O;"" is the corresponding data, and o;
is the adopted error.

To estimate the posterior distribution given by Eq. (2), the
Markov chain Monte Carlo (MCMC) process is carried out
using the Metropolis-Hasting algorithm. We first run 5 x 10°
burn-in MCMC steps to allow the chain to reach equilibrium,
and then generate 10 MCMC steps in parameter space. The
posterior distributions of model parameters and observables
are estimated from 15 parallel MCMC process, i.e., 1.5 x 107
MCMC samples.

III. SELECTED OBSERVABLES

The key observables in this work are the model-
independent AFcw in *8Ca and %Pb, ie., AFZ =
AFcw(g = 0.8733fm™") from CREX [1] and AFZS =
AFew (g = 0.3977 fm~') from PREX-2 [2]. The normalized
nuclear form factors F¢(q) and Fy (g) are calculated by fold-
ing the nucleon form factor F;(g) (t = n, p) and the spin-orbit
current form factor (Ft”) with the intrinsic nucleon electro-
magnetic form factor Gg .y, and weak form factor Gg‘//,f,l,t by
(23]

1
Fe@) ==Y [Gei@F (@) + G @F @], @)
V4

t=p,n
G (@F () + Gy (@F " (g)
Fu = Y LG5+ G )l @)

.6
20, +NQ)"

t=p,n

where N(Z) is the neutron(proton) number, and Q;W) =
0.0713 and Q") = —0.9888 are proton and neutron weak
charges, respectively. The Gg u; are derived from the isospin-
coupled Sachs form factors, the relativistic Darwin correction
has been included and the center-of-mass corrections are taken
into account by simply renormalizing the nucleon mass my to
(I — 1/A)my in the HF calculation (see, e.g., Ref. [34] for
details). From Ggy,, the G(E“//,f,,!, can then be determined by
further considering the contribution of the strange-quark elec-
tromagnetic form factors Gg s (see, Ref. [23] for details). In
addition, the Fr(g) at low momentum g can be characterized
by three parameters [35], i.e., the charge rms radius

_ | 3 sz()
T R dg

the diffraction radius R; = 4'{‘% determined from the first zero
of Fc[qo] = 0, and the surface thickness

o= \/ 2 Jog [—3jl("de) ] gn=56/R, ()

, (6)

q=0

qm qmRaFc(qm)

sinx _ cosx

where j;(x) = o = is the spherical Bessel function of

the first kind.
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TABLE II. Experimental data and adopted errors used in the
Bayesian analysis. The second line shows the globally adopted error
for each observable. That error is multiplied for each observable by a
further integer weight factor given in the parenthesis next to the data
value. For the data and adopted errors of the neutron-proton Fermi
energy differences Aer of 160, 9Ca, “8Ca, Ni, '¥2Sn, and 2%*Pb
as well as the breathing mode energy Egygr of 2®Pb, see the text.
For the charge-weak form factor difference AFcw, the CREX and
PREX-2 results, i.e., AFew(g = 0.8733fm™!) = 0.0277 4 0.0055
for ¥Ca and AFcw(g = 0.3977fm™!) = 0.041 £ 0.013 for %®Pb
[1], are used in this work.

EB Te Rd o AG[S

Nuclei (1MeV) (0.02fm) (0.04fm) (0.04fm) (20%)

150 —127.620 (4) 2.701(2) 2.777(2) 0.839(2) 6.30(3)
6.10(3)

0Ca  —342.051(3) 3.478(1) 3.845(1) 0.978(1)

BCa  —415990 (1) 3.479(2) 3.964(1) 0.881(1)

BNi  —483.990 (5) 3.750(9)

BNi  —590.430 (1)

105n  —825.800 (2)

B28n  —1102.900(1) 1.35(1)
1.65(1)

208py  —1636.446(1) 5.504(1) 6.776(1) 0.913(1) 1.32(1)
0.90(1)
1.77(2)

Note: Ae; data are for '°O(lp,, 1p,), '*Sn(2p,, 2d,), and
208Pb(2dp, 3pa, 2f,), respectively.

In this work, we also include in our analysis some well-
determined data, i.e., the total binding energies Ep, r., Ry,
o, spin-orbit splittings Ae;, neutron-proton Fermi energy dif-
ferences Aep, and breathing mode energies Egyvr of doubly
magic nuclei: 16, 40Ca, *8Ca, °Ni, %Ni, '908n, 1328n, 208pp,
The values and adopted errors for Ep, r., Ry, 0, and Ag;, are
taken from Ref. [36], and listed in Table II for completeness.
For A€, the experimental values for '°0, “°Ca, *¥Ca, °Ni,
1328n, and 2%®Pb are —3.53, —7.31, 6.10, —9.47, 8.40, and
0.64 MeV, respectively [37]. According to calculations for
Ae€p of 19 nuclei with 54 Skyrme interactions reported in
Ref. [37], we take their uncertainties to be 1.2 MeV. As to the
Egumr of 2%8Pb, the weighted average'13.614 4 0.074 MeV
of two independently measured values by RCNP [38,39] and
TAMU [40] is used.

IV. RESULTS AND DISCUSSIONS

Bayesian analyses are conducted in four different cases in
the present work. The case without including the AFZR and
AFZ, is considered as the base point labeled with “B-Bas”.
The AFC“&, and AFCZ\({? data are then separately added into the
analysis to quantify the tension between the CREX and PREX

"Here, the weighted average is defined in the standard way, i.e.,
given n-independent measured value O; with the standard deviation
o; for the same observable, the weighted average is calculated as O =
Y1 Oi/oi 12

ST and its standard deviation is o = (X:;’=1 0[.’2 )~
i=1Y

S
—— e . : - :
0.06 (a B-AF&y Expt. 90% 1 ko) ]
,,,,,,,,, 208 8
B-AFZS %  SkREx .
0.05 F — B-All 4
©Z 0.04f =
519)
Sy
<
0.03} A
0.02
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FIG. 1. (a) Joint and (b), (c) marginal distributions of AFZY
and AFSY from B-AFSS, (blue, dash-dotted line), B-AF2Y (green,
dashed line), and B-All (red, solid line). The shaded regions and the
lines correspond to 68.3% and 90% credible regions, respectively.
The 90% credible regions of the experimental joint and marginal dis-
tributions by CREX and PREX-2 are indicated as the dotted ellipse
and solid diamonds, respectively.

data, and the results are accordingly labeled by “B-AF2S,” and
“B-AF2%”. A Bayesian analysis including all the selected ob-
servables labeled by “B-All” is further carried out to constrain
the Esym(0) by combining the CREX and PREX results. The
posterior median values and 68.3% (90%) credible intervals
of parameters p obtained with B-All are listed in Table 1.
Figure 1 shows the obtained posterior joint [Fig. 1(a)]
and marginal [Figs. 1(b) and 1(c)] distributions of AFcz\(,)f
and AFZ, from B-AFSY, B-AFSY, and B-All, together
with the corresponding experimental joint distribution of 90%
credible region as well as the CREX and PREX individual
measurements with 90% uncertainties. It is seen that due
to the constraints from properties of doubly magic nuclei,
the inferred AFCZ\(EE “®) from B—AFCZ\%8 “8) s less (larger) than
the PREX-2 (CREX) measurement. In all the three cases,
the inferred 90% confidence regions barely overlap with the
experimental one, which indicates the tension between the
CREX and PREX-2 results within the framework of Skryme
EDF. From the MCMC samples, we find out a Skyrme in-
teraction (named “SKREX”) that is consistent with both the
CREX and PREX data at 90% C.L. (as indicated by star in
Fig. 1), the measured «p in “8Ca and **®Pb, and the neutron
matter EOS from microscopic calculations as shown later.
The parameter values of SKREx are listed in the last column
of Table I. The nine Skyrme parameters of SKREx are: 1) =
—2088.20 MeV fm?, xo = 0.285971, #; = 322.498 MeV fm°,
x1 = 0.760722, 1, = 537.638 MeV fm’, x, = —1.66900, t; =
13965.6 MeV fm**3%, x3 = 0.0165947, and & = 0.261515.
Shown in Fig. 2 are the posterior distributions of
Egym(200/3), L(2p0/3), Esym(00), and L from the four cases.
It is seen from Fig. 2(a) that for B-Bas, the Egm(200/3) has
already been well constrained by properties of doubly magic
nuclei, and further including AFcw has minor effects on the
posterior distribution of Egym(2/00/3). With the Egym(200/3)
tightly constrained, the L(200/3), Esym(p0), and L become
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FIG. 2. Posterior distributions of (a) Egm(200/3), (b) L(200/3),
(¢) Esym(p0), and (d) L in the four cases (see text for details).

highly correlated, leading to very similar shapes for their
posterior distributions as shown in Figs. 2(b)-2(d). Unlike the
Egym(2p0/3), the L(200/3), Esym(00), and L are all weakly
constrained with B-Bas, with their posterior distributions ex-
hibiting large distribution widths. Comparing the results from
B-AFZY, and B-AFAY, one sees the tension between CREX
and PREX-2. For example, the measured AFZ% by PREX-2
favors a larger L [i.e., 681”3%5;21; MeV at 68.3%(90%) C.L.],
while the AF#, by CREX prefers a much smaller L [i.e.,
—11333) at 68.3%(90%) C.L.]. The 68.3% credible intervals
obtained from the CREX and PREX data are incompatible,
whereas the 90% credible intervals overlap within the region
of 14.2 to 40.1 MeV. The overlap region of the L distributions
extracted from CREX and PREX-2 amounts for about 23%.

From B-All in Fig. 2, we find Eyn(200/3)=
25410005 MeV.  L(2po/3) =34155105%0  MeV,

Egm(po) =29.177459) MeV, and L = 171733507 MeV
at 68.3%(90%) C.L.. The obtained Egym(200/3) = 25.4703
MeV at 90% C.L. is consistent with Egy,(200/3) ~ 26 MeV
[5] and Egn(0.1 fm™3) =254+ 0.8 MeV [41] obtained,
respectively, from relativistic and nonrelativistic EDFs
constrained by nuclear masses, as well as Egyn,(0.11 fm ) =
26.2 £ 1.0 MeV extracted from Ae€p in doubly magic nuclei
[37] and Egyn (0.11 fm_3) = 26.65 £ 0.2 MeV extracted from
the binding energy difference of heavy isotope pairs [12]. The
inferred Egym(po) and L from B-All indicate a soft symmetry
energy around pg but are still consistent with many previous
constraints. For example, the upper limit of L = 40.9 MeV
at 68.3% C.L. agrees with the constraint of L = 5372 MeV
extracted recently by combining astrophysical data, PREX-2
and chiral effective theory calculations [42]. The inferred soft
Egym(p) with L = 17.1 MeV also agrees well with the recent
constraints from analyzing the «p in neutron-rich Sn isotopes
[43].

(a) . B-AFEy
 B-AFRES
. B-All

0.1 012 0.3 010 0j2 0.4
Argd (fm) Arg)® (fm)

FIG. 3. Posterior distributions of (a) Arys and (b) Arp>® for B-
AFS,, B-AFAY and B-All. Dots and bars indicate the median values,
along with the 68.3% and 90% uncertainties

Shown in Fig. 3 are the posterior distributions of Args
and Arp0® for B-AF3y, B-AFAY, and B-All As expected,
the CREX (PREX-2) data result in thinner (thicker) Aryp.
Again, their 90% credible intervals overlap with each other.
The extracted ArZ%® = 0.211731 fm (68.3% C.L.) is con-
sistent with 0.283 £0.071fm reported by PREX-2 [2],
and the extracted Args = 0.13670(30 fm (68.3% C.L.) also
agrees well with 0.121 = 0.026(exp) £ 0.024(model) fm by
CREX [1]. Combining the CREX and PREX data results
in A2 = 0.136 0080059 1 ang A7 — 0150700002
fm at 68.3% (90%) C.L.. The predicted Ary, is relatively thin,
but is still consistent with many previous experimental and
theoretical studies [12,26,44], e.g., the very recent ab initio
predictions of Arggg =0.14 - 0.20fm and Arﬁg =0.14 -

0.19fm at 68.3% C.L. [45], and the Ar® = 0.15 — 0.21 fm

from *Ni-*Fe charge radius difference [46]. Overall, our
Bayesian analyses indicate that the CREX and PREX data are
compatible with each other at 90% C.L., although they are
incompatible at 68.3% C.L.. Furthermore, the inferred results
of Egn(p) and Ary, by combining the CREX and PREX
data much favor the results from CREX alone, implying the
PREX-2 is less effective to constrain the Egm(0) and Aryp
due to its lower precision of AFcw compared to the CREX.
It is instructive to see the Bayesian inference on the
neutron matter EOS Epnm(p), which has been well con-
strained by microscopic calculations. Figure 4 shows the
inferred Epnv(p) by combining the CREX and PREX data
at 68.3% and 90% C.L., together with the predictions from
many-body perturbation theory using N3LO chiral interac-
tions by Tews et al [47], Wellenhofer et al. [48], and
Drischler et al. [49], the quantum Monte Carlo methods
by Gandolfi et al. [50], Wlazlowski et al. [51], Roggero
et al. [52], and Tews et al. [53], the variational calcula-
tions by Akmal-Pandharipande-Ravenhall (APR) [54], the
Bethe-Bruckner-Goldstone calculations (BBG-QM 3h-gap
and BBG-QM 3h-con) [55], and the self-consistent Green’s
function approach (SCGF-N3LO+N2LOdd) [56]. The region
indicated by the dash-dot-dotted line in Fig. 4 displays the
combined constraint on the Epnm(p0) by various microscopic
calculations (see also, Ref. [57]). One sees that the in-
ferred Epnm(p) agrees well with the microscopic calculations.
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FIG. 4. The Bayesian inferred Epny (p) by combining CREX and
PREX-2 data. The results from microscopic calculations and the
Skyrme interaction SKREX are also included for comparison (see text
for details).

However, at suprasaturation densities, the inferred Epny(p)
exhibits rather large uncertainties, implying the current data
mainly constrain the Epnm(p) at p < po and more accurate
measurements on nuclear weak form factor is necessary to ef-
fectively constrain the Epny(p) at supra-saturation densities.
Figure 5 exhibits the Bayesian inferred binding energy per
nucleon in symmetric nuclear matter Ey(p) as a function of
nucleon density at 90% confidence level by combining CREX
and PREX-2 data (B-All, 90%), together with the prediction
of the SKREx EDF. For comparison, we also show in Fig. 5
the predictions of chiral effective many-body perturbation
theory (x EMBPT) using n3lo414 and n310450 forces [48],
the 1o uncertainty band (GP-B) derived from chiral effective
theory using a Bayesian approach based on Gaussian process

0"'|"'|"'|"'|"'|"'
\ B-All, 90%
\ —— SkREx
5l ---- xEMBT-n3lo414 |
= —— YEMBT-n3l0450
< GP-B
< -10r
=
=
15 ¢

0.00 004 008 012 016 020 024
p (fm™)

FIG. 5. The Bayesian inferred binding energy per nucleon in
symmetric nuclear matter as a function of density p at 90% confi-
dence level by combining CREX and PREX-2 data (B-All, 90%),
together with the prediction of SKREx EDF. The dashed and dash-
dotted lines represent the x EMPT calculations using n3lo414 and
n310450 forces, respectively [48]. The orange region displays the 1o
uncertainty band derived from chiral effective theory in Ref. [49],
and the gray band is the result of SCGF approach [58].

6 [ T T T T T T T T T T T
4 SHF with SKREx m (s - B")/Eg"
. O (re—r)/rew
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lGO 4OCa 480a SGNi 68Ni SSSr QOZr lOOSn 132Sn144snl208pb

FIG. 6. Relative deviation of the binding energies Eg and charge
radii r. of 100, 4°Ca,*¥Ca, *°Ni, ®Ni, %Sr, 2°Zr, '%Sn, 1¥2Sn, *Sm,
and 2®Pb obtained using the SKREx EDF from the experimental
measurements [36,64—66]. The shaded region indicates £1% relative
deviation.

reported in Ref. [49], and the uncertainty band of SCGF ap-
proach due to the use of three different chiral forces [58]. One
can see that, within the framework of Skyrme energy density
functional, the Ey(p) up to 1.5p0 has been well constrained
by the properties of finite nuclei. On the other hand, in micro-
scopic calculations, there are relatively large uncertainties in
the predicted Ey(p), which arise due to the choice of nuclear
forces and many-body methods.

Also included in Fig. 4 is the prediction from SkREX,
which well agrees with the microscopic calculations. Further-
more, Fig. 6 compares the total binding energies and charge
radii of 190, **Ca,*®Ca, **Ni, ®*Ni, ®Sr, *Zr, '®Sn, 328n,
1445m, and 2%Pb from SKREx with the experimental val-
ues. It is seen that the SKREx EDF overall well reproduces
the experimental data with the relative deviations less than
1%, except for the light nucleus '°0 for which the mean-
field models are relatively less valid. See Table III for the
numeric values of SKREx EDF predictions together with ex-
perimental data. We also note the SKREx predicts Aryy =

0.152 fm, Arfgg = 0.141fm, Egyn(200/3) =25.8MeV, and
L(2p0/3) = 34.0MeV. In addition, the «p is known as an

TABLE III. Experimental data [36] and predictions of SKREx
energy density functional for the total binding energy Ep and charge
radii r, for several typical spherical nuclei.

EB (MeV) re (fm)
Nucleus Expt. SKkREx Expt. SKkREx
208pp —1636.446 —1637.174 5.504 5.487
144 Sm —1195.740 —1194.686 4.960 4.931
1328n —1102.900 —1103.103 - 4.708
1008 —825.800 —829.854 - 4478
Nz¢ —783.893 —785.757 4.269 4.266
8Sr —768.467 —769.317 4.220 4.220
8Ni —590.430 —590.746 - 3.889
SONi —483.900 —485.981 3.750 3.759
8Ca —415.990 —417.226 3.479 3.498
Ca —342.051 —341.227 3.478 3.492
150 —127.620 —126.595 2.701 2.768
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FIG. 7. Constraints on En(09)-L (see text for details). The
68.3% (90%) region of the posterior joint Egymy(0)-L distribution
inferred with B-All is shown as dark (light-red) area. Adapted from
Refs. [18,49].

important isovector indicator [26,44,59-62]. Analyses based
on modern nuclear EDFs suggest a strong correlation be-
tween o Egm(po) and L [26,44] as well as between a7
and Egym(00/3) [61,62]. The ap in 208pp and “8Ca have been
determined to be 19.6 & 0.6 fm? [25,26] and 2.07 & 0.22 fm?
[27], respectively, via forward-angle proton elastic scattering
experiments. From CHF calculation [63] with SKREx, we ob-
tain o = 2.24 fm? and 7 = 19.5 fm>, agreeing well with
the data.

Finally, we plot in Fig. 7 the posterior joint Egym(00)-
L distribution in the 68.3% and 90% credible regions with
B-All. For comparison, we also include the constraints sum-
marized in Refs. [17,18,49], i.e., those from transport model
analyses of midperipheral heavy-ion collisions (HIC) [67] and
90% confidence region predicted by UNEDFO EDF [33], the
neutron skin in Sn isotopes [31], the ap in 2°®Pb [44], the
centroid energy of giant dipole resonance (GDR) in 2%8Pb
[68], the combination of isobaric analog state and isovector
skins (IAS+AR) [69], and the neutron skin in 2°Pb from
PREX-2 [2,17]. Also shown in Fig. 7 are the results from
microscopic calculations by Hebeler et al. (H) [70], Gandolfi
et al. (G) [50], and the BUQEYE collaboration (GP-B) [49],
as well as from the unitary gas (UG) limit by Tews et al. [71].
Overall, the B-All suggests a soft symmetry energy, mainly
due to the smaller AFcw in **Ca measured by CREX. A

soft Egym(p) around po will have important implications on
neutron star properties. For example, a softer Egm(0) around
po generally gives a higher value of the neutron star core-crust
transition density p; [73,74], which plays a critical role in
understanding many properties of neutron stars [5,15,75,76].
Using the dynamical method [73], we find that the B-All
gives p, = 0.09770 0100033 fm ™ at 68.3% (90%) C.L., favor-
ing a significantly larger p, value compared to the fiducial
p, = 0.075 fm 3 [77]. In addition, the possible soft Egym,(p0)
at suprasaturation densities inferred in the present work may
imply that the quark-hadron phase transition may happen at
a relatively low density [78], or the non-Newtonian gravity
may be needed to explain the observations of neutron stars
[79]. Besides its significance in neutron-star physics, the soft
symmetry energy also has important impacts on various issues
in nuclear physics studies. Notably, it has considerable effects
on the location of neutron-drip line and the astrophysical r-
process path [72,80], and the small L value may imply the
possible existence of the quasibound state of pure neutron
matter [72].

V. CONCLUSIONS

Using Bayesian inference method and the Skyrme EDF,
we have demonstrated that the CREX and PREX-2 data are
compatible with each other at 90% C.L., although they are
incompatible at 68.3% C.L.. We have further obtained a new
Skyrme interaction SKREx, which can describe the CREX
and PREX-2 data at 90% C.L., the measured «p in **Ca
and 2%Pb, and the microscopic neutron matter EOS. Our
Bayesian analyses indicate that the PREX-2 is less effective
to constrain the Egy(0) and Ary, due to its lower precision
of AFcw compared to the CREX, implying the more precise
determination of AFcw from future MREX experiment [81]
or the RES-NOVA experiment via the detection of nearby
core-collapse supernova neutrinos [82-84] is of particular
importance. Overall, the thinner neutron skin in “®Ca and
208Ph together with a soft Eqm(p) around po have been in-
ferred from combining the CREX and PREX-2 data, i.e.,
AR = 0136 5R80) . ArS = 0.150° 200000
Egm(po) = 29.17743%) MeV, and L = 17.1735500) MeV at
68.3%(90%) C.L.. The soft Eyn(p) around pg will have
important implications on neutron star physics and nuclear
physics.
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