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The recently published CREX results suggest a rather peculiar picture for the density dependence
of the symmetry energy. Whereas PREX favors a large neutron skin thickness in 2°®Pb, thereby
suggesting a stiff equation of state, CREX suggests instead a much softer equation of state. This
discrepancy has caused a large spur in the theoretical community since no model has been able to
simultaneously reproduce within 1o the PREX and CREX results. Motivated by a novel correlation
between a CREX observable and a combination of bulk symmetry energy parameters, we calibrate
three new covariant energy density functionals that reproduce binding energies and charge radii
of spherical nuclei—and also accommodate the constraints imposed by PREX and CREX. Given
that these models suggest a stiff equation of state at high densities, predictions for neutron star

properties are also discussed.

PACS numbers: 21.60.Jz, 21.65.Ef, 24.10.Jv,

I. INTRODUCTION

After almost a decade since first conceived, the Cal-
cium Radius Experiment (CREX) at Thomas Jefferson
National Accelerator Facility (JLab) was recently com-
pleted [I]. CREX followed on the footsteps of the success-
ful Lead Radius Experiment (PREX) [2H4] that aimed
to constrain the equation of state (EOS) of neutron-star
matter in the vicinity of nuclear saturation density by
measuring the neutron skin thickness of 2°Pb. Such a
powerful connection between atomic nuclei and neutron
stars is encoded in the nuclear symmetry energy, which
quantifies the energy cost of converting symmetric nu-
clear matter into pure neutron matter. In the vicinity
of nuclear saturation density, pp~~0.15 fm ™3, the density
dependence of the symmetry energy is parameterized in
terms of a few bulk parameters,

1 _
S(p):J+Lx+§KSymm2+..‘, xzw, (1)

where J is the value, L the slope, and Ky the curvature
of the symmetry energy at saturation density. In partic-
ular, the correlation between the neutron skin thickness
of 2°8Pb and the radius of a canonical 1.4M. neutron
star indicates that L controls both the thickness of the
neutron skin [5H7] and the radius of low-mass neutron
stars [8HIT].
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With tiny parity-violating asymmetries of the order of
parts per million [T}, 4], both CREX and PREX-2 deter-
mined the neutral weak form factors Fy of *8Ca and
208PY at a single value of the momentum transfer. These
values are as model independent as the ones extracted
decades ago for the corresponding charge form factors
F.n using elastic electron scattering [12]. By then ex-
ploiting the correlation between the neutron skin thick-
ness Rgin = R, — R, and the weak skin form factor
Fwskin = Fon — Fyx [13] predicted by several relativistic
and non-relativistic models, a constraint on the neutron
skin is obtained. Whereas the theoretical model error is
small in the case of 2°8Pb (about 15% relative to the ex-
perimental error), the theoretical and experimental errors
are comparable for 48Ca. Thus, in comparing against ex-
periment it is better to use the model independent CREX
weak skin form factor rather than the neutron skin. Al-
though part of the larger theoretical error in “8Ca is as-
sociated to the slightly larger than optimal experimental
momentum transfer, 8Ca presents additional theoreti-
cal challenges relative to 2°8Pb. For example, the tensor
component of the current—often referred to as the spin-
orbit contribution—becomes important in “8Ca because
in a mean field approximation the f7/5 orbital is full while
its f5/o spin-orbit partner is empty [14]. Hence, unlike
PREX, the connection between CREX and the density
dependence of the symmetry energy is not as robust [15].

While some differences between PREX and CREX
were anticipated, it came as a surprise to many when
CREX reported a central value for the neutron skin thick-
ness of ¥8Ca (R, ) that was significantly smaller than
the corresponding value for 2%Pb (RZ®).  Although

the correlation between R;‘fin and Rfﬁﬁl may not be as
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strong as that observed between 2°®Pb and other heavier
neutron-rich nuclei [I6], it is difficult to find a theoretical
model than can reproduce both. Indeed, several theo-
retical approaches have attempted unsuccessfully to rec-
oncile both measurements [I7H22]. The common theme
that has emerged from these studies suggests that it is
difficult to accommodate within 1o the large value of
RZ8 within the constraints imposed from other nuclear
observables, particularly the electric dipole polarizability
ap. Reference [I8] goes as far as suggesting that the large
error bars reported by the PREX collaboration makes it
difficult to use the parity violating asymmetry in 2°¢Pb
as a meaningful constraint on the isovector sector of cur-
rent energy density functionals. Finally, a recent ab initio
approach using chiral forces predicted a value for Rfl?isn
that is in mild tension with PREX [I7], and for which
the correlation between R2X and R remains fairly
strong. Additionally, the range of parameter space in-
ferred by ab initio calculations point to the large neutron
skin of 298Pbbeing unlikely [23]. We note that within
the ab initio framework, a prediction of the neutron skin
thickness of 48Ca was made well in advance of the ex-
periment [24] that is entirely consistent with the value
reported by the CREX collaboration. It is the goal of
this work to explore refinements to the isovector sector
of covariant energy density functionals in an attempt to
reconcile the PREX-2 and CREX results. We first begin
by showing the correlation of several energy density func-
tional (EDF) predictions of isovector skins with some of
the terms of the symmetry energy in We then
extract constraints on these terms inferred from the re-
sults of both PREX and CREX using a Markov Chain
Monte Carlo (MCMC) approach in Next, in
we generate three new relativistic EDF's which
are consistent with the results extracted above. By us-
ing these three new EDFs, we predict several properties
of nuclear and neutron star matter (see section V). We
then conclude in [section VIl

II. ISOVECTOR SKIN CORRELATIONS

In a previous letter, we invoked the strong correla-
tion between R2X and L to conclude that the sym-
metry energy is stiff [25]. While it may be possible to
soften the symmetry energy by incorporating the CREX
results, such an approach seems unnatural given that
several recent studies have concluded that the current
picture of density functional theory is insufficient to ex-
plain why 2%®Pb has a thick skin and *®*Ca has a thin
skin [I8, 22, 26]. What may hold the key to elucidate
the source of the discrepancy are the higher order terms
in the density expansion of the symmetry energy dis-
played in Eq.7 particularly Keym. In what follows,
we actually argue that the CREX results may provide
the means to constrain Ky . This is relevant given that
earlier studies have suggested that the properties of finite
nuclei with a relative modest neutron-proton asymmetry

are insensitive to Kgym [27H29)].

We begin by displaying in Fig[Th the well-known corre-
lation between L and the neutron skin thickness of 2°Pb.
For this work, we employ the entire set of models used
in the CREX analysis, which includes a fairly compre-
hensive set of covariant energy density functionals (blue
dots) and a limited set of non-relativistic Skyrme models
(red dots). Predictions are also included for three new co-
variant EDF's labeled as “DINOa~c” (colored stars) that
are introduced below and in Table[VI] In both Fig[l] and
Fig[2] we display 1o theoretical error bands obtained by
including only the covariant EDF's displayed by the blue
dots. Although the correlation between L and the neu-
tron skin thickness of ®Ca was anticipated not to be as
robust as in the case of 208Pb, Figb) suggests that for
the entire set of covariant EDFs, a very strong correla-
tion emerges between Ksym—6L and the CREX weak skin
form factor Fo, . evaluated at the average momentum
transfer of the experiment ¢=0.8733 fm ™.

This figure suggests—for the set of covariant EDFs em-
ployed in this work—the CREX form factor may best be
correlated with linear combinations of the symmetry en-
ergy parameters. In particular, the quantity Kgym — 6L
appears in the incompressibility coefficient of asymmetric
matter K(a) = Ko+ K, a? + ..., where

K, = Kgym — 6L — @L, (2)

Ko

Here o = (N —2)/A, Ky is the incompressibility coef-
ficient of symmetric nuclear matter, and Q)¢ the corre-
sponding skewness parameter [30]. Note that although
motivated by the incompressibility of asymmetric mat-
ter, we find that F{8,,, is slightly better correlated to
Kgym — 6L than to K, because of the small model de-
pendency coming from the third term. We also note that
whereas the correlation with the covariant EDFs is very
sharp, the non-relativistic models do not follow the same
trend. However, the collection of non-relativistic EDFs
used here is not representative, as it spans a fairly nar-
row range in Kg,,—6L. Hence, investigating whether this
correlation develops as one includes a comprehensive set
of non-relativistic models is warranted.

As already mentioned and now displayed in Fig[2] nei-
ther the correlation between F{}Vgskin and L nor the corre-
lation between Rglgfn and Kgym—6L is as strong as those
displayed in Fig[l] Nevertheless, we show this behavior
to clarify some of the details of the statistical inference
that will be implemented later on.

III. BAYESIAN INFERENCE OF L AND Kqm

Although we caution against the universality of the
correlation between Fuo,: and Kgym — 6L, we neverthe-
less proceed to constrain both L and Ky, using the
PREX-2 and CREX results. To account for a possi-
ble model dependence, we consider two different scenar-

ios. In Scenario 1 we determine L from PREX-2 and
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FIG. 1: (a) Model predictions for the neutron skin thickness of 2°*Pb as a function of L and (b) for the weak skin form factor
of “®Ca as a function of the linear combination Ksym —6L. The blue and red dots represent the entire set of both covariant
and non-relativistic EDFs used in the CREX analysis [I]. The new DINOa-c interactions are shown as stars. The experimental
values are shown as horizontal bands and the 1o errors bands for the covariant EDFs are displayed as solid lines with blue

bands.
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FIG. 2: (a) Model predictions for the weak skin form factor of “*Ca as a function of L and (b) for the neutron skin thickness
of 2°%Pb as a function of the linear combination Kesym —6L. The blue and red dots represent the entire set of both covariant
and non-relativistic EDFs used in the CREX analysis [I]. The new DINOa-c interactions are shown as stars, see [Figure ll The
experimental values are shown as horizontal bands and our linear fits with 1o errors are shown as solid lines with a blue band.

then use the newly-found correlation between F32,; and
Kym —6L to extract Ky . In this scenario only the set
of covariant EDF's is used together with the correlations
identified in Figl[l] In Scenario 2 we now add the lim-
ited set of Skyrme forces together with the correlations
displayed in Fig[2l Under this scenario, which greatly
increases the model uncertainty, the 1o theoretical error

bands are now expanded to include both non-relativistic
and covariant EDFs. We underscore that such analysis
should be repeated using a larger set of Skyrme EDFs,
given that the limited set included here spans a narrow
range of values for Kgym — 6L.

For our calculation of optimal L and Kgym values, we
employ the use of a x? minimization routine. The 2



takes into account the experimental values and the lin-
ear fits shown in [Figure 1| and [Figure 2| For the exper-
imental errors, we use the results of the main PREX-2
[4] and CREX [I] papers. We construct our x? using the
standard form:

e~ (L Kogm))

Xzz('

which we minimize using downhill simplex method [31].
Here y; is a set of experimental observables, whose the-
oretical predictions §;(L, Ksym) are sensitive to the sym-
metry energy parameters L, and Kgym, whereas o, and
Oexp indicate 1o theoretical and experimental errors, re-
spectively.

The list of models we employ in calculating our linear
correlations come directly from the main CREX paper
[1], given in [Table I and [Table I, Important for our de-
termination of both parameters is the model uncertainty
o used in the x2. To do this, we calculate the 1o predic-
tion interval (PI) from the linear regression line. At each
point along the regression line, the 1o PI is calculated

using
n ()2
oo = tossn X \/ZZ—1<yz 9(xi))

3)

2 2
Uth + Uexp

(4)

n—2

where tggy, is the critical t-value at 68% confidence and
the terms in the square-root represent the standard devi-
ation of the residuals. The prediction interval gives us an
approximate spread of values around the regression line
which indicates the region where ~ 68% of all models
should fall. For the Scenario 1 fit, we fit the regression
line to the covariant models only for the relations in
For the Scenario 2 fit, we use the regression line
fit to both covariant and the Skyrme models.

Once optimal values are found from the simplex
method, the posterior distribution is found by maximiz-
ing the likelihood function, defined as £ = exp (—%XQ),
using a Markov Chain Monte Carlo approach [47]. We
use a uniform prior on this approach for L in the range
of 0 < L < 200 MeV and leave Ky unconstrained.
Of importance here is to note that the model error is
interpolated over the x-coordinate by taking half the dif-
ference of the upper and lower PI bound at each point
along the regression line. Once the posterior distribution
is sampled, one obtains a distribution of model parame-
ters from which averages and standard deviations may be
computed. Our results for both scenarios can be found
in with confidence ellipses shown in

Our results paint an interesting picture of the den-
sity dependence of the symmetry energy. First, the
value of L = 110 4+ 40 MeV extracted from Scenario 1
is entirely consistent with our original published value of
L =106 + 37MeV [25], that is also displayed in the fig-
ure. The small differences are attributed to the larger
set of covariant EDF's used here. In contrast, Scenario 2
favors a considerably smaller value of L ~19 4+ 19MeV.

Model L Ksym FWskm R§1918n

(MeV) | (MeV) (fm)
FSUGarnet [32] 50.97 | 59.45 | 0.0439 |0.1611
FSUGold2 [33] 112.68| 25.38 | 0.0568 |0.2863
FSUGold2 (47) [34] | 47.0 | 53.98 | 0.0424 |0.1517
FSUGold2 (50) [34] | 50.0 | 30.23 | 0.0444 |0.1688
FSUGold2 (54) [34] | 54.0 | 3.67 |0.0464 |0.1864
FSUGold2 (58) [34] | 58.0 | -17.8 | 0.0479 |0.2004
FSUGold2 (69) [34] | 69.0 |-54.97|0.0509 |0.2284
FSUGold2 (76) [34] | 76.0 |-64.40|0.0523 |0.2416
FSUGold2 (90 [34] | 90.0 |-55.47 | 0.0544 |0.2623
FSUGold2 (100) [34]| 100.0 | -29.14 | 0.0556 |0.2740
IUFSU [35] 47.21 | 28.53 | 0.044 [0.1615
NL3 [36] 118.2 [100.88 | 0.0555 [0.2798
RMF022 [32] 63.52 | -28.76 | 0.0496 |0.2164
RMF028 [32] 112.65| 26.26 | 0.0569 |0.2851
RMF032 [32] 125.63| 28.68 | 0.0587 |0.3201
TAMUa [37] 82.49 | -68.37 | 0.0529 |0.2502
TAMUD [37] 122.53| 45.88 | 0.0569 |0.3002
TAMUc [37] 135.25| 51.64 | 0.0583 |0.3306
1US (-40) [1] ~40.0 | 318 |0.0206 |0.0408
UG (-30) [1] -30.0 | 266 |0.0239 [0.0568
1US (-20) 1] 20.0 | 217 |0.0271 [0.0722
1US (-10) [1] 10.0 | 175 |0.0302 |0.0928
IU6 (0) [1] 0.0 135 |0.0333]0.1133
1US (10) [1] 10.0 | 100 |0.0359 |0.1247
TUS (20) [1] 20.0 | 65 |0.0388[0.1438
1US (30) [1] 30.0 | 56 |0.04050.1510
TUS (40) [1] 40.0 | 1.0 |0.0442(0.1846

TABLE I: List of all relativistic energy density functional
(EDF) models used in the CREX analysis. Note there are
several FSUGold2 and IU-§ models with different values of
the slope parameter of the symmetry energy L. Also listed
are RZ® = R, — R, for **®*Pband Fyf i, = Fen — Fur for
480&

Such a smaller value is driven by the small experimental
error in FWsk . Trelative to F3%. . So even if the corre-
lation to L is weaker for the former than for the latter,
the smaller experimental error generates the significantly
smaller value of L.

Whereas our knowledge of L has improved since the
culmination of the PREX campaigns, Kgym has remained
largely unconstrained, with an overwhelming number of
theoretical approaches favoring negative values. In con-
trast, Scenario 1 favors positive values for K., at the
30 level. It is only by including the limited set of non-
relativistic models, in combination with the small values
of L, that Ky, is allowed to take negative values. We
find this possible conflict particularly interesting. After
all, one of the main motivations behind CREX was the
use of ab initio models to inform and improve the isovec-
tor sector of energy density functionals [T5].



TABLE II: List of all non-relativistic EDF models used in the
CREX analysis, similar to

Model L Ksym F\L}Vsskin ngfn
(MeV) | (MeV) (fm)

ST [38] 1.22 |-461.85|0.0319|0.1138
SIIT [39] 9.91 |-393.74|0.0345 |0.1246
SKM* [40] 45.78 |-155.94|0.0392 |0.1688
SLy4 [41] 45.96 | -119.7 | 0.0391 [0.1596
SLy5 [42] 48.14 |-112.76| 0.0403 [0.1622
SLy7 [42] 47.22 |-113.32|0.0394 |0.1583
SV-K218 [43] | 34.62 |-206.88|0.0381 |0.1622
SV-K226 [43] | 34.09 |-211.92|0.0379 |0.1599
SV-K241 [43] | 30.95 |-230.77|0.0379 |0.1527
SV-bas [43] 32.36 |-221.76|0.0379 |0.1559
SV-kap00 [43] | 39.44 |-161.78|0.0368 | 0.158
SV-kap02 [43] | 35.54 | -193.2 | 0.0373 |0.1565
SV-kap06 [43] | 29.33 |-249.76| 0.0384 |0.1555
SV-mas07 [43]| 52.15 | -98.77 | 0.0389 |0.1708

SV-mas08 [43] | 40.15 |-172.39|0.0383 |0.1616
SV-mas10 [43] | 28.03 |-252.51|0.0375 |0.1536
SV-sym28 [43]| 7.21 |-296.51| 0.033 |0.1178
SV-sym32 [43]| 57.07 | -148.8 | 0.0421 |0.1933
SV-sym34 [43]| 80.95 | -79.08 | 0.0455 |0.2287
SV-min [43] 44.81 |-156.57|0.0384 [0.1716
TOV-min [44] | 76.23 | -15.62 | 0.0402 |0.2064
UNEDFO [45] | 45.08 |-189.68|0.0445 |0.1882
UNEDF1 [46] | 40.00 |-179.48| 0.036 | 0.177

Fit  |L (MeV)|Kaym (MeV)
Scenario 1110 =40| 970 =+ 320
Scenario 2| 19 +£19 | —61 £ 280

TABLE III: Averages and standard deviations for the two
scenarios discussed in the text.

IV. NEWLY CREATED COVARIANT MODEL
SET

However, before incorporating ab initio predictions, we
adopt the Scenario 1 PREX-2-CREX constraints in an
attempt to generate three new covariant EDF's with large
and positive values for K¢yr, . These models, named “DI-
NOa,b,c”, are members of the “FSUGold” class of co-
variant EDF's [9] 48], but with a notable addition to the
isovector sector. In the past, the isovector sector of this
class of models included only two terms: a Yukawa cou-
pling of the nucleon to the isovector p-meson and a non-
linear w-p isoscalar-isovector cross-coupling term. In this
work we add a contribution to the isovector sector arising
from the Yukawa coupling of the nucleon to the scalar-
isovector d-meson [49-54]. The presence of the §-meson
splits the nucleon effective mass, thereby providing an
additional degree of freedom in selecting Ky, . To span
the range of reasonable values for L, we have defined
the DINOa, DINODb, and DINOc, models by fixing the
slope of the symmetry energy at L =50,70,90 MeV, re-
spectively. Our fitting procedure follows closely that of
Ref. [35], supplemented by the inclusion of both RZ and
F38,., into the calibration.
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FIG. 3: Confidence ellipses for L and Ky, from
We show the central values of each fit as a star with the sur-
rounding ellipse indicating the 67% confidence interval. No-
tably, the Scenario 1 and Scenario 2 fits do not overlap. We
also show the constraint on L from [25].

We begin our construction with the class of FSUGold-
like models featuring the delta meson [48] (55]. The in-
teraction Lagrangian for this class of models is

Lot = V[ S(8:0) = VuVius by A" |10 = U () (5)

¢
+593(V;LV“)2 + Avgggivlﬂ/“b“ - b¥

where
9s
S(6.8) = g0+ L - ©)
ViV b Ay) = g0V + %p“' by + g(l +73)A,

U(6) = 2 (0:0)" + 2y (9:0)"

This class of models contain the interactions of nucleons
(1) via the exchange of the scalar o (¢) and vector w (V)
mesons as well as the vector-isovector p-meson (b*), and,
in this work, the additional vector-isoscalar §-meson (4).
In addition to interactions among the nucleons, this La-
grangian class also includes many self and cross-coupling
terms. These are x and \ for the cubic and quartic scalar
self-coupling, ¢ for the quartic w self-coupling, and A,, as
the w-p cross coupling.

Motivated by our findings of large positive Kgym value
from the Scenario 1 fit, we choose to generate three mod-
els which we expect fully explore the parameter space.
The generation of new models follows a similar prescrip-
tion as described in [56] which we summarize here briefly.
For each model, we fix the value of the symmetry energy



at sub-saturation density kr = 1.15 fm~! to be J =27
MeV. This value has been shown to agree well with mea-
surements of nuclear masses. We then fix L for the three
models at 50, 70, and 90 MeV to give a good range of
L values favored from multiple sources including PREX-
2. We also fix the (-parameter to 0.015, which controls
the high-density components of the EOS. This allows our
models to predict neutron star masses consistent with the
most recent observational and theoretical constraints on
the maximum mass [57H62]. From here, we take a typi-
cal set of bulk nuclear matter properties, and adjust the
isoscalar bulk properties to fit the binding energy and
charge radii (with spin-orbit corrections [63]) of “°Ca ,
48Ca, and 2°°Pb.

The inversion of bulk properties to RMF Lagrangian
couplings has been described in [33]. It was found that
the Giant Monopole Resonances (GMR) are sensitive pri-
marily to the incompressibility of neutron-rich matter,
K(a)[64]. In our previous work [37] we found that for
208P} this corresponds to K (a) a~ 222 MeV for the RMF
parameterizations that yield consistent GMRs. Hence we
applied this constraint to K («) in the DINO models. All
that is left now is to pick a value for Ky, which min-
imizes the squared difference of RZ® and Fys,. from
their experimental values. The difference between the
model predictions and experimental results for each ob-
servable are then used to generate a new set of parameters
until a parameter set converges.

It should be noted that a direct inversion of cou-
plings from J, L, and Ky, does not presently exist as
the presence of the additional §-meson introduces much
more complexity than has previously been detailed. As
such, we use a downhill simplex routine to determine the
isovector couplings gﬁ, gg, and A,. Furthermore, there
exist some combinations of bulk nuclear properties that
do not produce a convergent set of parameters which re-
quires careful calculation schemes.

The coupling constants of the three DINO models can
be found in We find that due to the large value
of Kgym , the isovector Yukawa couplings gﬁ and g2 are
very large. Additionally, we report the bulk parameters
of the nuclear EOS in[Table V]as predicted by these three
models. In the next section, using these new parameters
set we proceed to calculate the properties of finite nuclei
and neutron stars.

V. DINO MODEL PREDICTIONS

A. Predictions of Nuclei

We start this section by mentioning that the new model
parameters, together with predictions for the bulk prop-
erties of infinite nuclear matter are given and

respectively. It is worth mentioning, however,
that in all three cases, the curvature of the symmetry en-

ergy is large and positive, namely, Kgym = 506,610,715
MeV, for DINOa, DINOD, and DINOc, respectively. Re-
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FIG. 4: Predictions for the weak skin form factor of 2°®Pb
and *¥Ca for the entire set of covariant RMF (green squares)
and non-relativistic Skyrme (pink circles) EDFs considered
in this letter. The blue ellipses represent joint PREX-2 and
CREX 67% and 90% probability contours, just as in Figure 2
of Ref.[I]. The FSUGold2 prediction is included to illustrate
typical statistical uncertainties. Depicted with stars are the
prediction of the three new DINO models.

gardless, we find that the results for the binding energy,
charge radii, and form factors of 4Ca and 2%Pb as listed
in Table[VI are all in good agreement with the exper-
iment. In the particular case of F2%. and Fao,:,.
predictions for the large set of models considered here
alongside the predictions from the three DINO models
are displayed in Fig[dl This figure highlights the predica-
ment faced by most energy density functionals: with few
exceptions, most models fall outside the 90% confidence
ellipse. In this sense, the three DINO models do quite
well compared to the other models considered.

However, the DINO models’ large isovector couplings
do begin to introduce anomalies in the point particle den-
sities. In particular, the proton and neutron densities in
the core of both 8Caand 2°8Pbshow large density fluc-
tuations that are non-physical. For example, 2°®Pbis a
heavy closed-shell nucleus and so we expect the nucleus
to saturate at a density value near py [12] [69]. For the
DINO models, 298Pb has very large fluctuations and does
not saturate. This anomaly is largely due to the isovec-
tor gg coupling splitting the proton and neutron masses,
thereby causing a larger proton density in the core and
a small neutron density. We see similar fluctuations in
48Ca,, although the saturation property is less strict for
lighter nuclei.



Model mMs gg g§ g?, gg K A ¢ Ay

DINOa |490.050(93.9422[1115.15|154.436|805.891|4.9860| —0.01370(0.015|0.0016497
DINOb|485.795(91.0316|1252.71|150.824 |877.121|5.2914| —0.01488|0.015|0.0014014
DINOc |484.162|90.6481|1343.25[151.048(922.617|5.3209|—0.01497]0.015{0.0012312

TABLE IV: Coupling constants of the DINO set of models. For each of the three models, we fix m, = 782.5 MeV, m, = 763
MeV, and ms = 980 MeV as well as the quartic vector self-coupling ¢ = 0.015. Scalar meson mass and nonlinear x values given

in MeV.
Model |po (fm™?)|eo (MeV) | Ko (MeV)|Qo (MeV)|J (MeV)|J (MeV)|L (MeV)|Ksym (MeV) | K, (MeV)|K(a) (MeV)
DINOa| 0.1522 —16.16 210.0 —361.4 27.00 31.42 50.00 506.0 292.1 223.1
DINOb| 0.1525 —16.21 207.0 —412.0 27.00 33.07 70.00 610.0 329.3 221.7
DINOc| 0.1519 —16.22 206.0 —426.1 27.00 34.58 90.00 715.0 361.2 222.2

TABLE V: Bulk properties of nuclear matter for our set of DINO models. Tilde denotes symmetry energy values taken at
subsaturation density (kr = 1.15fm™'). Here K () is calculated using the equation 18c of [30] for a = (126 — 82)/208.

002l T DINOb
—— DINOc
0013 "3 41 5 6 71 8
R (fm)

FIG. 5: Point neutron (solid) and proton (dashed) densities
in 2°8Pb for the DINO family of models. Note that the central
proton density for DINOc is shown off the plot.

B. Predictions of Neutron Star Properties

Our calculation of neutron star (NS) structure begins
by following the standard practices of relativistic mean
field theory to calculate the equation of state of the core
[55L [70), [71]. This includes calculating the pressure and
energy density of protons, neutrons, electrons, and muons
in beta equilibrium using the interaction Lagrangian of
The outer crust is tabulated using the mass
table of Duflo and Zuker [72] up to neutron drip ~ 1074
fm—3. The outer crust and core equations of state are
then interpolated using a cubic polynomial ensuring both
the density and sound speed are continuous at each in-
terface as in [II]. We should note that the prescription
for the inner crust may account for as much as 0.5km
difference depending on the formalism used. However,
the tidal deformability is insensitive to the crust EOS
[I1]. The inner crust-core transition density is deter-
mined using the RPA-dynamical method [10, [73] with
a slight modification to accompany the presence of the

480&
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0.02

0.00

(S

0 1

FIG. 6: Point neutron (solid) and proton (dashed) densities
in *®Cafor the DINO family of models.

delta meson [74].

Although the DINO models are consistent with the
properties of finite nuclei (see Table their large val-
ues for Kyym induce a dramatic stiffening of the EOS at
the high densities of relevance to neutron stars. Such a
stiffening generates neutron star radii that are too large
when compared against LIGO-Virgo and NICER data.
This behavior is illustrated in Figl7, with explicit values
in[Table VII| which displays the so called “Holy Grail” of
neutron star physics: the mass-radius relation. Together
with the predictions from the three DINO models and a
few other covariant EDFs, the figure shows mass-radius
determinations by the NICER mission for the two pulsars
PSR, J00304-045 [75] [76] and PSR, J0740+6620 [60, [61].

With radii of about 15km, the predictions from all
three DINO models are inconsistent with the NICER
data for the low mass star. With such large radii, the
models also predict very large tidal deformabilities that
are highly disfavored by GW170817 [(7H81]. In partic-
ular, we find that DINO models predict larger neutron
star radii and lower densities for the direct Urca thresh-



Nucleus| Observable Experiment |IUFSU|FSUGold2|BigApple| DINOa|DINOb |DINOc¢
B/A (MeV) 3.667 3.549 8.621 8531 | 8.670 | 8.667 | 8.667

Ren (fm) 3.477 £0.002 | 3.416 3.413 3.447 | 3.454 | 3.458 | 3.461

48Ca Rein (fm) 0.121 £0.035 |0.1731| 0.2319 0.1682 | 0.0996 | 0.1051 | 0.1135
Fiwekin (@orex) |0.0277 4 0.0055| 0.0439 |  0.0568 0.0417 |0.0333 | 0.0349 | 0.0367

BJ/A (MeV) 7.867 7.896 7872 7872 | 7.867 | 7.867 | 7.867

Rep (fm) 5.501 £ 0.001 | 5.476 5.489 5.490 | 5.502 | 5.503 | 5.503

208py, Rein (fm) 0.283+0.071 |0.1615| 0.2863 0.1506 | 0.1748 | 0.1993 | 0.2240
Fiyaan (gprEX)| 0.04140.013 | 0.0233 | 0.0423 0.0215 | 0.0263 | 0.0303 | 0.0344

TABLE VI: Experimental data for the binding energy per nucleon (in MeV) [65], charge radii (in fm) [66], neutron skins, form
factor skins [II 4] for 48Ca and 2°®Pb nuclei used in the optimization. Also displayed are the theoretical results obtained with
IUFSU [35], FSUGold2 [67], BigApple [68], and the three new parameterizations.

old. To agree with radii observation, one expects that a
phase transition or other strong density dependence de-
velops at intermediate densities. Moreover, a very small
density for the direct Urca threshold suggest that all neu-
tron stars with normal matter would undergo fast cool-
ing which does not agree with to the cooling observa-
tions [82]. If these predictions stand true, it raises the in-
triguing possibility of a neutron star core permeated with
superfluid or superconductive matter throughout. Or in
conjunction with the radii observation, this may even im-
ply the prospect of an earlier onset of a phase transition
to exotic states. Hence, we must conclude that while the
DINO models provide a plausible solution to the PREX-
2-CREX dilemma, they fail to reproduce astrophysical
observations—unless a phase transition or other strong
density dependence develops at intermediate densities.
The emergence of a phase transition—normally accom-
panied by a softening of the EOS—has been shown to
reduce the radius and deformability of neutron stars [83-
85).

Model | Mmax

(Mo)
2.17
2.15
2.14

Ri4

(km)
14.82
15.11
15.41

MUrca
(Mo)
0.418
0.427
0.458

Aia Pt

(fm~)
0.0914
0.0846
0.0789

PUrca
(fm~*)
0.1580
0.1438
0.1373

DINOa
DINOb
DINOc

1050.6
1128.2
1240.4

TABLE VII: Prediction of various neutron star observables
for our models. We calculate the core-crust transition density
as described in [10] with the modification to account for the
addition of -mesons.

VI. CONCLUSIONS

In conclusion, the recently measured weak skin form
factor in “8Ca by the CREX collaboration paints a pe-
culiar picture for the behavior of neutron rich matter.
When combined with the PREX-2 result that favors a
large value for L, the newly-revealed correlation between
F33 ., and the combination of bulk symmetry energy pa-
rameters Kqym — 6L, motivates the calibration of a new
set of covariant EDFs with large and positive values for
Kgym. This result is in striking contrast to most non-
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FIG. 7: Mass-radius relation for neutron stars. Along with
our three DINO models, predictions are also shown for a few
covariant energy density functionals. The two sets of con-
tours display the NICER mass-radius constraints of two pul-
sars, PSR J0030+0451 [75} [76] and PSR J0740+6620 [60, [61]
at 68% and 95% confidence.

relativistic EDFs and ab initio models that instead pre-
dict negative values for Kgym. Nevertheless, the newly
created DINO models with such unconventional values
for Kgym agree better with PREX and CREX than many
EDF's existent in the literature. However, this accom-
plishment comes at the price of stiffening the equation of
state at the high densities of relevance to neutron stars,
resulting in a failure to accommodate the recent NICER
constraints. Nonetheless, these models represent a first
step in reconciling PREX and CREX for covariant EDFs.

Moving forward, the Mainz Radius Experiment
(MREX) at the future Mainz Energy-recovery Super-
conducting Accelerator (MESA) [86] promises to increase



the precision of R2% by a factor of two. MREX will

then confirm whether the slope of the symmetry energy
is indeed stiff, or if the PREX-2 measurement repre-
sents a large statistical fluctuation. Further, that most
theoretical models disfavor large and positive values for
Kqym may suggest that the strong correlation uncovered
here may be model dependent. Should this be the case,
then ab initio models could inform how to improve the
isovector sector of energy density functionals[I5]. Fi-
nally, although the stiff symmetry energy suggested by
the DINO models at high densities are ruled out by ob-
servation, these models could still be fruitful in describ-
ing the properties of atomic nuclei—especially if a phase
transition emerges at intermediate densities. Regardless,
the PREX-2-CREX tension continues to reenergize the
theoretical, experimental, and observational communi-
ties in our common quest to understand the behavior

of dense, neutron rich matter.
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